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Abstract

This thesis presents new experimental data, physical observations and a new analytical model
relevant for the design of bonded/bolted hybrid joints in high-strength steel plates subjected to
cyclic shear loading. Hybrid joints can have improved fatigue endurance as compared to welded
connections of similar geometries but, thus far, adequate research data has not been available.
A procedure, linking the interface characterisation and the stress analysis of the full-scale joint,
is presented in this thesis. The procedure can be readily adopted for product development
involving the bonded/bolted hybrid joint. Further understanding of the physical processes of
failure in the bonded and clamped interface is obtained by a scanning electron microscopy
study of the adhesive layer at different stages of fatigue life.
Failure of the bonded/bolted joint occurs at the bonded interface where the total strength is a
combination of cohesive and frictional forces. In this thesis, a new experimental method is
introduced for characterising the idealised bonded and clamped interface under shear fatigue
loading. The experimental method is based on the modified napkin ring specimen, which
involves a bonded annular contact interface subjected to a well-defined and uniform stress
state of constant normal stress and alternating shear stress. Experiments are used to identify
the fatigue failure processes in the bonded and clamped interface under different clamping
stresses, as well as the fatigue strength using a statistical method. Fatigue strength of the
interface is then utilised to estimate the fatigue strength of a full-scale bonded/bolted double
lap joint. The interface stress state in the full-scale joint is estimated using the finite element
method using the cohesive zone model defined as contact definition at the interface.
Parameters for the cohesive law are obtained from quasi-static fracture experiments on the
modified napkin ring specimen.
The damage state in the adhesive is shown to consist of several microstructurally small cracks
of different lengths and orientations. An exponential distribution which evolves with the
number of fatigue cycles is suggested for describing the true damage state in the material.
However, the evolution of damage, i.e., the growth, interaction and coalescence of the short
cracks is a complicated phenomenon with insufficient theoretical understanding in the field of
fracture mechanics. Therefore, a phenomenological fatigue damage evolution model is
developed where damage is measured directly from the change in the compliance of the
modified napkin ring specimen. The cohesive zone law is re-formulated to include fatigue
damage. The model is necessary for a more accurate fatigue assessment of the hybrid
bonded/bolted joint.
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Tiivistelma

Vaitoskirjatyo sisaltdd uutta tutkimustietoa erikoislujien terasten liimattujen ja pultattujen
hybridiliitosten kayttaytymisesta syklisen leikkauskuormituksen alaisena. Liimatuilla ja
pultatuilla liitoksilla voidaan mahdollisesti saavuttaa huomattavasti parempi visymisenkesto,
kuin hitsatuilla liitoksilla, mutta toistaiseksi niisté ei ole ollut saatavilla riittdvasti
tutkimustietoa. Tédssa tyossa esitelladn menetelma, jolla voidaan yhdistda idealisoidun
rajapinnan kokeellisesti maéritetyt mekaaniset ominaisuudet ja realistisen liitoksen
jannitysanalyysi. Menetelmaa voidaan suoraan hyédyntaa hybridiliitosten tuotekehityksessa
ja suunnittelussa. Liséksi liimatun ja puristetun rajapinnan murtumista tarkastellaan
kuvaamalla liimakerrosta elektronimikroskoopilla vaurion eri vaiheissa.

Liitoksen murtuminen tapahtuu liimatulla rajapinnalla, jonka lujuus maaraytyy liiman
koheesiovoimien ja pulttien aiheuttaman kitkavoiman yhteisvaikutuksesta. Ty0ssé esitellaan
uusi koemenetelma idealisoidun liimatun ja puristetun rajapinnan tutkimiseen
vasytyskuormituksen alaisena. Koejarjestelya kayttdaen tunnistetaan liimatussa
kitkarajapinnassa vallitsevat vauriomekanismit sekd maéaritellaan tilastollisen menetelmén
avulla kokeellisesti rajapintojen visymislujuudet, joita kdytetdéin liimalla ja pultilla liitetyn
kaksoislimiliitoksen vasymislujuuden arvioinnissa. Liitoksen rajapinnan jannitysjakauma
ratkaistaan elementtimenetelmalld. Rajapinnan murtumisen mallintamiseen kaytetaan
koheesiomenetelmés, jonka parametrit maaritetaén idealisoidun rajapinnan koekappaleilla
kayttaen staattista kuormitusta.

Liiman vaurion havaitaan koostuvan useista mikrorakenteellisesti lyhyista saroist4, joilla on
eri pituuksia ja orientaatioita. Saréjen pituuden ehdotetaan noudattavan eksponentiaalista
jakaumaa, joka kehittyy vasytyskuormituksen mukana. Vaurion eteneminen on kuitenkin
hyvin monimutkainen ilmio, johon kuuluu lyhyiden sédrdjen kasvua, sirdjen vuorovaikutusta
toistensa kanssa seké sarojen yhdentymistad. Namaé ovat ilmioité, joiden teoreettinen kéasittely
ei ole vield taysin kehittynyt. Tdsta syystéa tissa tyossd ehdotetaan lisdksi fenomenologista
vasymisvauriomallia, jossa visymisvaurio mitataan suoraan ideaalisen rajapinnan
koekappaleen jaykkyyden muutoksesta. Rajapinnan staattisen murtuman mallintamiseen
kéytetty koheesiomalli muotoillaan uusiksi niin, etté se sisdltdéd visymisvaurioparametrin
vaikutuksen. Vasymisvauriomalli on tarpeellinen, kun halutaan arvioida tarkasti
hybridiliitoksen vasymisen kestoa.
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Original features

This thesis presents new experimental data, physical observations and a new
analytical model relevant for the design of bonded/bolted hybrid joints in
high-strength steel plates subjected to cyclic shear loading. The research con-
tained in the thesis was performed during the years 2009 — 2014, and most of
the results were published in three journal articles and two conference pro-
ceedings. Significant aspects of the thesis, namely, the progressive fatigue
damage model, the formulation of the cohesive zone model with fatigue dam-
age and the related experiments (Sections 2.1.4 and 4.4) have not yet been
published. The author was the main author of all of the afore-mentioned pub-
lications and responsible for the planning and oversight of all experimental
work, the analysis of the test results, the numerical modelling and the devel-
opment of the theory presented in the thesis. Professor Gary Marquis stimu-
lated the original research ideas and contributed to the research with valuable
comments and suggestions. The following features of the thesis are considered
to be original:

1. The modified napkin ring specimen was introduced as a new experi-
mental method to characterise the fatigue behaviour of the idealised
bonded and clamped interface.

2. The fatigue failure modes of the bonded and clamped interface were
identified as shear decohesion and fretting fatigue. The failure mode
was found to depend on the clamping stress, so that shear decohesion
occurred under low clamping stress and fretting fatigue under high
clamping stress.

3. The non-linear response of the bonded and clamped interfaces due to
small-scale slipping under high shear stress amplitudes was observed
by using cyclic step tests. The hysteresis response was found to follow
a power-law curve.

4. A statistical method was used to estimate the fatigue strength corre-
sponding to no failure at 2x10° cycles for the idealised interfaces un-
der various clamping stresses, surface roughness and bonded or non-
bonded conditions. The fatigue strength values can be used for fa-
tigue design of more complicated hybrid joints assuming the interfac-
es are similar.

5. Experimental data from high-cycle fatigue tests with the double lap
joint geometry were presented. The main findings were the analysis
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9.

Introduction

of failure and an estimate of the fatigue strength using a statistical
method.

The finite element method was used to estimate the stress state at the
hybrid interface of the double lap joint. The interface was modelled
using a combined cohesive and frictional contact model - a built-in
feature of the commercial finite element software used. The parame-
ters of the model were determined from quasi-static tests on the
modified napkin ring specimen. The idea for this approach has previ-
ously been proposed, but the application in this work is different
from that used in prior work.

After comparison of the stress state in the double lap joint and the fa-
tigue strength results of idealised interfaces, a conservative estimate
of the fatigue strength of the double lap joint could be found.

The fatigue strength determined from the double lap joints was com-
pared to the fatigue strength of a welded connection with similar
structural geometry, calculated based on International Institute of
Welding fatigue testing guidelines. It was found that the bolt-
ed/bonded connection had 78.4 % greater fatigue strength than a
comparable welded connection.

An in-depth understanding of the fatigue processes in the idealised
bonded and clamped interface was obtained through scanning elec-
tron microscopy of the bondline under different stages of fatigue
damage. It was suggested that the physical nature of damage could be
described with an exponential distribution of microstructurally small
cracks.

10. An equation for fatigue damage evolution was proposed. The distri-

11.

bution in the sizes of cracks was assumed to be exponential but char-
acteristics of the exponential distribution change with the number of
loading cycles. The degree of damage was considered to be directly
observable from the specimen compliance. Parameters for the equa-
tion were fitted from experimental data. The damage model was
found to estimate the experimentally-measured fatigue life of the
modified napkin ring specimen with good accuracy.

The cohesive zone model, previously used to model the quasi-static
fracture of the bonded and clamped interface, was re-formulated to
include fatigue damage. The re-formulation was supported by inter-
rupted fatigue tests on the modified napkin ring specimens, where
the low-cycle fatigue test was halted after attainment of a certain de-
gree of damage, after which the specimen was loaded quasi-statically
up to failure.
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1. Introduction

Industries are increasingly seeking ways to save raw material, to improve en-
ergy efficiency and to reduce CO. emissions. The development of light and
efficient solutions provides the potential for the achievement of these goals
over the service life of industrial equipment and machinery such as cars,
trucks, other heavy-duty vehicles and lifting and transport equipment. The use
of novel high-performance ultra-high-strength steels enables weight savings
and the increased performance of structures. Finnish industries and universi-
ties embarked upon an extensive research initiative, the FIMECC Light and
Efficient Solutions (LIGHT) programme, which involved studies in several
fields related to the optimal application of ultra-high-strength steels. The re-
search presented in this thesis forms part of the FIMECC LIGHT research pro-
gramme related to the field of innovative design solutions.

The design of structures with the highest potential for weight savings and
performance improvements through the use of high-strength steels (HSS) is
frequently limited by the risk of fatigue failure. The durability of a high-
strength steel structure subjected to predominantly cyclic loading depends
greatly on the welded joints. As a general rule, the fatigue strength of a welded
connection does not increase proportionally to the steel strength. Hybrid
joints, wherein the good properties of adhesives and mechanical fasteners or
spot welds are combined, provide potential joining alternatives for improved
fatigue resistance in high-strength steel structures. However, an extensive lit-
erature review has shown that the available design data for hybrid joints are
limited.

Research on hybrid joints, consisting of bolted joints reinforced with adhe-
sive, has been on-going at Aalto University for several years (Oinonen and
Marquis, 2011a, 2011b, 2013; Hurme et al., 2011; Hurme and Marquis, 2011,
2012, 2013, 2014). The goal of the research has been to improve the under-
standing of failure mechanisms in bonded and clamped interfaces under qua-
si-static and fatigue loading, and to create data relevant for design of bond-
ed/bolted hybrid joints in HSS materials.

With the use of bonded/bolted hybrid joints, the load is carried by both ad-
hesion and friction. The primary loading mode of the joint is cyclic shear stress
combined with static normal stress. An in-depth understanding of the behav-
iour of the clamped and bonded interface during quasi-static as well as fatigue
loading is needed, in order to fully exploit the potential of the hybrid joint,
where two load-carrying mechanisms are combined to yield a joint stronger
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than either mechanism alone. In addition, a failure assessment method has
been developed, as well as an appropriate test method.

1.1 Background

Hybrid joining can include weld-bonded, rivet-bonded, clinch-bonded or bolt-
ed-bonded joints. The combination of bolting and bonding is the least-studied
method of hybrid joining with respect to joining metals. Most applications
involve the use of adhesives and bolts in the fail-safe mode, where one method
takes over when the other fails (Weitzenbock and McGeorge, 2011). The com-
bination of adhesive and bolted joints is also common in repair applications
(Hart-Smith, 1985; Chan and Vedhagiri, 2001).

Repair and fail-safe applications do not fully exploit the potential of hybrid
joints. When the joint is initially designed as a hybrid joint, both components
(bolts and adhesive) will ideally increase the performance of each other while
compensating for the potential structural deficiencies of a single joining meth-
od. For example, when combining bolts or rivets with an adhesive, the joint
can carry multi-axial stresses, while adhesive alone can carry only shear
stresses. On the other hand, an adhesive will reduce the stress concentrations
of bolt holes and thus improve fatigue resistance. A wide variety of mechanical
and bonded joints is used in the automotive and aircraft industries, where light
weight and structural integrity are primary design drivers. For thin sheet metal
structures in high-strength steel, structural adhesives can effectively increase
the maximum service load of friction-based, non-slip bolted connections.

The combination of adhesive joining and mechanical fastening has been
studied in the field of aerospace applications (Hart-Smith, 1985; Mann et al.,
1985), composite materials (Kelly, 2006; Fu and Mallick, 2001) and metallic
joints (Moroni et al., 2010; Imanaka et al., 1995; Yamaguchi and Amano, 1985;
Albrecht and Sahli, 1986; Albrecht, 1987). Improvement in the quasi-static
strength has been observed (Oinonen and Marquis, 2011a, 2011b; Kelly, 2006;
Fu and Mallick, 2001) when adhesive and mechanical fastening are combined,
as compared to either mechanism alone. In addition, the fatigue endurance
has been found to improve by the use of a combination of the two joining tech-
niques (Imanaka et al., 1995; Kelly, 2006; Fu and Mallick, 2001, Mann et al.,
1985; Albrecht and Sahli, 1986; Albrecht, 1987).

1.2 State of the art

There are a limited number of studies assessing the bonded and frictional in-
terface under severe clamping stress, a characteristic condition for bolt-
ed/bonded joints. In particular, the case of fatigue loading has not been thor-
oughly studied. The following chapters provide a review into the assessment of
bonded and clamped interfaces using experimental, analytical and numerical
methods.
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1.2.1 Experimental assessment and modelling of the bonded and
clamped interface

Experimental methods for adhesive joints are an intuitive starting point when
contemplating the experimental assessment of bonded and bolted joints. The
most common specimen geometry for measuring shear properties of adhesives
is the thin-lap shear specimen (ASTM D1002, 2010) (Fig. 1 a). However, the
specimen is not well-suited for characterizing interfaces because of the stress
concentrations and interactions of various stress components in the joint.
Shear lag due to elastic deformations of the adherends causes stress concen-
trations at the ends of the overlap. Eccentricity in the lap joint causes bending,
which introduces peel stresses at the ends of the overlap. The peel stresses can
be reduced by using different double lap configurations such as the simple
double lap joint (ASTM D 3528, 1996 (2008)) (Fig. 1 b) or the double lap strap
joint (Fig. 1 ¢), which have minimal load eccentricity and thus minimal bend-
ing. Also, the thick adherend specimen (ASTM D 5656, 2010) (Fig. 1 d) has
significantly reduced peel stresses compared to the thin-lap joint specimen.
Test methods involving torsional loads, such as butt-bonded hollow cylinders
(SFS-EN 14869-1:2011) (Fig. 1 €) or the napkin ring specimen (De Bruyne,
1962) (Fig. 1), provide a practically uniform stress state in the adhesive layer.
However, the availability of testing equipment to perform torsion tests is not
widespread in some laboratories. Fatigue testing is usually conducted using
the single lap shear test (ASTM D3166, 1999 (2005); ISO 9664, 1993).

-------------------------------- v R

Figure 1. Common specimen geometries for testing of adhesive shear joints. a) The single lap
joint, b) the double lap joint, c) the double lap strap joint, d) the thick adherend specimen, e)
the butt-bonded hollow cylinder and f) the napkin ring specimen.

Stresses in the thin-lap shear specimen have been studied extensively since the
introduction of the shear lag model by Volkersen (1938). A good state of the
art review is provided by Kwakernaak et al. (2010). Analytical stress examina-
tions of more complex geometries such as the double lap joint have also been
published (De Bruyne, 1944; Tsai et al., 1998; Osnes and McGeorge, 2009). In
addition to analytical studies, many researchers have applied the finite ele-
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ment method (FEM) for calculating the stresses in the adhesive joint (Gon-
calves et al., 2002). The fundamental issue regarding finite element modelling
of adhesive joints is the scale problem; the thickness of adherends is usually in
the millimetre range, while the adhesive layer thickness measures only a few
micrometres.

Commonly, the analytical and numerical approaches to adhesive joint design
rely on the assumption that the adhesive layer has a constant thickness
(Kwakernaak et al., 2010; Tong and Luo, 2011; Ashcroft and Mubashar, 2011).
Similarly, most of the common adhesive test methods are designed so that a
definite thickness of the adhesive is ensured (Kwakernaak et al., 2010). The
established method for assembling a bonded/bolted hybrid joint is to first ap-
ply the adhesive to the adherend surface and then to clamp the adherends by
tightening the bolts. The pressure applied by the bolts forces the uncured ad-
hesive out of the interface, so that in practice, only a small quantity of the ad-
hesive remains to fill the micro-volumes of the surface topography. Metal-to-
metal contact can occur adjacent to these micro-volumes. Consequently, an
adhesive layer with constant thickness is not a reasonable assumption for hy-
brid joints in steel with significant normal clamping stress. A schematic repre-
sentation of the formation of the cohesive and frictional interface is shown in

$

Figure 2. Schematic representation of the formation of the cohesive and frictional interface.
Clamping is applied while the adhesive is in the uncured state. Most of the adhesive is
squeezed out from the interface and as a result, some of the asperities of the metal surface
are brought into contact, while the adhesive fills the micro-voids between the asperities.

In existing literature, the clamped and bonded interface has been assessed
mainly with the use of anaerobic adhesives in cylindrical interference fit joints
(Kawamura et al., 2003; Sawa et al., 2001; Yoneno et al., 1997, 1998) and
threadlocking applications (Dragoni, 1999; Sekercioglu and Kovan, 2008). The
static strength of the idealised bonded and clamped interface has been studied
by using annular butt joints subjected to normal pressure and torsion (Dragoni
& Mauri, 2000, 2002; Castagnetti and Dragoni, 2013) and by using the modi-
fied napkin ring specimen (Oinonen and Marquis, 2011a, 2011b).

The studies related to fatigue phenomena in the bonded and clamped inter-
faces are limited. Dragoni (2003) presented fatigue tests of bonded steel taper
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press fit joints. The results imply a fatigue limit of 50% of the static strength.
In addition, fatigue tests on joints with the bonded and clamped interface have
been reported by Croccolo et al. (2010) and Sekercioglu et al. (2005). Simple
guidelines for estimating the strength and fatigue strength of clamped and
bonded interfaces have been published (Dragoni and Mauri, 2011). However,
the static analysis method is limited to average joint shear stress evaluation,
with comparison to the strength of the hybrid interface. The fatigue strength,
on the other hand, is simply evaluated by multiplying the adhesive shear
strength by 0.5. Hurme et al. (2011) and Hurme and Marquis (2012, 2013)
have published experimental studies using the modified napkin ring specimen
revealing the failure modes of the clamped and bonded interface. The fatigue
strength of the bonded and clamped interface was estimated using a statistical
method. Recently, Hurme and Marquis (2014) reported experimental results
on fatigue tests of a full-scale hybrid bonded/bolted joint, and applied the fa-
tigue strength of the clamped and bonded interface in order to estimate the
fatigue strength of the full-scale joint. It was concluded that a more accurate
estimation of the fatigue life requires a progressive damage model for the ad-
hesive. Such a model is suggested in this thesis.

Traditionally, the behaviour of the clamped and bonded interface has been
understood through the superposition principle, involving the simple addition
of the shear strength of the adhesive and the friction of the metal-metal con-
tact. The superposition principle has been found to be valid for a strong adhe-
sive under uniform stress conditions (Dragoni and Mauri, 2000; Oinonen and
Marquis, 2011a, 2011b). However, Dragoni and Mauri (2002) observed that for
flexible adhesives and non-uniform stress conditions, the superposition cannot
be applied. As a result, it can be concluded that the superposition principle has
no general application. A micromechanical model for the hybrid interface was
developed by Dragoni and Mauri (2002), applied numerically (Castagnetti and
Dragoni, 2012) and verified experimentally (Castagnetti and Dragoni, 2013).
The model is based on the assumption that a thin layer of adhesive remains
between the peaks of the asperities, in addition to the adhesive that fills the
voids between the asperities, so that no metal-metal contact is actually pre-
sent. Thus, the deviations from the superposition principle can be explained
via this model.

Progressive failure in adhesively-bonded joints is often assessed by fracture
mechanics or damage mechanics. The fracture mechanics approach relates the
delamination growth, or de-bonding growth, to a fracture mechanics property
such as the stress intensity factor. In most cases involving adhesive joints and
composites delamination, the strain energy release rate approach introduced
by Griffith (1921) is applied instead of using the stress intensity factor. Recent-
ly, the FEM-based cohesive zone modelling (CZM) technique has become
widely used in failure modelling of adhesive joints (Castagnetti et al., 2011; De
Moura et al., 2008). In the CZM approach, the interface between two layers is
modelled using cohesive elements or contact definition, defined by the trac-
tion-separation relation. A damage parameter is employed to progressively
reduce the stiffness of the cohesive element, thus simulating the growth of
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damage. The CZM has the advantage of being able to account for both the ini-
tiation and propagation of de-bonding, thus combining the advantages of
strength-based and fracture mechanics-based approaches to failure analysis.
The CZM has been combined with a friction model (Oinonen and Marquis,
2011a, 2011b) to assess the clamped and bonded interface. One advantage of
the CZM is that the model parameters can be directly determined for the inter-
face, eliminating the need to define a bond-layer thickness. Similar CZM-based
modelling techniques for the bonded and frictional interface have been studied
in the field of masonry (Alfano and Sacco, 2006) and damage models for adhe-
sive and frictional interfaces have also been developed (Del Piero and Raous,
2010; Sacco and Lebon, 2012). The cohesive zone modelling technique is also
adopted in this thesis and, consequently, is discussed in more detail in the fol-
lowing section.

1.2.2 Cohesive zone modelling

The cohesive zone modelling (CZM) technique is based on the pioneering work
of Dugdale (1960) and Barenblatt (1962). Dugdale (1960) proposed a model
assuming that there is a plastic zone ahead of the crack tip with stress equal to
the material yield stress. Barenblatt (1962) proposed a similar model, but the
stress was assumed to vary with deformation. The CZM was first applied in the
finite element method by Hillerborg et al. (1976) to model crack growth in a
concrete beam. Hillerborg et al. (1976) assumed that the crack propagates
when stress at the crack tip reaches the yield stress, but when the crack opens,
the stress does not fall to zero at once but decreases with increasing separa-
tion. During the crack opening, the material is in the micro-cracked state with
ligaments still able to transfer stresses. Opening of the crack requires over-
coming stress and, therefore, energy is absorbed during crack extension. The
amount of energy can be obtained from the area under the opening curve. Dur-
ing the last decades, the CZM has been developed by numerous researchers
and it has become a widely accepted tool for material fracture analysis
(Tvergaard and Hutchinson, 1992; Chandra et al., 2002; Cornec et al., 2003).
Cohesive zones can be used to model fracture along a narrow strip zone by
defining the material behaviour through a traction-separation law. With the
requirement of a known fracture path, the delamination of composites and de-
bonding of adhesive joints are natural applications of the CZM. Indeed, the
CZM has become one of the most frequently used methods for modelling frac-
ture of adhesive bonds (Castagnetti et al., 2011; De Moura et al., 2008) and
delamination in composites (Turon at al., 2006). Several different constitutive
models have been presented for the cohesive zone modelling of ductile and
brittle fracture. The bi-linear model (Geubelle and Baylor, 1998) and trapezoi-
dal model (Tvergaard and Hutchinson, 1992) are the most commonly used. In
addition, some non-linear laws have been developed (Needleman, 1987; Allix
et al., 1995; Xu and Needleman, 1993; Oinonen and Marquis, 2011a). General-
ly, the traction-separation law consists of a linear elastic region characterised
by a cohesive stiffness, and a damage evolution region, triggered by attainment
of the critical cohesive stress, following a linear or non-linear softening curve.
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The initial region can also be non-linear, as in the model proposed by Cornec
et al. (2003).

The cohesive zone model requires the definition of several parameters, the
experimental evaluation of which is not always trivial. Cornec et al. (2003)
have presented a well-defined procedure for determining the cohesive stress
and energy for their cohesive law based on the J-integral. However, such pro-
cedures for metallic materials are not directly applicable to adhesive joints.
Recently, Pascoe et al. (2013) raised the issue of the lack of fundamental un-
derstanding of the physics related to the definition of the cohesive zone model
in composites delamination and adhesives de-bonding analyses. Cohesive
stiffness is usually chosen based on numerical reasons. Critical traction is diffi-
cult to determine experimentally and, therefore, an assumed value is used
(Khoramishad et al. 2010). Fracture energy can be determined experimentally;
however, Khoramishad et al. (2010) chose to refine the value of the fracture
energy obtained from experiments in an iterative manner so as to match the
response of experiments on bonded joints. Another problem raised by Pascoe
et al. (2013) was related to the definition of fracture energy. If it is assumed
that the area under the traction-separation curve is equal to the fracture ener-
gy, this would imply that the work applied to the cohesive element is con-
sumed entirely upon the formation of new fracture surfaces. However, in reali-
ty, at least some of the energy is dissipated by plastic deformation. The damage
evolution model is described using numerous parameters, the physical nature
of which are not completely understood.

The progressive failure of adhesive joints and composites is often studied ex-
perimentally by the double cantilever beam (DCB) specimen in mode I and the
end-notched flexure specimen (ENF) in mode II (Dessureault and Spelt, 1997).
For mixed-mode loading, the mixed-mode bending (MMB) specimen is com-
monly applied (Naghipour et al., 2011; Kenane and Benzeggagh, 1997). In
many studies, the cohesive zone elements have been applied to model the
damage process zone ahead of the crack tip, thus combining the fracture me-
chanics and damage mechanics approaches. The parameters of the cohesive
zone model are determined by iterative methods, so that the model results
correspond with the experimental results. The problem encountered with this
method of determining the parameters is that the physical significance of the
CZM parameters is not clear.

Published studies provide some experimental insights into the physical na-
ture of damage in the material ahead of the crack tip. Chai (1993b) found that
the mode II crack in the adhesive material in the ENF specimen propagates
due to micro-cracks that form ahead of the crack tip. On the other hand, it has
been found that the failure of the napkin ring specimen is a result of similar
micro-cracking (Chai, 1993a). The stress state in the napkin ring specimen is
nominally pure mode II (the stress intensity factors of the micro-cracks can be
mixed-mode). Similar stress state occurs ahead of the crack tip in the ENF
specimen. Thus, the damage process in the entire napkin ring specimen is
equivalent to the damage process ahead of the mode II crack in the ENF spec-
imen. Indeed, the napkin ring specimen provides an interesting opportunity to
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directly determine the constitutive equation for the cohesive zone model under
mode IT loading.

Oinonen and Marquis (2011a, 2011b) introduced the modified napkin ring
specimen as an experimental method to directly determine properties of the
cohesive zone model for clamped and bonded interfaces, thus providing an
alternative to the numerical fitting of the various parameters. The work pre-
sented in this thesis provides further solutions to some of the shortcomings
faced when defining cohesive zone models with fatigue: the parameters are
defined using the modified napkin ring specimen, the physical nature of the
fatigue damage is observed using the scanning electron microscope and a de-
scription of the physical nature of the damage, based on the exponential dis-
tribution of small cracks, is suggested.

Several studies have been published wherein cohesive zone models have
been used to assess the fatigue crack growth. Some of the studies include a
cycle-by-cycle assessment, which is mainly applicable to low-cycle fatigue (de-
Andrés et al., 1999; Yang et al., 2001; Bouvard et al., 2009; Ural et al., 2009;
Xu and Yuan, 2009; Cao and Vormwald, 2013; Roe and Siegmund, 2003;)
while most of the studies related to composite delamination or adhesives de-
bonding have adopted the cycle jump strategy proposed by Robinson et al.
(2005), which is also capable of modelling high-cycle fatigue (Moroni and Pi-
rondi, 2011; Khoramishad et al., 2010; Pirondi and Moroni, 2010; Turon et al.,
2007; Harper and Hallett, 2010; Landry and LaPlante, 2012; Naghipour et al.,
2011; May and Hallett, 2010, 2011; Muiioz et al., 2006). In many of the stud-
ies, a fatigue damage parameter is introduced into the CZM, and the strength
or stiffness of the cohesive law is degraded as the damage parameter evolves
with cyclic loading. An issue raised by Pascoe et al. (2013) is that one of the
main advantages of the CZM, namely, the ability to model the crack initiation
phase, is rarely used in published studies, as the CZM is mostly used to model
fatigue crack growth. The onset of fatigue damage in the previous studies (Mo-
roni and Pirondi, 2011; Turon et al., 2007; Harper and Hallett, 2010; Landry
and LaPlante, 2012; Naghipour et al., 2011) usually requires the stress in the
cohesive element to exceed the critical traction for static damage. This can oc-
cur at the crack tip but rarely in the un-cracked geometry. Consequently, in
order to model fatigue crack initiation, the fatigue damage evolution and the
resulting degradation of the cohesive stiffness and strength should occur with
stresses lower than the critical traction. May and Hallett (2010, 2011) derived a
fatigue law for cohesive elements, where the damage evolution is divided into
static, fatigue initiation and fatigue propagation damage with different calibra-
tion procedures for the different stages of damage evolution. In this work, the
fatigue damage evolution is observed from the experiments on the modified
napkin ring specimens, which can directly provide the parameters of the cohe-
sive law, thus clarifying the physical meaning of the several parameters. The
initiation of a fatigue crack as a consequence of fatigue damage could poten-
tially be modelled using the proposed approach.
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1.2.3 Fretting fatigue in bolted joints

In addition to assessing the static and fatigue properties of the bonded and
clamped interface, full-scale fatigue phenomena in the bonded/bolted joints
should be discussed. The main limitation in the fatigue design of bolted joints,
where the load is carried by interface friction, is fretting fatigue. Fretting dam-
age occurs at interfaces which are in contact and which are subjected to clamp-
ing and cyclic tangential micro-slipping. High local stresses appear at the tran-
sition line where the clamping stress due to the bolt reduces to zero. The criti-
cal area experiences both sticking and slipping conditions during the loading
and unloading. The condition of alternating slipping and sticking is called par-
tial slip. The area under partial slip is susceptible to damage and crack initia-
tion at the surface. Initially, the crack propagates through the volume affected
by contact stresses and later, the propagation is driven by stresses in the bulk
material. The crack propagation is governed by multi-axial stresses, variable
R-ratio and non-proportional stresses, due to the non-linear nature of the fric-
tional stress.

An extensive number of studies has been published about the fretting fatigue
phenomenon, including experimental, analytical and numerical studies, some
reviews of which are found, for example, in (Nowell et al., 2006; Ciavarella and
Demelio, 2001; Nesladek et al., 2012). The fatigue in bolted joints has been
studied by Benahmena et al. (2010), Chakherlou et al. (2013) and Wagle and
Kato (2009), and it has been shown that the failure mechanism is determined
by the clamping load. With low clamping, cracks initiate at the edge of a bolt
hole, while intermediate clamping results in fretting wear. With high clamp-
ing, the failure type is fretting fatigue with crack initiation at the edge of the
clamped contact area. Fatigue strength improves with increased clamping un-
til fretting fatigue starts to dominate. Thereafter, no improvement in fatigue
strength is obtained by increasing the clamping.

1.3 Applicability, requirements and limitations

The experimental and analysis results presented in this paper can be used as
guidelines for product development, where the use of bonded/bolted hybrid
joints in fatigue-critical applications is of interest. The results also increase the
understanding of the behaviour of the clamped and bonded interface under
fatigue loading. Improvements in understanding the physics related to cohe-
sive zone modelling are provided through the novel experimental method, the
modified napkin ring specimen applied here for fatigue assessment, and
through scanning electron microscopy (SEM) observations of interface dam-
age during fatigue loading. Experiments on the bonded/bolted double lap joint
(DLJ) show that the hybrid joint indeed provides considerable potential for
fatigue strength improvement, as compared to welded or simple bolted con-
nections. The fatigue behaviour of bonded/bolted hybrid joints in high-
strength steel has not previously been studied thoroughly and, as a result, not
all necessary aspects of reliable design could be assessed in this work. The fol-
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lowing limitations should be taken into account when contemplating the de-
velopment of products which use bonded/bolted hybrid joints.

Adhesive materials are known to have load rate-dependent behaviour. How-
ever, all the quasi-static tests were performed using similar loading rates. The
modified napkin ring fatigue tests were performed under two very different
frequencies and, in both cases, the loading rate was different from the quasi-
static tests. While the results showed no noticeable difference in the response
due to the loading rate, the issue was not thoroughly examined.

Adhesives are sensitive to high temperatures, and one possible source of heat
is the frictional motion in the interface during cyclic loading. There are fre-
quency limitations related to the testing of adhesive joints, for example, the
ASTM standard for adhesive fatigue testing recommends the frequency of 30
Hz (ASTM D 3166, 1999 (2005)). However, no such standardised recommen-
dation is available for hybrid joints. The maximum loading rate was applied in
the double lap joint tests which were conducted at 15 Hz. No noticeable heat
generation was observed and it was considered that the effect of heat genera-
tion was negligible in the presented studies. However, the issue should be con-
sidered if higher loading rates need to be applied.

Another important factor in the use of adhesive materials is the effect of the
environment. High temperature, humidity, ultra-violet radiation and exposure
to certain chemicals can cause ageing in polymers, producing changes in col-
our, cracking, loss of mechanical properties and chemical disintegration. The
testing of environmental effects is expensive, due to long exposure durations.
However, the assessment of environmental effects is crucial, especially if the
hybrid joint is intended for use in outdoor applications. In this study, funda-
mental aspects of the failure mechanism were studied and, thus, environmen-
tal effects were not assessed. The rate dependency, thermal properties and
ageing of adhesives, along with many other critical aspects, have been reported
in previous studies, and the reader is referred to any comprehensive handbook
in the field, for example, that of da Silva et al. (2011).

All of the studies presented in this thesis have been performed on the same
adhesive, which is a two-component structural epoxy DP 760 by 3M. The ad-
hesive was originally selected because of its excellent temperature tolerance
and high shear strength. Similar experimental investigations were performed
on a different adhesive, as detailed in the Master’s thesis by Sehra (Sehra,
2013). The adhesive in question was a toughened two-component epoxy adhe-
sive DP 490 by 3M. Toughened adhesives should generally have improved fa-
tigue endurance, as compared to brittle adhesives. However, the static and
fatigue behaviour of the DP 760 was found to be better than that of the DP
490. It should be noted that a similar experimental approach to that presented
in this thesis can be adopted, if the use of a different type of adhesive is of in-
terest.

In addition to different aspects characteristic to adhesive materials, there are
considerations related to the fatigue phenomena that are essential for compre-
hensive fatigue assessments. First of all, the effect of mean stress during cyclic
loading is known to have a detrimental effect on the fatigue endurance of ma-
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terials. In the case of adhesives, the effect is possibly even more pronounced
due to the sensitivity of polymer materials to creep. All of the fatigue experi-
ments in this study were performed under fully-reversed loading, i.e., no mean
stress was present during the loading of the specimens. Therefore, a study of
the mean stress effects should be among the first to follow the assessment pre-
sented.

Where fatigue is a design-limiting factor, many industrial applications are
subjected to variable loading histories during their service time. Consequently,
the fatigue analysis should be based on variable amplitude loading instead of
constant amplitude loading. However, the variable amplitude loading was be-
yond the scope of this thesis and, all experiments were performed under con-
stant amplitude loading. The proposed fatigue damage model can potentially
be applied in variable amplitude loading assessments with suitable numerical
implementation. However, the results should be confirmed by experiments.

The basis of the assessment presented is the assumption that loads are car-
ried primarily by cyclic shear stress in the bonded and clamped interface.
However, the lap joint geometries have some degree of cyclic tensile normal
stress due to the shear lag effect. The modified napkin ring specimen, which
provides the foundation for the assessments in this thesis, carries only cyclic
shear mode loading superimposed with a well-defined static normal stress.
Owing to the lack of information about the other loading modes, the analysis
of the double lap joint was performed under the assumption that interfaces
under tensile normal stress do not contribute to fatigue strength, which is
clearly conservative. Therefore, the fatigue behaviour under different loading
modes and mixed modes should be further studied. However, an initial as-
sessment can be made by assuming that the entire load is transferred by shear
stress, since shear stress is the dominant mode in the lap joint geometries.

A fatigue damage evolution model is presented in the paper. The model is
well-justified by the SEM observations, and it is shown that the model can cap-
ture the low-cycle fatigue behaviour of the modified napkin ring specimen with
good accuracy. However, due to time limitations, the model is not applied to
the finite element method and to analysis of the double lap joint. Established
methods for implementing fatigue damage in the finite element method can be
found in the relevant literature (Robinson et al., 2005). For example, the im-
plementation into Abaqus can be readily achieved through user-defined sub-
routines.

In summary, this thesis proposes methods for the fatigue assessment of hy-
brid bonded/bolted joints in high-strength steel materials which can be useful
in the weight reduction and strength improvment of structures subjected to
predominantly cyclic loads. Two approaches presented in this thesis can be
adopted in product development and in the design of joints: the more simple
method (based on interface shear stress and fatigue strength), is suitable for a
failure/no-failure type of assessment in high-cycle fatigue, while the progres-
sive damage method (based on cohesive zone modelling with fatigue damage
evolution) is applicable under low-cycle fatigue. The method based on inter-
face shear stress and fatigue strength requires the following:
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1. The method can be applied to full-scale hybrid bonded/bolted joints
where the primary load-carrying mechanism is cyclic shear stress
combined with static normal stress from the bolts. The assessment
provides a conservative estimate of the fatigue strength of the full-
scale joints.

2. An experimental programme, using the modified napkin ring speci-
mens manufactured from the adherend material and bonded with the
desired adhesive, should be carried out, in order to determine an es-
timate for the fatigue strength characteristic of the interface. The fa-
tigue strength should be estimated under different clamping stress
conditions. A statistical approach, such as the small sample staircase
method or the full staircase method, should be applied.

3. Parameters for mode II fracture of the cohesive zone model should be
determined from quasi-static tests on the modified napkin ring spec-
imen. The parameters should be calibrated from tests with different
clamping stresses to ascertain that the model for the adhesive can
provide the true response under the full range of clamping stresses
present at the joint. In defining the model, friction should be added
to the shear tractions in proportion to damage. The surface rough-
ness should be the same as in the final joint in order to accurately de-
scribe the interface.

4. The finite element model of the full-scale joint should be constructed
with a cohesive contact property defined between the adherends.
Friction should be implemented in the cohesive contact region. Al-
ternatively, cohesive elements could be used instead of contact defini-
tion. The critical traction under mode I loading should be assigned a
small value, due to the assumption that joint areas under tensile
normal stress do not contribute to fatigue strength.

5. The interface shear stresses should be solved from the finite element
model and the stress state in the most critical location should be low-
er than the fatigue strength of the modified napkin ring specimen
under similar clamping stress. The loading producing such a stress
state is the conservative estimate of the fatigue strength.

The low-cycle fatigue method, based on progressive fatigue damage modelling,
involves the following requirements.

1. Parameters of the cohesive zone model for mode II fracture should be
determined from quasi-static tests on the modified napkin ring spec-
imen, with different clamping stresses of the final joint, in order to
accurately describe the interface.

2. Low-cycle fatigue tests should be performed using modified napkin
ring specimens under low clamping stress. Fatigue damage evolution
in the specimens would then be observed by a gradual increase in the
specimen compliance. The damage evolution equation, relating the
damage growth to shear stress and damage, should be determined by
fitting to the data from the low-cycle fatigue tests.
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Thereafter, damage evolution should be implemented in the finite el-
ement code by using methods established in existing literature (Rob-
inson et al., 2005). The parameters of the cohesive zone model
should be degraded with the fatigue damage according to the equa-
tions presented in the thesis.

The fatigue damage and quasi-static damage are described by two
separate variables. Friction should be implemented in the cohesive
zone model, following the principle that frictional traction increases
in proportion to quasi-static damage. While quasi-static damage has
not yet initiated, the friction model is not active during fatigue dam-
age evolution.
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2. Experimental methods

Firstly, the aim of the experimental study was to identify the failure mecha-
nisms of the bonded and clamped interface and, secondly, to apply the ob-
tained understanding to the analysis of a joint of engineering interest. The
modified napkin ring specimen was developed from the napkin ring specimen
first introduced by De Bruyne (1962) by adding a static clamping stress. The
napkin ring specimen is well-suited for interface characterisation since the
boundary conditions at the interface are well-defined and the loading stresses
are uniform in the entire interface. The double lap joint geometry was chosen
for the joint of engineering interest because it has only limited peel stress due
to bending, and the loading can be considered to be mostly carried by shear
stresses.

2.1 The modified napkin ring experiments

2.1.1 The specimen

Test specimens were machined from HSS sheets (Ruukki Optim 960QC, nom-
inal yield strength 960 MPa) with a thickness of 6 mm. The main dimensions
of the specimens are shown in Fig. 3. The eight smaller holes visible in Fig. 3
were used for fixing the specimens in the testing machine.
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Figure 3. a) Test specimen with the main dimensions [mm]. Specimens were tested in pairs
with only the 2 mm wide areas in contact. Structural adhesive was applied exclusively to
the contact area. b) Photograph of the specimen.

The 2 mm-wide contact surface had one of the following surface finishes: grit-
blasted with medium grit aluminium silicate (Ra = 3.1 um), fine-ground (Ra =
0.4 um) or coarse ground (Ra = 1.3 um). During the course of the research,
several batches of specimens were manufactured. The surface roughness was
measured from 2-8 select samples from each batch and from four locations in
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one sample, with the measurement length of 0.8 mm. The direction of meas-
urement was circumferential, i.e., along the direction of loading. The Taylor-
Hobson Surtronic 3+ surface texture measuring device was used for the sur-
face roughness measurements.

Before applying the adhesive, the specimens were cleansed of machining oils
in an ultrasonic cleaner and wiped with a solvent. The machined surfaces in-
side of the ¢ =56 mm contact surface were protected using an O-ring seal, to
prevent adhesion inside the contact areas and to eliminate the build-up of an
inner spew fillet. A two-component structural epoxy adhesive, DP760, pro-
duced by 3M, was used for bonding the interfaces (3M United Kingdom PLC,
2009). Curing was performed at 65+3 °C for two hours. The gradual pre-
heating time from 20 °C to 65 °C was 2V2 hours.

Two specimen halves were glued together, with the circular contact surface
of one specimen opposing the contact surface of an identical specimen. During
the assembly process, adhesive was applied to the contact surfaces of the spec-
imens and clamping to static pre-stress was immediately applied. The normal
pre-stress was constant during the curing process and was not released until
fatigue testing was complete. Four levels of static normal pre-stress, q, were
applied in the experiments, ge {4,50,100,150} MPa.

2.1.2 Laboratory test set-up

Experiments were performed using a servo-hydraulic test machine which ap-
plied cyclic torsion across the circular, glued interfaces. A schematic of the test
device is shown in Fig. 4, with the key components indicated.

Figure 4. Schematic of the testing device. Key components are: 1-Specimen pair, 2-Specimen
holder, 3-Axial load cell, 4-Torque reaction, 5-Support, 6-Thrust bearing, 7- Threaded rod,
8-Nut, 9-Torque arm and 10-Rotation bearing.
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With respect to the napkin ring specimen, the applied static normal pre-stress,
g, and alternating shear stress, 7,, are illustrated in Fig. 5, along with a close-
up schematic drawing of the bonded interface.

\%‘MJ

Figure 5. Loading of the napkin ring specimen during the constant amplitude fatigue test. The

static normal pre-stress is denoted by q, 5u is the relative displacement amplitude and the

alternating shear stress amplitude is 7, .

Normal stress on the interfaces was maintained via a fine-threaded rod
equipped with an axial load cell. The normal stress was also continuously
measured during testing, in order to verify that it varied by no more than 1 %
from the initially-applied value. The threaded rod was equipped with low-
friction axial ball bearings at each end. The influence of bearing friction due to
pre-load on the measured torque was less than 1.5 %. As a result, the measured
torque was assumed to be exclusively transmitted across the hybrid interface.
Relative displacement (slippage) between the contact surfaces was measured
by a high-precision eddy current extensometer (Kaman Precision Products
Model KD-2306) fixed to each side of the specimen pairs.

At least one static failure test was conducted for each specimen condition in
order to verify that the results were in line with those of Oinonen and Marquis
(20112 and 2011b). The static tests were performed following the procedure
described by Oinonen and Marquis (2011a and 2011b).

2.1.3 High-cycle fatigue experiments

Constant amplitude fatigue testing was performed using load (torque) control
with a fully-reversed (R=-1) sinusoidal type signal at the frequency of 13.5 Hz.
Normal pre-stress levels were 4 MPa, 50 MPa, 100 MPa and 150 MPa. The 4
MPa pre-stress was as close to zero as possible with the current test set-up.
Tests continued until fatigue failure occurred, or until 2x10¢ load cycles had
been attained. Failure was defined as large (50 > 500 um) relative displace-
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ment (slipping) of the specimen pairs measured by the eddy current exten-
someter. During one constant amplitude fatigue test the stress amplitude
could vary between 7, + 2 MPa due to limitations of the test system and con-
trol electronics. However, it was ascertained that there were no load peaks
higher than 10% of the average load amplitude. For some of the specimens that
did not fail within N = 2x10° cycles (run-out specimens), the constant ampli-
tude fatigue test was followed by a static failure test. Complete tables of the
high-cycle fatigue tests are provided in Appendix A.

2.1.4 Low-cycle fatigue experiments

The low-cycle fatigue tests were performed under constant amplitude, com-
pletely-reversed loading, with two clamping stress conditions (¢ = 4 and 50
MPa). The aim of the low-cycle fatigue tests was to obtain a better understand-
ing of the fatigue damage process in the adhesive by improved control and
more densely measured data points than in the high-cycle fatigue experiments.
In order to improve the control of the test and to reliably measure the response
cycle by cycle, the frequency had to be significantly reduced from the 13.5 Hz
of the high-cycle fatigue tests. Consequently, the loading frequency was 1 Hz in
the low-cycle fatigue experiments. However, two tests, one for each clamping
stress condition, had the loading frequency of 0.2 Hz. No difference in the
specimen response was observed between the 0.2 Hz and 1 Hz tests and, there-
fore, the 0.2 Hz tests could be included in the analysis.

Two types of tests were performed. Some of the tests continued until fatigue
failure occurred. In addition, so-called interrupted fatigue tests were per-
formed for both clamping stress conditions. The interrupted fatigue tests con-
sisted of a cyclic loading part followed by a quasi-static fracture test. The fa-
tigue test part was halted after a predefined relative displacement amplitude
was measured by the eddy current sensor. Thereafter, the specimen was load-
ed until failure, following the quasi-static test procedure as explained in detail
in Oinonen and Marquis (2011a and 2011b). The low-cycle fatigue experiments
are summarised in Table 1 and the interrupted fatigue tests are shown in Table
2.

Table 1. Low-cycle fatigue tests up to full failure

Test ID Clamping stress, g [MPa] Shear stress amplitude, 1, [MPa]  Frequency [Hz]
F1 4 28.7 0.2
F2 4 26.5 1.0
F3 4 27.2 1.0
F4 4 24.9 1.0
F5 50 246 0.2
F6 50 26.6 1.0
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Table 2. Interrupted fatigue tests

Test ID Clamping stress, q Shear stress amplitude, 7, Re]ative di§placement amplitude 6,
[MPa] [MPa] at interruption [um]
I 4 247 20.2
12 4 253 27.5
13* 4 255 30.3
14 4 25.0 20.9
15** 4 25.0 253
16 50 28.1 20.3
17 50 251 18.5
18 50 25.0 25.3

* Static fracture test was not in line with the other results and was excluded from the analysis
**Specimens were analysed with SEM instead of static fracture test

Scanning electron microscopy analysis of the damage

Scanning electron micrographs were taken from specimens I4 and I5 of Table
2. In addition, one specimen in the initial state (without cyclic loading) was
studied by SEM. Micrographs of the bondline were taken from two locations in
each specimen in the radial and tangential directions.

2.1.5 Cyclic step tests

Cyclic step tests were performed in order to quantify the irreversible small-
scale slip between the interfaces for cycles with different shear stress ampli-
tudes, and to further observe the interface behaviour under cyclic loading.
Three fine-ground specimens were tested, one for each pre-stress level q = 50,
100 and 150 MPa. During the cyclic stress tests, several fully-reversed (R = -1)
low-frequency cycles were applied to the interfaces, and about 500 load vs.
relative displacement data points per cycle were collected. Initially, torque
amplitude was approximately half of that used during the fatigue tests and the
frequency was 0.67 Hz throughout the test. After four cycles, the torque ampli-
tude was increased step-wise and the procedure was repeated until the speci-
men fractured.

2.2 Double lap joint tests

The experiments on the double lap joint consisted of a small sample staircase
series for obtaining an estimate of the fatigue strength (Dixon and Mood,
1948; Dixon, 1965; Little, 1974). In addition, fatigue tests at short lives and
quasi-static tests for both the bonded/bolted and plain bolted conditions were
performed. In addition, three tests were performed with slightly modified test
set-ups in order to clarify the failure mechanism (Hurme and Marquis, 2014).

2.2.1 The specimen

The specimen bore the double lap geometry as shown in Fig. 6. All parts of the
specimen were cut from an 8-mm thick, high-strength steel plate (Ruukki Op-
tim 960 QC, nominal yield strength 960 MPa). The assembly consisted of two
main plates, and two cover plates attached with one high-strength M12 bolt
and one M20 bolt and bonded with the two-component epoxy adhesive DP760
by 3M. The oversized M20 bolt was used to ensure a non-slip connection on
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one side of the specimen through higer clamping stress and larger clamped
area. Failure was intended to occur as slipping of the interface under the
smaller M12 bolt. The diameter of the hole for the M12 bolt measured 14.5
mm, which resulted in a clearance radius of 1.25 mm. The clearance ensured
that the slipping of the hybrid interface did not lead to the load being carried
by the bearing mode.
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Figure 6. Geometry and dimensions in [mm] of the double lap joint. Bonding was applied to the
interfaces between the cover plates and main plates. An oversized M20 bolt was used to
ensure a non-slip connection on one side of the specimen thus restricting failure into the in-
terface under the small bolt.

The contact surfaces of the plates were grit-blasted with aluminium oxide to an
average surface roughness of R, = 2.7 um. Prior to bonding, the plates were
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cleansed in an ultrasonic bath and then rinsed with ethanol to ensure optimal
bonding. The adhesive was applied to the grit blasted surfaces of the cover
plates which were then immediately bolted to the main plates. As a result, the
specimen had in total four separate bonded interfaces: two of them under the
clamping from the small M12 bolt and two under the clamping from the over-
sized M 20 bolt. After assembly, the adhesive was cured in an oven at 65 °C for
2 hours. The specimen was allowed to cool down to room temperature before
testing.

The M12 bolt was tightened to 130 Nm, which corresponds to an axial load of
43 +- 4.5 kN. The axial load was determined by measurements using a shim
load cell. Eight bolts were selected for the calibration. The bolts were tightened
using a torque wrench, and the axial load corresponding to each tightening
torque was measured. The ratio of the applied tightening torque to the meas-
ured axial load is shown in Fig. 7, with a solid line at the mean and dashed
lines at two standard deviations from the mean. The scatter in the resulting
axial load was due to the method used for tightening the bolts. The accuracy of
the axial load is affected by the torque wrench, geometric defects on the thread
and bearing surfaces, and lubrication of the bearing surfaces. However, the
accuracy of the bolt tightening using the torque wrench was considered to be
adequate. Another possibility would have been to instrument each bolt with a
strain gauge, but this was not deemed cost-effective, since the bolts underwent
permanent distortion at specimen failure and could not be re-used. The large
M20 bolt was tightened to 200 Nm.
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Figure 7. The ratio of the applied torque to the measured axial load for eight M12 bolts. The
mean line and the lines at two standard deviations are shown for the data set.
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2.2.2 Laboratory test procedure

The fatigue tests were conducted using an MTS Landmark 370.25 servohy-
draulic test system. The loading was applied in force control at load ratio R = -
1 and at the frequency of 15 Hz. The constant amplitude fatigue test continued
until N = 2x106 cycles had been attained, or until failure occurred at the bond-
ed interfaces between the cover plates and the main plates. The failure was
identified as a displacement of 1 mm measured by the built-in actuator dis-
placement sensor and physically, it was the consequence of overall de-bonding
of at least two of the bonded interfaces. Due to high loads and elastic strains in
the main body of the specimen, the displacement amplitudes, measured dur-
ing the test at the ends of the specimen, were as high as 0.5 mm. However, the
gradual increase in the displacement due to progressive interface slipping was
much smaller. In order to capture the slipping, the width of the 5-mm gap be-
tween the main plates was monitored by an MTS Model 632.02 clip-on gauge
from one side of the specimen. A photograph of the test set-up is shown in Fig.
8.

Figure 8. Photograph of the experimental setup for constant amplitude fatigue tests on the
double lap joint.

First, quasi-static tests were conducted in order to estimate an initial loading
level for the fatigue tests. Only one fatigue test on the plain bolted joint was
performed. The comparison of the bonded/bolted and plain bolted joints was
not considered to be meaningful because of the high difference in joint
strength. The fatigue tests on bonded/bolted joints consisted of six tests for
determining the fatigue strength at 2x10° cycles, and a further three tests at
high loading amplitudes to observe the mechanism of failure. The fatigue tests
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are shown in Table 3, containing the tests conducted for the small sample
staircase series and additional fatigue tests with high load amplitude.

Modified double lap joint fatigue tests were also performed in order to obtain
further understanding of the failure mechanism. In the modified tests, the
washers under the large bolt were replaced by spherical thrust bearings meas-
uring 20 mm in thickness and 55 mm in diameter. The bearings encompassed
almost the entire contact surface affected by the large bolt, thus reducing
stress concentrations due to clamping stress variation. In addition, the effect
of different tightening loads for the small bolt was examined with the modified
tests. The modified tests are listed in Table 4.

Table 3. Double lap joint fatigue tests.

. . Number of
Specimen ID It-u?:laed, 7::1?'2"\‘] Ei'rl:;it()((()); cycles to fail-
ure, Ny
NB 1 (non-
bonde(d) 25 0} >2x10°
Staircase series
B1 75 o >2x10°
B2 80 o >2x10°
B3 85 X 554440
B4 80 X 808813
B5 75 X 955340
B6 0. o >2x10°
Additional fatigue tests
B7 90 X 26643
B8 90 X 47361
B9 95 X 34817
Table 4. Modified double lap joint fatigue tests.
. Load ampli- Number of .
Specimen ID tude, [kN] Bolt preload cycles to fail-
! ure, Ny
M1 90 43 kN 277730
M2 75 10 kN 96532
M3 90 55 kN 153323
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3. Analysis methods

Fatigue experiments were analysed with different methods in order to obtain
an in-depth understanding of the fracture behaviour of the hybrid joint, and to
develop appropriate tools for design. Using the small sample staircase method
developed by Dixon (1965) and applied to fatigue analysis by Little (1974), the
fatigue strength corresponding to no failure at N = 2x10° cycles was estimated
experimentally for the modified napkin ring specimens and the double lap
joint specimens. The double lap joint was analysed by FEM, with a cohesive
and frictional contact property defined at the contact interface. The parame-
ters for the contact were determined from the quasi-static tests on the modi-
fied napkin ring specimen, some of which have been reported in Oinonen and
Marquis (2011a and 2011b). The finite element method provided the stress
state at the hybrid interface, which could be used for a simple failure/no fail-
ure assessment of the joint.

3.1 The small sample staircase method

The staircase method, also known as the “up-and-down method,” was original-
ly developed by Dixon and Mood (1948) for estimating the sensitivity of explo-
sives. The explosives were tested by dropping a weight onto them from differ-
ent heights. It was assumed that there was a height, characteristic to the sam-
ple but not directly measureable, at which no explosion would result if the
height was decreased and at which explosion would be produced if the height
was increased. An estimation of the height could be obtained by a test series,
whereby the height was either increased or decreased by a pre-defined inter-
val, based on the response of the previous test. For example, if the previous
test was conducted at a normalised height of 1.0 and the result was positive
(i.e., an explosion occurred), the next test would be carried out at the normal-
ised height of 0.8, assuming that the height interval was k = 0.2. If the test at
the height of 0.8 did not result in an explosion, the height of the subsequent
test would be increased by the interval k = 0.2, in this case, to the height of 1.0.
The results can be plotted as in Table 5 for a fictitious test series. The interval k
should be chosen to be close to the standard deviation, S, of the responses.
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Table 5. Example of an up-and-down test series. The symbol X indicates an exploded specimen
and the symbol O indicates a non-explosion.

Normalised = Specimen number

height

1 2 3 4 5 6 7 8
1.2 X X
1.0 o} X 0}
0.8 o o
0.6 o

The up-and-down method has become the most popular method for determin-
ing mean fatigue strength corresponding to a specific number of cycles and is
recommended, for example, by the current ISO standard for fatigue testing of
metallic materials (BS ISO 12107:2003). Accoring to Collins (1993:384), the
minimum number of specimens tested in the sequence should be 15. Hiick
(1983) provides useful hints for the practical use of the staircase method say-
ing that the sample size of two already provides a rough estimate of the mean,
but 5 to 9 samples would be better; with a sample size of 17, a meaningful
standard deviation is obtained, and 25 samples provide very good results. For
preliminary testing purposes, it is desirable to reduce the number of tests as a
result of cost and time limitations. Indeed, it has been shown by Brownlee et
al. (1953) that the up-and-down method of Dixon and Mood (1948) provides
accurate estimates with as few as 5 to 10 tests. They also showed that the esti-
mate is robust in terms of the interval, which could lie in the range of
25/3<k<3S/2. The method of Dixon and Mood (1948) was later modified
by Dixon (1965), reducing the required number of tests down to a sequence
with a nominal length of 2 to 6 specimens. The nominal length of the sequence
is defined by excluding all but the last of the like responses in the beginning,
for example, using this method, specimens 1 and 2 in Table 5 would be exclud-
ed. Little (1974) applied the small sample up-and-down method to the estima-
tion of the median fatigue strength assuming extreme value response distribu-
tions. The estimate of the median dropping height, or fatigue strength, denot-
ed by LD50, can be obtained from Eq. (1)

LD50 =X, +kd ey

where X, is the initial level of dropping height/loading and d is the tabulated

value, based on the test sequence and the chosen analysis and underlying dis-
tribution. Dixon (1965) published tables of d for the sequences with nominal
lengths of 2 to 6, based on numerical maximum likelihood analyses, k / S = 1
and underlying normal response distribution. Little (1974) published tables
based on maximum likelihood and minimum chi square analyses and underly-
ing extreme value (smallest) and extreme value (largest) response distribu-
tions.

Application of the staircase method requires initial knowledge of the stand-
ard deviation and shape of the distribution of the reponse. However, the data
are rarely available, and it is generally accepted that the practicing researcher
can make sufficiently accurate estimates (Brownlee at al. 1953). According to
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Little (1974), in most cases, the approximations provided by different underly-
ing distributions are identical for practical purposes. Thus, it is considered that
the small sample staircase method provides an estimate of the mean fatigue
strength that is accurate enough for preliminary tests and for the comparison
of different specimen conditions, i.e., the purpose of this work. However, the
staircase test with a small sample size provides no information on the standard
deviation. Furthermore, the standard deviation provided by the full staircase
method has been found to be incorrect (Hiick, 1983). The staircase method has
been modified by Hiick (1983) in order to provide the correct standard devia-
tion and optimum confidence limits. For design purposes, the statistical in-
formation including the standard deviation and confidence limits is essential
and, therefore, the full staircase analysis recommended by standards or the
modified method by Hiick (1983) should be used.

3.1.1 The artificial staircase

Because some preliminary tests in the modified napkin ring test programme
were not originally planned to be used with a staircase analysis, the artificial
staircase method introduced by Nicholas (2006:105-106) was used where
needed. In the artificial staircase method, a set of data obtained with equal
stress intervals is pooled together and data points are drawn from the pool in a
random fashion. This is commonly referred to as the bootstrap method. All
data points must be used and no data point may be used more than once for
creating an artificial staircase sequence. Additional data may be required. The
mathematics for constructing an artificial staircase has not been fully devel-
oped, and there are no analyses proving that the results obtained by the artifi-
cial staircase are similar to those from a conventional staircase. However,
Nicholas (2006) reported that the mean fatigue limit of a titanium alloy was
found to be reproducible within 1 MPa, by constructing several artificial stair-
cases from a pool of 20 data points. The consistency of the values implies that
the artificial staircase constructed with the bootstrap method is a reliable al-
ternative for a real staircase test.
The data points are treated in one of the following manners:

1. If a specimen failed at a given stress level at a given number of cycles,
then that specimen is a failure at a higher number of cycles for the
same stress level.

2. If a specimen failed at a given stress level, then that specimen is a fail-
ure at any higher stress level used in the staircase sequence.

3. If a specimen survived at a given stress level, then that specimen is a
survivor at any lower stress level.

Similar procedures have been suggested by Hiick (1983) to be used in the case
where the chosen stress interval was initially too small or too large.

The modified napkin ring fatigue tests were conducted with approximately
the interval of 5 MPa. However, the adjustment of the stress level in the house-
built test set-up was not as accurate as desired and, occasionally, the average
shear stress amplitude level of the test was lower or higher than intended. In
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such a case, the data are treated according to the afore-mentioned points 2 and
3. An example of the artificial staircase procedure is shown in Table 6 for the
bonded, grit-blasted modified napkin ring specimen with the clamping stress g
= 4 MPa.

Table 6. Example of the construction of an artificial staircase sequence for a grit-blasted, bonded
modified napkin ring specimen with the clamping stress of 4 MPa.

Original data Data treated according to points 2 Staircase sequence
and 3 (Nicholas, 2006)

Shear stress Number of Shear stress Failures, Run- Shear stress Response

amplitude, 1, cycles to amplitude, 1, X outs, amplitude, 1,

[MPa] failure, N; [MPa] [¢] [MPa]

27 1,000 30 1 30 X

24 70,000 25 2 25 X X

23 250,000 20 (6]

21 > 2x10° 20 1 Series XOX
d (Little, 1974)  First loading

level, X,

-0.87 25 (MPa)
LD50 20.65 (MPa)

In Table 6, the specimens with the shear stress amplitudes of 27, 24 and 23
MPa are failures and are thus considered equivalent to failures at 30, 25 and
25 MPa, respectively. On the other hand, the specimen with the shear stress
amplitude of 21 was a run-out. If the specimen was a run-out at 21 MPa, it is
assumed that it would also have been a run-out had the test been performed at
20 MPa. The data are rounded to the stress levels of 20, 25 and 30, and the
interval of 5 MPa, because most of the napkin ring data was recorded with
similar stress amplitudes and the same interval. The staircase sequence on the
right side of Table 6 is the only sequence that can be constructed from the
available data, since all of the data must be used. The nominal length of the
sequence is 3. If several artificial staircase sequences were constructed, the
LD5o0 values of all sequences would be averaged so as to obtain the final esti-
mation of the mean fatigue strength.

The small sample staircase method was used to estimate the mean fatigue
strength at N = 2x10° cycles for the modified napkin ring specimens with four
different clamping stresses, three different surface treatments and the bonded
and non-bonded conditions, as well as for the double lap joint. The artificial
staircases were constructed where needed.

3.2 Finite element analysis with cohesive and frictional contact
definition

The double lap joint specimen (Chapter 2.2) was analysed using the finite ele-
ment method. The commercial software, Abaqus, was used in this study. The
adherends, bolt and washer were modelled as linear-elastic with the mechani-
cal properties corresponding to steel (E = 210 GPa, v = 0.3). The 8-node linear
brick elements C3D8R with reduced integration were used for all parts
(Abaqus User Manual, 2012). Only one quarter of the bonded slip area of the
lap joint was modelled in order to reduce the calculation time. The geometry of
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the model is shown in Fig. 9. All translations are restrained at the back end of
the top plate (area B in Fig. 9) and the cutting planes possess the symmetry
boundary condition.

Figure 9. Finite element model of one quarter of the bonded slip area of the double lap joint.

The contact interaction at the interface between the two plates was defined as
having combined cohesive and frictional behaviour. Other contacts in the
model (between bolt, washer and adherend) were defined using the penalty
friction model and the hard normal contact which allows for no penetration.
The coefficient of friction outside of the bonded contact area was chosen to be
U = 0.2, a typical coefficient for untreated steel-on-steel contact.

The analysis was performed in two steps. In the first step, the bolt load of
21500 N was applied at the bolt cross-sectional area. In the next step, the uni-
form pressure load of Pnax was applied to face A in Fig. 9 following a smooth-
step amplitude, while the bolt load remained constant. The unloading and
loading to the maximum longitudinal compression of P, was subsequently
applied, following the smooth-step amplitude. The tractions at the cohesive
interface were reported in the CSTRESS surface output variables.

3.2.1 Cohesive zone formulation for the bonded and frictional interface

The bonded interface was modelled with a traction-separation cohesive law
combined with Coulomb friction. The idea of combining the cohesive law and
Coulomb friction was already discussed by Oinonen and Marquis, (2011a,
2011b). They used cohesive elements with a damage evolution law especially
formulated for the napkin ring specimen. However, the incorporation of fric-
tion requires that the cohesive stiffness in the positive normal direction be
defined as zero. A small amount of positive normal stress is unavoidable in the
double lap joint, thus the assumption of zero normal stiffness will lead to inac-
curacy.

In this work, the cohesive contact property was used instead of cohesive ele-
ments, and the exponential damage evolution law built into the Abaqus soft-
ware (Abaqus User Manual, 2012) was employed. The use of cohesive contact
allows for the incorporation of friction automatically. The use of the software’s
built-in features was found to describe the interface response of the modified
napkin ring specimen with good accuracy.
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In the following, the traction-separation law for the quasi-static fracture is
formulated as defined in the finite element software, Abaqus (Abaqus User
Manual, 2012). Initially, linear elastic behaviour is assumed. The tractions are
related to the separations through a stiffness matrix

tn Knn Kns Knt 5n
t= ts = Kns Kss K‘st é‘s =K6 (2)
tt Knt Kst ](t‘t 51.‘

The components of the traction vector ty, t, t;, correspond to the normal and
the two shear tractions, respectively. The corresponding separations are &, &;
and 6,. The stiffness matrix is defined as uncoupled by setting all of the off-
diagonal stiffness parameters to zero.

The failure criterion is defined by maximum stresses. Damage is assumed to
initiate at a contact point when the ratio of traction and critical traction reach-
es the value of one

max{<t"> t;,t‘}zl (3)

0 "0 g0

n t

where t,t?,t. are the critical tractions in the normal and in the two shear
directions, respectively. The Macaulay brackets < > indicate that purely com-
pressive traction does not initiate damage. Further loading causes the traction
to be degraded according to the damage evolution equation, which can be line-
ar, exponential or user-defined. After damage initiation, the tractions are de-
fined as

, _[a-oi, ¢, 20

" t , otherwise

t,=(1-D)t, (4)
t.=(1-D)t,

where D is a scalar damage variable and t,t,,t, are the traction components
according to the elastic traction-displacement behaviour without damage.

In order to define damage under multi-axial loading conditions, the effective
separation is defined:

S, =\(8,) +2+5 (5)

m

In this work, the damage evolution is defined as exponential degradation of
the traction stress, as shown in Fig. 10. The model is initially linear-elastic un-
til one of the traction components reaches its critical value. The separation
corresponding to the critical traction is denoted as &,°. After damage initia-
tion, the traction degrades exponentially until the attainment of relative dis-
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placement at full separation, 5mf . For relative displacement beyond 5mf , the
cohesive tractions are zero. The energy required to fully separate a unit crack
area, the cohesive fracture energy, G, is given by the area under the traction-
separation law. The softening curve and, consequently, the fracture energy are
considered as properties of the material.

. r 3
Traction

tnOv tsox tto

o

S’ 8,/ Separation

Figure 10. Traction-separation cohesive law with the exponential damage evolution.

The damage variable D for the exponential damage evolution is defined as

5max _50
5 1—exp(—a(W))
D=1-{—-m (41— e (6)
{5,:‘“ } 1—exp(—a)

where a is a non-dimensional parameter and J, " is the maximum relative
displacement at the contact point.

The surface-based cohesive behaviour allows for the incorporation of fric-
tional effects into the interface response. If both tangential frictional behaviour
and surface-based cohesive behaviour are defined in the interaction property,
the frictional model will be activated once damage has initiated. The frictional
traction is increased in proportion to the damage and the total traction com-
ponents at a contact point become

. (1-D)t, , t,20
" t , otherwise

1-D)t. , t>0
—{( ) ! )

" |1-D)t, -Dut, , otherwise
(1-D)t, -Dut, , otherwise

=
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3.2.2 Determination of the cohesive zone model parameters from quasi-
static tests on the modified napkin ring specimen

The calibration of the parameters was carried out with a simple model of two
blocks, as shown in Fig. 11, using the finite element software, Abaqus.

T

7

T T T
/

/////
T T AT,
/777 —

v

7.
7
T LT T T LT LT,

z

7

Figure 11. Finite element model to calibrate the parameters for the cohesive interface definition.

Both blocks measured 2 mm in width and the top and bottom blocks measured
6 mm and 8 mm in length, respectively. The blocks were given the material
properties of steel (E = 210 GPa, v = 0.3) and the surface-based cohesive be-
haviour and tangential penalty friction were defined as contact properties of
the interface between the blocks. The loading was applied through boundary
conditions to the reference point (RP) on the top surface. All of the nodes on
the top surface were constrained to the reference point through the coupling
constraint, in order to ensure that all displacements on the top surface were
the same. All translations were restrained on the bottom surface. Firstly, the
normal clamping stress was applied by imposing a displacement in the nega-
tive y-direction on the reference point. The displacement was selected so that
the average compressive normal stress at the contact interface was 4 MPa, 50
MPa or 100 MPa. Next, a velocity boundary condition in the x-direction was
applied to the reference point while maintaining the compressive displace-
ment. The upper block was allowed to slide by approximately 1 mm.

According to Eq. (7), the resulting peak traction in the shear direction is the
sum of the cohesive and frictional tractions, as is the traction during damage
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evolution. Therefore, the critical traction and damage evolution of the pure
cohesion cannot be directly deduced from the napkin ring experimental data
with clamping stress. Instead, the cohesive parameters have to be determined
through trial and error, until the modelled response corresponds to the exper-
imental response.

The values for the stiffness, the coefficient of friction and the damage expo-
nent were chosen based on earlier investigations (Oinonen and Marquis,
2011b). As explained in more detail in (Oinonen and Marquis, 2011b), the
damage is expected to reach the value of D = 1 when §mf =1 mm. The value of
the critical traction was calibrated for the surface-based cohesive contact mod-
el. The values of the contact parameters to be used for the DLJ simulation are
shown in Table 7. The shear properties are assumed to be equal in both direc-
tions, i.e., k,, =k, andt’ =t_. In the absence of experimental data in the nor-
mal direction, the same stiffness and damage evolution properties are as-
sumed as in the shear directions. The peak shear stress in the normal direc-
tion, t°, is also unknown. For the sake of prudence, it was supposed that inter-
faces under tensile normal stress do not contribute to fatigue strength. The t,?
was presumed to be very small, which results in early damage in the contact
points under positive normal stress. As a result, shear stresses are obtained
only at the interface areas under compressive normal stress. This approach is
expected to yield somewhat conservative results.

Table 7. Properties calibrated for the surface based-cohesive interaction.

Interface property Value
K., 3000 N/mm
K, =K, 3000 N/mm
U 0.44
(24 5.33
f
5m 1 mm
t° 1 MPa
0_ 4,0
t, =t 55 MPa

The simulated and experimental failure responses of the interfaces with
clamping stresses g = 4 MPa, ¢ = 50 MPa and g = 100 MPa are shown in Fig.
12. It can be seen in the figure that no data points were recorded right after
damage initiation in the case of the ¢ = 4 MPa specimens. The increase in rela-
tive displacement caused by sudden failure was so rapid that the measuring
equipment was unable to collect any data points for several hundred pm of
relative displacement. Consequently, the cohesive zone model parameters are
calibrated only from the specimens with the clamping stresses g = 50 MPa and
q = 100 MPa. However, it can be seen that the calibrated model describes the
response of the g = 4 MPa specimen with good accuracy, assuming that dam-
age evolution occurs according to the exponential scheme.
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Figure 12. Experimental data (markers) and simulated failure responses (dashed lines) of the
clamped and bonded interfaces under g = 4 MPa, q = 50 MPa and g = 100 MPa clamping
stresses.

The coefficient of friction was chosen based on the behaviour of the specimens
under g = 100 MPa clamping stress.

The properties of the cohesive zone model were not given a statistical distri-
bution. Instead, the parameters were chosen using careful consideration so as
to be representative of the entire set of quasi-static experimental data. The
parameters should be assigned values with known statistical distribution, in
order to the assure reliability of the model. However, this would require exten-
sive experimental campaigns, and there are still many outstanding issues re-
lated to understanding the physics of the various parameters used in the cohe-
sive zone model, before it could be cost-effective to launch such experimental
programmes for statistical assessment.

3.2.3 Modelling issues

Contact modelling in Abaqus/Standard often leads to convergence issues
which are overcome by damping assignments. Consequently, viscous regulari-
sation damping was used in this work. The effect of the regularisation on the
solution accuracy was estimated by conducting the same simulation with three
different values of the viscosity coefficient, then comparing the results. It was
observed that increasing the coefficient from 0.0001 to 0.0002 and 0.001 pro-
duced virtually identical results, while the calculation time was reduced to half
and to one quarter, respectively. Thus, the viscous coefficient of 0.001 was
used in subsequent simulations.

The simulation was performed with different mesh sizes so as to ensure that
any error related to mesh size was minimal. The computed shear stresses

50



Analysis methods

changed by approximately 2 % as the mesh size was increased from 1 mm to
1.5 mm. Refinement of the mesh beyond 1 mm resulted in convergence prob-
lems and very lengthy calculation times. The calculation was deemed con-
verged with the mesh size of 1 mm, due to the relatively small change in the
stress results upon increasing the mesh size.

Shear stress results are affected by the values of the contact interaction pa-
rameters. In order to evaluate the significance of the effect, the model was run
three additional times and for each separate run, a different parameter (cohe-
sive stiffness k;,,, X, K;,, damage evolution coefficient, a, or coefficient of fric-
tion, p) was increased to three times the initial value. It was found that the
increase in the cohesive stiffness had a significant effect on the resulting shear
stress values, while the other parameters had less impact. Increasing the stiff-
ness and the damage evolution coefficient made the convergence more difficult
as damage behaviour became less smooth.
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4. Results and discussion

4.1 Observations on interface failure of the modified napkin ring
specimen

The fractured bonded surfaces in the modified napkin ring specimens were
inspected in order to understand the failure process. The specimens were pho-
tographed with the aid of an optical microscope, in addition to visual inspec-
tion. The damage in the bond-line was studied from three modified napkin
ring specimens using a scanning electron microscope.

4.1.1 Failure modes

Different failure modes were identified in the test programme for different
interface conditions. Shear decohesion, as evidenced by the sudden relative
slipping of the interfaces, was the primary fatigue failure mode for bonded
interfaces under low clamping stress (q = 4 and 50 MPa). Shear decohesion
was characterised by very low measured relative displacement amplitudes,
followed by sudden slipping and fracture of the interface. A graph illustrating
typical relative displacement, &,, vs. number of cycles, N, data for a specimen
with shear decohesion failure is shown in Fig. 13 a.

Fretting was observed in most of the specimens with high clamping stress (g
= 100 and 150 MPa), as well as in non-bonded specimens with low clamping
stress. The failure of the non-bonded interfaces with low clamping stress was
found to be fretting wear, where very high relative displacement amplitudes
and excessive formation of fretting debris were characteristic. In most cases,
the specimens with high clamping stress failed due to fretting fatigue; howev-
er, there were cases which resulted in sudden slipping of the bonded speci-
mens. Fretting fatigue was distinguished from fretting wear in that the meas-
ured relative displacements were lower and the surfaces revealed signs of
spalling, metal transfer between surfaces (Fig. 14) and, for some specimens,
visible macro-cracking (Fig. 15). A relative displacement vs. number of cycles
curve for fretting fatigue failure is presented in Fig. 13 b. It can be seen from
the figure that the measured displacement amplitudes are significantly higher
than those for the shear decohesion failure. Photographs of metal transfer and
fretting fatigue cracking are provided in Figs. 14 and 15, respectively. All of the
napkin ring fatigue tests are tabulated in Appendix A, with the observed failure
mode provided for each specimen. Photographs of the fractured interfaces
with the different failure modes are presented in Fig. 16.
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Figure 13. Relative displacement 50 vs. number of cycles, N, measured from specimens with
the two different failure modes: a) Shear decohesion and b) Fretting fatigue.
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Figure 14. Metal transfer at the specimen surface after fretting fatigue failure.

Figure 15. Crack in the HSS specimen after fretting fatigue failure. Photograph of the entire
specimen and highly-magnified view of the fretting crack.

Figure 16. Selected optical microscope photographs of grit blasted interfaces after fatigue test-
ing: a) bonded g = 50 MPa specimen with shear decohesion failure, b) bonded q = 150
MPa specimen with fretting fatigue failure and crack in the HSS substrate and c) bonded q
= 50 MPa specimen after a run-out test (followed by static fracture test).
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The interface failure due to fretting fatigue occurs at a stress concentration.
However, the modified napkin ring specimen was designed to be free of stress
concentrations. In reality, it is very difficult to manufacture a perfect interface
without any local stress concentrations. In the case of the modified napkin ring
specimens, the stress concentration where fretting fatigue initiates is the loca-
tion with the largest area of metal-to-metal contact, which can occur at any
location along the interface. Furthermore, it can be concluded that the fretting
fatigue at a clamped and bonded interface is a possible failure mode, even
without any structural stress concentration sites. In real joints, however, stress
concentrations are almost always present, and the location critical to fretting
fatigue can be identified in design.

4.1.2 SEM analysis of damage

Scanning electron micrographs were taken from specimens I4 and I5 of Table
2. In addition, one specimen in the initial state, i.e. following curing but prior
to cyclic loading, was studied by SEM. The specimens were cut in the radial
and tangential direction in two locations and SEM pictures were taken of the
adhesive in the cut sections. Selected pictures from all of the specimens are
provided in Appendix B.

It was found that the specimen contained multiple cracks, voids and inclu-
sions already in the initial state. These could have been caused by several dif-
ferent factors: insufficient mixing of the two components of the adhesive; for-
eign matter such as dust on the bonded surface; poor wetting; residual stresses
caused by thermal expansion of the substrate and the adhesive during curing;
stresses imposed on the interface during the detachment of the specimen from
the test rig or cutting the specimen for SEM. An example of a void can be seen
in Fig. 18a.

The bonded interface was found to be thicker on one side of the specimen
than on the other side, as can be observed in Figs. 17 a and b. The highest
thickness measured from the SEM pictures was 180 pm. The thin section in
the 4-MPa-specimens had the average thickness of 30 um, with some locations
where thickness was close to zero when two surface roughness peaks were lo-
cated opposite to each other. A different damage pattern can be found in the
areas with different thicknesses. The thin areas were mostly cracked near the
interface between the steel and the adhesive, as shown in Figs. 18a and ¢, while
the thick areas had numerous inclusions that acted as initiation points for
cracks. See Figs. 18 b and d.

The control of interface thickness to the micrometer scale is challenging with
reasonable machining tolerances in manufacturing the test rig and the speci-
mens. The fact that the thickness varied undoubtedly will cause some scatter
in the results. However, in spite of the thickness variation, the failure of the
entire interface can be considered to occur when the thin section fails, as the
local shear stress in the adhesive in the thin section is higher than that in the
thick section.
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Figure 17. Bonded sections in specimen 4. The sections were taken from two different loca-
tions on opposite sides of the specimen.

— —

Figure 18. Magnifications of typical cracks in tangential cuts in specimen |4 (a and b) and spec-
imen I5 (c and d).

Cracking at the interface between the substrate and the adhesive is usually
related to insufficient adhesion. However, cracks are found to simultaneously
initiate and grow in the adhesive material and at the interface. Thus, it is due
to stress concentration, not poor adhesion, why the cracks are found at the
interface.

An inspection of the cracks reveals that the damaged specimens have cracks
with a very different morphology than the undamaged (initial state) specimen.
The damaged specimens have cracks visible in the tangential cuts that have a
zig-zag shape and that are branched. These cracks initiate from the inclusions,
voids and the interface. Branched cracks were not visible in the radial cuts,
which indicates that branching is due to crack growth in the direction of cyclic
loading. Examples of the fatigue cracks are shown in Fig. 18.

The majority of cracks identified as fatigue cracks were found to propagate at
the angle of +£30-50° relative to the plane of the bonded layer. The orientation
of the cracks implies that they grew as mode I cracks due to the maximum ten-
sile stress. Mode I cracks under nominally shear loading were also observed by
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Chai (1993a) from static fracture tests using the napkin ring specimen. How-
ever, the microcracks due to static loading grew straight through the thickness,
whereas the fatigue cracks had a zig-zag shape and several branches. A rela-
tively large number of the cracks also demonstrated other orientations, rang-
ing from 4 to 90°.

The lengths of the fatigue-induced cracks were measured from the pictures
of specimens 14 and I5, of which I5 had the greater degree of computed dam-
age accumulated before interrupting the fatigue test. The total length of fatigue
cracks in specimen I5 seems to be approximately 14 % higher than that of
specimen I4. However, the distinction of fatigue cracks from flaws initially
present in the bond is not so clear and the number of SEM observations is lim-
ited. Accordingly, the damage cannot be fully and reliably quantified based on
the SEM analyses performed in this work. It does, however, open up a promis-
ing direction for further study.

Discussion

The orientations of the cracks varied greatly which can be attributed to the fact
that the local stress fields affecting the cracks were not uniform, due to the
contours of the surface roughness and existing voids and inclusions. Especially
under the conditions in Figs. 18 a and c, where the interface thickness is very
small, the asperities of the surface roughness give rise to a highly-variable,
local stress field in the adhesive, causing the cracks to grow in different orien-
tations. Most of the studies on adhesive joints have included the polishing of
the bonded surfaces. However, in many industrial applications, grit-blasting is
a more realistic surface treatment method. Consequently, it would be interest-
ing to further study the effect of substrate roughness on the bondline stress
field.

It is worthwhile to mention that the fatigue cracks were not found to extend
through the thickness of the adhesive layer and, for that reason, they did not
generally enable contact between the metal asperities. However, the cracks due
to static damage (Chai, 1993a) did extend through the thickness and, thus,
they can be suspected to enable metal-to-metal contact.

The design of the test setup imposed some limitations on the SEM analysis.
The specimens had to be detached from the test set-up and clamping had to be
released when they were taken for imaging. For specimens under high clamp-
ing stress, the detachment from the test setup will create some tensile stress to
the adhesive as the elastic compression in the asperities of the contacting met-
al surfaces is released. As a result, experience has shown that many of the
specimens fracture. In order to perform the SEM analysis for interfaces under
high clamping stress, the specimen attachment fixture should be designed so
that the specimen can be removed without releasing the clamping. Due to the
limitations of the test setup, the SEM study was only conducted on specimens
with the g = 4 MPa clamping. In order to obtain a full understanding of the
damage processes in the bonded and clamped interface, the SEM study should
be performed for interfaces with different clamping stresses. In addition, the
static damage could not be assessed with SEM in the current study.
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Although it is not a perfect assumption to treat the interface as a uniform en-
tity, the overall behaviour of the napkin ring specimen can be considered as
approximately equivalent to the behaviour of the representative interface area,
subjected to pure shear stress. The cohesive zone modelling approach is
adopted in the analysis of the interface and, thus, there is no need to define the
thickness. Instead, the overall response is used to characterise the interface.
Moreover, the SEM micrographic analysis shows that the fatigue failure pro-
cess in the interface is complex, and would be difficult to assess with methods
other than damage mechanics.

4.2 Observations on failure of the double lap joint specimen

The fractured bonded surfaces in the double lap joints were inspected visually.
All fatigue test results can be plotted to a load vs. number of cycles chart, as
illustrated in Fig. 19.
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Figure 19. Load vs. fatigue life results of the DLJ specimens.

The data are limited, but some conclusions can be drawn from the fatigue fail-
ures. The specimens loaded with amplitudes of F, = 90 and 95 kN had much
shorter fatigue lives than the specimens loaded with lower amplitudes. The
difference was due to the failure type which was found to be different depend-
ing on the load and the life. The specimens with long lives had severe fretting
damage in the contact interfaces, as evidenced mainly by the formation of fret-
ting debris and wear marks, while the specimens with short lives were less
damaged by fretting. With high loads, failure is dominated by the progressive
failure of the adhesive, and there is not enough time for fretting damage to
occur before final failure occurs. Fig. 20 presents the fractured interfaces of
specimens B 4 (long life) and B 8 (short life) after fatigue loading and disas-
sembly. Severe fretting damage can be seen in specimen B 4 around both the
small and large bolt holes on the loading side. Similar but milder fretting dam-
age can be observed around the small hole in specimen B 8. The fretting dam-
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age around the large bolt hole in specimen B 8 is different. In this case, most of
the fretting damage is located in the area under normal compression. All spec-
imens that failed at a relatively low number of cycles (N < 105 cycles) sus-
tained this type of damage around near at least one of the bolt holes.

Specimen B 8

Specimen B 4

Figure 20. Specimens B 4 and B 8 after fatigue failure and disassembly.

Although fretting damage was found in most of the cyclically-loaded speci-
mens, the final failure was caused by shear decohesion. This is deduced be-
cause no cracks were found in the steel specimens. However, when contem-
plating the design of hybrid bonded/bolted joints, the risk of fretting fatigue
should be considered. Fig. 21 shows the interface of the main plate under the
small bolt in one specimen with the fretting debris removed. There is a notch
which was formed due to fretting and which could act as an initiation point for
fatigue cracks. It is worthwhile to point out that the addition of adhesive into
the bolted joint dramatically changes the fatigue behaviour of the joint. The
same DLJ specimen without adhesive would be in the gross slip state at axial
loads much lower than the ones applied here. Since the bonded and clamped
interface can withstand higher stress than the plain frictional interface, the
bulk stresses in the bonded/bolted joints can be higher than in bolted joints
without adhesive, and the risk of fretting fatigue and the resulting crack
growth should be assessed.
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Figure 21. Fracture interface of the main plate under the small bolt after removal of fretting
debris. (For details of specimen geometry, see Fig. 6). A notch has been formed at the
edge of compressive contact due to fretting.

The displacement response of the DLJ specimens during fatigue loading was
measured by the built-in displacement sensor of the fatigue test machine and,
for most specimens, a clip-on gauge was attached to one side of the gap be-
tween the two main plates. Typically, the specimen response was linear-elastic
at the beginning of the fatigue life. Towards the end of the fatigue life, slipping
hysteresis was measured by the clip-on gauge. The measured slip amplitude
vs. the number of cycles for specimen B 4 (see Table 3) is presented in Fig. 22.
The load-displacement (F-Agp) loops measured by the clip-on gauge are
shown at 5x105, 7x105 and 8x105 cycles.
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Figure 22. Displacement amplitude measured at the gap between the main plates vs. the num-
ber of cycles on specimen B 4. The load — displacement hysteresis is shown at 5x10°,
7x10° and 8x10° cycles.

The shape of the displacement amplitude curve in Fig. 22 is typical for all spec-
imens that failed in fatigue. Initially, there is a region of very slow but steady
increase in the slippage, characterised by linear-elastic load-displacement re-
sponse. After a relatively large number of cycles, a sharp increase in slippage
occurs and slipping hysteresis is measured during the subsequent loading cy-
cles. With an increase in cycles, the rate in the increase in slippage tends to
decrease; however, final failure occurs during a relatively small number of cy-
cles. In the first region, the load is hypothesised to be carried almost exclusive-
ly by the adhesive, with slow progressive damage occurring in the adhesive due
to the cyclic loading. Damage in the adhesive can be considered to be com-
posed of several micro-cracks, as shown in Section 4.1.2. A more detailed dis-
cussion of the damage will be provided later in this thesis. The sharp increase
in slippage occurs after the damage in the adhesive has reached a critical level.
The slipping hysteresis observed after this is due to frictional sliding. The spec-
imen contains four interfaces where the damage is effectively not identical.
Thus, it is possible that one of the bonded interfaces failed before the others,
thereby resulting in the first increase in slippage. The interface on the opposite
side of the specimen would have then started to carry most of the load, result-
ing in relatively fast fatigue failure.

4.2.1 Modified double lap joint tests

Based on the fretting damage in the specimens shown in Fig. 20, it is clear that
sliding also occurred in the interfaces under the large bolt, whereas it had been
originally planned that only the interfaces under the small bolt would slip. This
is the case in static fracture, where the whole interface fails virtually at once.
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The specimen was modified for three additional fatigue tests to study the fa-
tigue failure. Two spherical thrust bearings were used under the large bolt in-
stead of regular washers, in order to distribute the clamping stress to a wider
area which encompassed almost the entire interface area. The diameter of the
bearing was 55 mm and its thickness, 20 mm. At the same time, the effect of
bolt pre-load was studied. For the first test (test M 1 in Table 4), the small bolt
had the same pre-load (43 kN) as applied in all previous fatigue tests. The oth-
er two tests were conducted with different pre-loads on the small bolt, specifi-
cally, 10 kN (test M 2) and 55 kN (test M 3). The loading amplitude was chosen
so that a similar type of failure would be obtained. The modified fatigue tests
were summarised in Table 4.

The specimen M 1 had a significantly longer fatigue life than specimens with
the initial configuration that were loaded with the same amplitude (see Tables
3 and 4). Ideally, all of the specimens would fail in the same location. Howev-
er, the factors affecting the total strength of the joint, such as surface rough-
ness and adhesive material properties, have a statistical nature. As a result, the
greater the number of possible failure locations, i.e., locations with a high
stress concentration, the higher the probability of early failure. With the bear-
ing washer modification, the number of locations with high stress concentra-
tions was reduced and, because of this, it is logical that a longer fatigue life was
measured. Fretting fatigue with a notch similar to Fig. 21 was observed around
the small bolts in the modified tests M 1 and M 3, while the plates under the
bearing washer and large bolt had no such signs of stress concentrations. Nev-
ertheless, the areas under the large bolt were damaged due to fretting and
some of them failed during the tests. The interfaces of specimen M 1 are shown
in Fig. 23.
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Figure 23. Bonded surfaces of specimen M 1 after fatigue failure and disassembly. Cover plate
on the left and main plates on the right.

The modified specimen M 2, which had the lowest bolt pre-stress, failed differ-
ently, as compared to the other specimens; specifically, there was no fretting
damage. The ability of the joint to sustain loading was lower than for speci-
mens M 1 and M 3, which indicates that the clamping stress improved the joint
fatigue strength. The same has been observed for plain bolted joints (Benah-
mena et al., 2010; Chakherlou et al., 2013; Wagle and Kato, 2009), however,
with higher clamping stress, the risk of fretting fatigue is increased. As a result,
the bolt pre-stress has been found to increase the fatigue strength up to a
point, but after fretting fatigue occurs, further increase in pre-stress does not
improve the fatigue strength. Indeed, based on the limited results here, the
increase in clamping stress does not seem to increase the fatigue strength of
the bonded and clamped joint after the occurrence of fretting, which can be
observed by comparing the fatigue life of specimens M 1 and M 3 in Table 4.

Even though the thrust bearing distributed the load to a wide area, the spec-
imen still showed some fretting damage at the interface under the large bolt,
although the stress concentration acting as a possible initiation location for
fretting cracks was avoided. In real joints, it is very difficult to apply uniform
clamping to the entire bonded area. Accordingly, the edge of compressive con-
tact should be considered as the critical location for fatigue damage. Further-
more, the results imply that clamping with bolts does increase the fatigue life,
but only up to a point. A thorough study on the effect of bolt pre-load and bolt
size on the fatigue strength would provide invaluable data for the optimal de-
sign of bonded/bolted hybrid joints.

4.3 Cyclic step tests

Low-frequency cyclic step tests were performed on modified napkin ring spec-
imens with the fine-ground interface, in order to measure the amount of irre-
versible small-scale slip between the interfaces. The irreversible slipping is
attributed to plastic yielding of the adhesive material. In all of the assessments
in this thesis, the adhesive is assumed to behave in a linear elastic manner.
Nevertheless, it is important to observe whether the plasticity of the adhesive
should be accounted for.

Three specimens were tested, one for each ¢ = 50, 100 and 150 MPa. Total
relative displacement of the interfaces was assumed to consist of elastic and
inelastic portions. Inelastic displacement was modelled with a power law func-
tion. The relative displacement was normalised with the critical relative dis-
placement, 8°, which corresponds to the critical traction of the adhesive at the
initiation of damage (see Chapter 3.2.1). The value of &° is 8° =t; / k,, = 55 /

3000 = 0,01833 (mm) (See Table 7). The shape of the hysteresis loop is conse-
quently given by
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AS A7 (Ar)®
L (8)
8 A ( A, j
In this equation, A,, A, and A; are constants, AJ is the change in relative dis-
placement and A7 is the change in shear stress. The shear stress amplitude,
7,, the irreversible, elastic and total displacement amplitudes, J,;, J,. and
5(”, respectively, and the fitting constants for all pre-stress cases g = 50, 100
and 150 MPa are provided in Tables 8—10. The relative displacement ampli-
tudes are obtained by multiplying with the critical relative displacement. The
method of fitting Eq. (8) in the data is outlined in detail in Appendix C, along
with a method to estimate the measurement precision. The precision of the
interface relative displacement measurement was determined to be 2.4 pm.
This value is relatively large with respect to the total relative displacements
being measured. For this reason, the values in Tables 8—10 should be consid-
ered as only semi-quantitative. In spite of the limitations of the displacement
measuring system, the characteristics of the hysteresis behaviour can be as-
sessed with this method. Hysteresis loops of the relative displacement vs. the
applied shear stress obtained by fitting Eq. (8) into the measured data are pre-

sented in Figs. 24—26.
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Figure 24. Hysteresis loops of shear stress, 1, vs. relative displacement, 8, for g = 50 MPa.
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Figure 25. Hysteresis loops of shear stress, 7, vs. relative displacement, 8, for ¢ = 100 MPa.
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Figure 26. Hysteresis loops of shear stress, 7, vs. relative displacement, &, for g = 150 MPa.
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Table 8. Cyclic step test results for g = 50 MPa. The fitted values of the total relative displace-

ment amplitude, o the linear portion, b)) and the inelastic portion, 1) are shown for

at’ ae’ a,i’
each shear stress amplitude, Z'a . The parameters of the power law fit, As, A> and As, are also
listed.

7, [MPa] 0, lum] 0, . [um] 0, [um] A, [MPa] A MPa] A,

a a a

1.2 0.01 2.60 2.61 79 147 3.7
314 0.39 7.29 7.68 79 147 3.7
46.6 1.70 10.81 12.51 79 147 3.7
48.7 3.06 11.30 14.36 79 131 3.7
50.0 3.38 11.60 14.98 79 131 3.7
52.5 6.34 12.83 19.17 75 116 3.7

Table 9. Cyclic step test results for ¢ = 100 MPa. The fitted values of the total relative displace-

ment amplitude, o the linear portion, o and the inelastic portion, o are shown for

a,t’ ae’ a,i’
each shear stress amplitude, Z'a . The parameters of the power law fit, As, A> and As, are also
listed.

7, [MPa] 0, lum] 0, . [um] 0, [um] A [MPa] A MPa] A,

a a a

27.6 0.06 5.50 5.56 92 219 3.7
43.9 0.31 8.75 9.06 92 219 3.7
514 0.56 10.24 10.80 92 210 3.7
54.7 3.04 11.40 14.44 88 158 3.0

Table 10. Cyclic step test results for ¢ = 150 MPa. The fitted values of the total relative dis-

placement amplitude, O ., the linear portion, O, and the inelastic portion, 0. ., are shown

at:’ a,e’ a,i’
for each shear stress amplitude, Ta . The parameters of the power law fit, As, A2 and As, are
also listed.

T, [MPal 0, lum] 0, . lum] 0, lum] A, [MPa] A MPa] A,

a a a

43.9 0.22 9.58 9.80 84 241 3.7
55.4 0.52 12.86 13.37 79 241 3.7
64.9 1.92 14.69 16.61 81 198 3.7
69.4 2.46 16.96 19.30 75 198 3.7

For each case g = 50, 100 and 150 MPa, the fitting constants in Tables 8-10 are
approximately the same for the first cycles and low stress amplitudes, but dif-
ferent for the last and highest loading amplitudes. This is caused by damage
which accumulates in the adhesive during the cyclic loading. Also friction has
an effect on the response of the interfaces under high clamping stress. The
results here show that the load vs. relative displacement response of the bond-
ed and clamped interface is non-linear in reality. However, the non-linear re-
sponse is pronounced with shear stress amplitudes close to the static shear
capacity, and it becomes less meaningful at lower shear stress amplitudes,
more likely to occur in structures designed for fatigue. Therefore, the progres-
sive damage model presented later in this thesis will assume linear elastic be-
haviour during fatigue loading. Nevertheless, the use of the non-linear rela-
tionship in future fatigue assessments would be interesting.
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4.4 Fatigue strength of the modified napkin ring specimen

Fatigue strength of the modified napkin ring specimens was estimated using
the small sample staircase method described in section 3.1. The fatigue
strength values, 7;, corresponding to no failure at N = 2x10° cycles, are shown

in Table 11 for the bonded and non-bonded modified napkin ring specimens,
with the clamping stresses g€ {4,50,100,150} MPa and the grit-blasted, fine-

ground and coarse-ground surface treatments. Artificial staircase sequences
were constructed where needed and the mean fatigue strength was obtained
from Eq. (1). The fatigue strength could not be found for some conditions with
low clamping stress, because the shear stress amplitudes sustained by the
specimens were lower than could be reliably achieved with the test set-up.
These cases are marked with N/A (not applicable) in Table 11 and, in practice,
the fatigue strengths will be lower than 7, = 15 MPa.

Table 11. The mean fatigue strength, 7, corresponding to no failure at 2x1 0° cycles obtained
by using the small sample staircase method.

Surface type
q

[MPa] . . : )
Grit-blasted,  Grit-blasted, Fine- Fine-ground, Coarse- Coarse-
bonded non-bonded ground, non-bonded ground, ground, non-

bonded bonded bonded

4 21 MPa N/A N/A

50 18 MPa 14 MPa 13 MPa 12 MPa 17 MPa N/A

100 32 MPa 36 MPa 54 MPa 42 MPa 37 MPa 32 MPa

150 67 MPa 65 MPa 53 MPa 67 MPa 61 MPa 60 MPa

For the specimens with high normal clamping pressure (g=100 and g=150
MPa), virtually no increase in the fatigue strength was observed upon the ap-
plication of the epoxy adhesive. This was a surprising result, given that a near-
ly two-fold increase in strength was found by adding the adhesive during qua-
si-static loading (Oinonen and Marquis, 2011b), Table 12. The reason for this
behaviour lies in the failure modes. Under cyclic loading the interfaces under
high clamping stress fail by fretting fatigue, which is not affected by the adhe-
sive. For the low clamping stresses, on the other hand, the fatigue strength of
the bonded interface is higher than that of the non-bonded interfaces, which
implies that fatigue is governed by the adhesive.

It should be noted that the results in Table 11 do not support the develop-
ment of a multiaxial fatigue failure criterion for the adhesive. The fatigue
strength of the entire interface increases with clamping stress, but this is due
to different failure modes. No increase in the fatigue strength of the bonded
interfaces is observed upon increasing the clamping stress from g = 4 MPa to q
= 50 MPa. If one wishes to study the effect of normal stress on the fatigue
strength of the adhesive, more data points between the clamping stresses q = 4
MPa to g = 50 MPa are needed.
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It appears that the only improvement in the fatigue strength of the bonded
interface comes from the very low clamping stress, where the shear capacity of
the non-bonded interface is inherently zero. The effect of clamping stress
seems to be the most pronounced in the fine-ground interfaces. Otherwise, the
differences in fatigue strength between the three surface finishes disappear
within the precision of the estimation. However, there was an important dif-
ference in the failure of the low clamping stress (4 and 50 MPa) cases. The
grit-blasted specimen always failed cohesively, i.e., failure in the adhesive,
whereas the coarse-ground specimens partially failed cohesively and partially
adhesively (failure in the interface between the adhesive and the steel). Adhe-
sive failure should always be avoided in order to exploit the full strength of the
adhesive. All specimens were treated identically before applying the adhesive.
As a result, it can be suspected that the coarse-ground interface is not suitable
for the adhesive joint.

4.4.1 Intermetallic welding

For comparison, the peak shear stress values, 7 , measured from quasi-static
fracture tests for all specimen conditions, are shown in Table 12.

Table 12. The peak shear stress values, Z',‘,’ .

Surface type
q

[MPa] ) ) ) )
Grit-blasted,  Grit-blasted, Fine- Fine-ground, Coarse- Coarse-
bonded non-bonded ground, non-bonded ground, ground, non-

bonded bonded bonded

4 52 MPa 48 MPa 45 MPa

50 61 MPa 15 MPa 64 MPa 8 MPa 48 MPa 9 MPa

100 72 MPa 33 MPa 76 MPa 16 MPa 67 MPa 20 MPa

150 98 MPa 49 MPa 81 MPa 25 MPa 75 MPa 28 MPa

It can be seen from Tables 11 and 12 that some of the non-bonded interfaces
had higher fatigue strength than static strength. For instance, the fatigue
strength of the non-bonded, fine-ground interface was surprisingly high, more
than twice the peak static shear strength. This can be explained by intermetal-
lic welding that occurs when the two surfaces rub against each other repeated-
ly with high pressure. As a result, the interface becomes stiffer. The fatigue
tests were started by manually increasing the load amplitude from zero to the
target level. This pre-test phase lasted for approximately 2,000 cycles, which
was apparently enough for the specimen pairs to become welded. It should be
noted, however, that during the design of joints with non-bonded interfaces, it
would never be appropriate to assume that the fatigue strength is greater than
the static strength.
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4.4.2 Residual shear strength

A static fracture test was conducted on some of the run-out specimens after

res

fatigue testing. The measured residual shear strengths, 7, , for different sur-
face roughnesses are listed in Tables 13-15, along with the ratio of the 7;” to
7,
in most cases, the 7,” was higher than the static shear strength, 7, of a spec-
imen which had not previously been subjected to cyclic shear loading. The in-
terface was clearly reinforced by intermetallic welding during cyclic loading.
The intermetallic welding was pronounced in the fine- and coarse-ground in-
terfaces. For the bonded run-out specimens, however, the residual shear
strength was in most cases lower than that for a comparable interface without
cyclic loading. This indicates that there was progressive fatigue damage in the
adhesive. Assuming that the metal asperities are in contact, at least in the in-

terfaces with high clamping load, intermetallic welding can also occur in the

with the corresponding surface condition. For the non-bonded interfaces,

bonded interfaces. In the bonded specimens of the current study, the progres-
sive damage of the adhesive seems to have had a stronger effect on the de-
crease of the static shear strength than the intermetallic welding had on its
increase.

Table 13. Results of static fracture tests after some of the run-out fatigue tests on grit-blasted
specimens.

Grit-blasted bonded specimens

Specimen 7, [MPa] Ll E M
g50_4 56 0.92
g100_3 52 0.72
g100_4 55 0.76
g150_1 96 0.98
g150_2 87 0.89
g150_3 83 0.85
g150_4 92 0.94

Grit-blasted, non-bonded specimens

Specimen 7, [MPa] LT X M
g50_1_nb 20 1.33
g100_3 nb 40 1.21
g150_1_nb 86 1.76
g150_2 nb 93 1.90
g150_4 nb 75 153
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Table 14. Results of static fracture tests after some of the run-out fatigue tests on fine-ground
specimens.

Fine-ground, non-bonded specimens

Specimen 7, [MPa] LTl E g
f100_1_nb 33 2.06
f100_2_nb 43 2.67
100_3_nb 51 3.19

Table 15. Results of static fracture tests after some of the run-out fatigue tests on coarse-ground
specimens.

Coarse-ground, bonded specimens

Specimen 7,/ [MPa] T,/ P
c100_1 49 0.73
¢100_2 48 0.72
c100_3 48 0.72
c100_4 53 0.79
c100_6 54 0.81
c150_2 78 1.04
c150_3 88 1.17

Coarse-ground, non-bonded specimens

Specimen 7, [MPa] LTl E M
¢100_1_nb 44 2.20
¢100_3_nb 46 2.30
¢150_1_nb 57 2.04
¢150_2_nb 74 2.64

The intermetallic welding seems to be strongest in the fine-ground interfaces
and weakest in the grit-blasted interfaces. The fine-ground interface with the
smoothest surface finish enables more surface area to come into contact and
for this reason, the intermetallic welding is more pronounced.

4.4.3 Threshold relative displacement

It was found that the interfaces had a threshold relative displacement, é:h,
corresponding to the measured relative displacement at N = 2x105 cycles be-
low which the fatigue test always resulted in a run-out. The relative displace-
ments measured at N = 2x105 and N = 1x10° are tabulated in Appendix A. The
threshold relative displacement values for each clamping stress and surface

treatment condition are shown in Table 16.

70



Results and discussion

Table 16. Threshold relative displacement amplitudes, 5:', observed from the constant ampli-

tude fatigue test data.

Surface type
q
[MPa] Grit- " . . . .
rit-blasted,  Grit-blasted, Fine Fine-ground, Coarse Coarse
bonded non-bonded ground, non-bonded ground, ground, non-
bonded bonded bonded
4 14 um
50 9pum 60 ym 43 ym 73 ym 10 um
100 35 um 37 ym 58 ym 39 um 33 um 32 um
150 51 um 43 um 43 um 52 ym 41 um 44 ym

For high clamping stresses (g = 100 MPa and q = 150 MPa), J;" is almost iden-
tical for the bonded and non-bonded specimens with the same surface rough-
ness. These specimens mainly failed by fretting fatigue. The ézh for bonded
specimens with low clamping stresses (q = 4 and ¢ = 50 MPa) was, however,
much lower than 5:’ for non-bonded specimens. The bonded specimens under
low clamping never failed by fretting fatigue, but by shear decohesion. For the
high clamping stresses (¢ = 100 MPa and g = 150 MPa), both the fatigue
strength and the 5;" are approximately the same for bonded and non-bonded
interfaces. This seems to confirm that from a fatigue point of view, rough,
clamped and bonded surfaces are essentially the same as rough, clamped, non-
bonded surfaces. The fatigue behaviour of the mildly-clamped interfaces, on
the other hand, seems to be governed by the fatigue failure of the adhesive.
Considering the hybrid joint, where both low and high clamping stresses exist
depending on the distance from the bolt, the overall slipping might be signifi-
cantly reduced at the mildly-clamped areas, thanks to bonding. By constrain-
ing slip at a distance from the bolt, the adhesive might prevent excessive slip at
the highly-clamped areas near the bolts, thus preventing fretting fatigue in the
critical locations.

4.5 Fatigue strength of the double lap joint specimen

4.5.1 Preliminary quasi-static tests

Quasi-static tests were performed on the double lap joint specimens with
bonded/bolted and plain bolted conditions. The load — displacement curves
are shown in Fig. 27. The maximum load for the bonded/bolted joint was 163
kN and 31 kN for the plain bolted joint.
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Figure 27. Quasi-static load-displacement response of the bonded/bolted and plain bolted dou-
ble lap joints.

As can be seen in Fig. 27, both joints initially behave approximately linearly.
This is due to elastic elongation of the steel specimen. The bonded/bolted joint
fails abruptly after the critical loading has been reached. At this point all the
bonded interfaces start slipping and fracture of the adhesive in one of the
bonded interfaces leads to practically simultaneous fracture of the other adhe-
sive interfaces so that it is difficult to recognise the original location of failure.
In this case there is so much elastic energy stored in the specimen that gradual
sliding is not observed. In the bolted joint without adhesive the load is carried
by friction and steady sliding begins once the loading exceeds the static fric-
tional strength.

4.5.2 Experimental estimation of fatigue strength

Based on the fatigue tests on the non-bonded napkin ring specimen (Hurme
and Marquis, 2013), the fatigue strength of the bolted specimen without adhe-
sive should be in the same range as the static strength. One fatigue test was
performed on a bolted specimen without adhesive at the load amplitude of F,
= 25 kN. It was a run-out, which implies that the fatigue strength of the plain
bolted specimen is indeed close to the static strength for the plain bolted spec-
imen. However, the strength of the bolted joint without adhesive was so low, in
comparison to the bonded/bolted joint, that it was decided to focus on the
bonded/bolted joints only in the following fatigue strength study. The small
sample staircase methodology was used for obtaining an estimate of the mean
fatigue strength of the DLJ at 2x106 cycles. The range of experiments using the
staircase series is provided in Table 3.
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From the results in Table 3, the sequence for the staircase analysis becomes
OXXXO, with 80 kN as the starting load level, X,. The loading interval is
d=5kN and the parameter k=-0.48 (corresponding to the series OXXXO) is
found from tables in Little (1974). The estimate for the mean of the fatigue
strength is calculated from Eq. (1), and it is found to be: F, ; = 77.6 kN.

It is interesting to compare the fatigue strength of the bonded and bolted
joint to the fatigue strength of a welded joint with a similar structural geome-
try. According to the International Institute of Welding recommendations, the
FAT class of the transverse-loaded, fillet weld lap joint is 63 MPa, if the failure
occurs in the parent metal at the weld toe (Hobbacher, 2009). The FAT class
corresponds to the allowable range of stress on the structural detail at 2x10°¢
cycles and 95% probability of survival. The fatigue strength would be much
less if the weld is undersized so that failure occurs at the weld root. A simple
estimate of the mean fatigue strength can be obtained by multiplying the FAT
class by 1.5. Because the test specimens are relatively small and because the
fatigue testing for completely-reversed loading (R = -1) is of interest, an addi-
tional stress ratio enhancement factor of 1.6 can be assumed (Hobbacher,
2009). Thus, without any post-weld improvement, the mean fatigue strength
of the welded lap joint based on the nominal stress range in the main plate
would be estimated as 151.2 MPa (= 63 MPa *1.5%1.6). This corresponds to the
load amplitude of 43.5 kN for the dimensions of the current specimen. Thus,
the hybrid joining technology is computed to provide 78.4% (= [77.6
kN/43.5kN] — 1) greater fatigue strength than the corresponding welded joint.
This clearly provides potential for fatigue strength improvement as compared
to welded joints.

4.5.3 Fatigue strength estimation using finite elements

The fracture of the DLJ is governed by interface shear strength. Consequently,
the stresses at the cohesive interface were solved using the finite element
method. At first, the analysis was run with a remote loading of P = +139 MPa
which corresponds to the loading amplitude of F,= 80 kN in the DLJ speci-
men. The applied loading is slightly higher than the measured fatigue strength
of the double lap joint. The purpose of the first simulation is to locate the max-
ima of the shear stresses and to obtain the approximate values of contact pres-
sure in the locations of maximum shear stress. After that, the shear stress —
contact pressure condition is compared to the fatigue strength results of the
modified napkin ring specimens (Table 11). In subsequent simulations, the
applied loading is changed so that the maximum shear stress corresponds to
the interface fatigue strength measured from the modified napkin ring tests.
As a result, an estimate of the fatigue strength of the double lap joint is ob-
tained.

The surface output variables, CPRESS and CSHEAR, provided the contact
pressure and contact shear traction components, respectively. The contact
shear stress distribution, 7;, along the local 1-direction at remote loading P =

Prax = 139 MPa and P = Puin = -139 MPa in step 2 is provided in Figs. 28 a and
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b, respectively, and the contact pressure distribution, 0,, at P = Pnacand P =

Puin can be seen in Figs. 28 ¢ and d, respectively. Only the contact surface is
plotted. The severity of the stresses is highest in the regions coloured with dark
red and lowest in the light-coloured areas.

Shear stress, 7, [MPa] @) P=Pn. =139 MPa

shear stress

b) P=P,,, =-139 MPa

Contact pressure, 0, [MPa] ) p=rp,,,, =139 mPa

200.0
183.3
166.7
150.0
133.3
116.7
100.0
83.3

33.3 d) P=P,;,=-139 MPa

min

Figure 28. The interface stress distribution. a) Shear stress in the local 1-direction at P = Pmax,
b) shear stress in the local 1-direction at P = Pnin, ¢) contact pressure at P = Pmax and d)
contact pressure at P = Pmin. Locations of the maximum shear stresses are indicated.
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In the transversal direction, the shear stresses were much lower and thus, the
failure was governed by the shear stress in the direction of the applied remote
load. The maximum shear stresses occurred in the locations shown by the ar-
rows in Figs. 28 a and b. The maximum shear stress occurred at a distance of
approximately 6 mm from the edge of the bolt hole, next to the centre line. At
P = Puax, the contact pressure at the location of maximum shear stress is 0, =
9 MPa. At P = P, the contact pressure is 0, = 55 MPa. The contact pres-
sures were obtained using the bolt load of 21500 N.

The shear fatigue strength of the bonded and clamped interface, obtained
experimentally using the modified napkin ring specimen, was found to be 7, =
19 MPa under g = 50 MPa clamping, and under g = 4 MPa, the fatigue strength
was 7;= 21 MPa (Hurme and Marquis, 2013). As a next step, the model is
used to find a remote loading that creates shear stresses which do not exceed
the fatigue strength. The maximum traction of 7, = 19 MPa is found to occur
with the remote loading of Pmax = - Pmin = 107 MPa. This corresponds to the
loading amplitude of F, = 61.6 kN in the full double lap joint. Experimentally,
the fatigue strength of the DLJ was found to be £, 5 =776 kN. Thus, the simu-
lation provides conservative results, as expected.

The simulations show that the contact pressure in the interface changes with
loading. However, the interface fatigue strength results, obtained using the
modified napkin ring specimen, correspond to constant contact pressure. As a
result, the method presented in this thesis is not able to account for the effect
of the fluctuating contact pressure on fatigue behaviour. In the above case, the
contact pressure varied between 9 MPa and 55 MPa. The interface fatigue
strength values in this range of contact pressure appear to be very similar, as
can be seen in Table 11. Consequently, it can be deduced that the impact of the
fluctuation of contact pressure is not very high in this case. However, it possi-
bly becomes significant if fretting fatigue crack propagation has to be assessed.
Clearly, this is a topic which requires further examination.

It should be recalled that the critical traction in the positive normal direction
was set to t_ =1 MPa, since the contribution of positive normal tractions to
fatigue strength was assumed to be negligible. This assumption was clearly
conservative. However, in the absence of better understanding, it was consid-
ered to be a prudent assumption. The tensile normal stress in the DLJ is
caused by shear lag, i.e., the cover plates tend to bend away from the main
plate as stress is applied to the main plate. The highly-exaggerated defor-
mations of the DLJ model are shown in Fig. 29. Cohesive damage occurs in the
integration points in the area under positive normal stress during the loading
Up to Prax because of the assumption t° =1 MPa.
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Figure 29. Exaggerated deformations of the DLJ model showing the shear lag effect.

The amount of interface damage at P = Pmax When Pmax =139 MPa can be ob-
served in Fig. 30.
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Figure 30. Value of the damage variable according to Eq. (6) at P = Pmax when Pmax =139 MPa.
Yellow indicates almost total damage and blue indicates almost zero damage

Damage is nearly total in the yellow-coloured areas in Fig. 30, while the blue-
coloured area is not damaged at all. The direct result of the assumption that
critical normal traction is small is that load is carried mainly by the area under
compressive normal stress around the bolt hole, and the area near the middle
of the specimen where normal stress is low. When comparing Figs. 20, 21 and
30, it can be seen that the area with fretting damage is located approximately
at the line between the areas of damaged adhesive and undamaged adhesive,
according to the simulation. Fig. 28 reveals that the maximum traction occurs
at the edge of the area under compression. This is the edge of sticking contact,
where the contact status changes between slipping and sticking during cyclic
loading and, consequently, where fretting fatigue cracks are initiated. Howev-
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er, the clamping stress at the location of maximum traction is only 9 to 55
MPa, which should result in shear decohesion failure according to Hurme and
Marquis (2013). Under low clamping stress, fretting does not necessarily lead
to crack initiation but can cause damage to the interface, as was observed in
the DLJ specimens.

Discussion

The quasi-static tests with the bonded/bolted and plain bolted double lap
joints reveal that the bonded/bolted joint is significantly stronger. In order to
benefit from the design of a hybrid joint, the joint should not simply be de-
signed as a plain bolted joint with adhesive added later for some extra
strength. The combination of bolt and adhesive clearly provides considerable
potential for strength increase, or weight-saving by the reduction of the num-
ber of bolts, as compared to the plain bolted joint. Most importantly, it was
shown that a bonded/bolted hybrid joint had much better fatigue strength
than a welded joint with the same structural geometry. The results also imply
that the plain bonded joint was weaker than the combined bonded/bolted
joint, but this would require further proof as there are also contradicting re-
ports in the literature (Hart-Smith, 1985).

The fatigue strength estimate for the DLJ obtained by finite element method
was conservative, as expected. In section 3.2.3 the observation was reported
that the calculated interface shear stresses have a strong dependence on the
cohesive stiffness, i.e., the choice of the stiffness will have an effect on the fa-
tigue strength estimate. The stiffness was determined from on a number of
quasi-static experiments on the modified napkin ring specimen using careful
consideration. However, in reality, the interface stiffness has a statistical dis-
tribution, which was not accounted for in the presented analysis. The determi-
nation of this distribution would be necessary for reliable design in the future.

The analysis presented in this paper shows the critical locations in the inter-
face where fatigue failure is concerned. It can also be used to estimate whether
or not the interface will fail before N = 2x10° cycles under fatigue loading.
However, no estimation of fatigue life can be carried out. A more detailed
analysis of the interface fatigue failure would require a progressive fatigue
damage model of the adhesive, combined with fretting fatigue analysis.

4.6 Fatigue damage assessment

For more detailed analysis of the fatigue behaviour of the hybrid joint, a pro-
gressive fatigue damage model of the adhesive is required. This is approached
by deriving a fatigue damage model from the low-cycle fatigue experiments on
the modified napkin ring specimen. The damage parameter will be related to
the observed change in specimen compliance, and the physical nature of the
crack distribution in the damaged material will be discussed. In addition to the
fatigue damage model, the cohesive zone model described in Section 3.2.1 is
re-formulated with fatigue damage, in order to assess the residual strength of
the interface during fatigue loading.
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Throughout this thesis, different observations have been reported concern-
ing the failure mechanisms in the bonded and clamped interface. Based on
these observations, the following assumptions and conclusions are made, on
which the progressive fatigue damage model will be founded:

1. Based on the results and discussion on the SEM analysis of damaged
adhesive, it was concluded that static and fatigue damage are con-
trolled by two physically different processes. For this reason, they are
given separate variables in the following formulation.

2. The fatigue damage was found to be composed of several small cracks
with different lengths and orientations. Accordingly, the damage is
understood as a set of cracks with a suitable distribution of crack
lengths.

3. The fatigue damage observed by SEM was composed of small cracks,
which did not extend through the interface. Thus, they do not enable
contact between the asperities of the surface roughness of the metal
adherends. As a result, the friction is not considered to have an effect
before the initiation of static damage, which is assumed to cause
cracks to propagate through the thickness of the adhesive layer.

4. As a result of the previous point, the fatigue damage is assumed to
progress in the adhesive regardless of the clamping stress. Therefore,
the friction will only play a role in the residual strength of the inter-
face, which shall be determined through cohesive zone modelling.

The approach of separation of the static and fatigue damage variables has been
adopted in most of the studies concerning cohesive zone modelling with fa-
tigue damage (Roe and Siegmund, 2003; Khoramishad et al., 2010; Robinson
et al., 2005; Turon et al., 2007; Harper and Hallett, 2010; Landry and
LaPlante, 2012; Naghipour et al., 2011; May and Hallett, 2010, 2011; Mufioz et
al., 2006). However, the physical motivation for this, as well as many other
assumptions related to cohesive zone modelling, has been unclear throughout
the development of the cohesive zone modelling technique (Pascoe et al.,
2013). As discussed in section 4.1.2, the SEM study was not performed for the
specimens during quasi-static loading. This examination would be important
to fully justify the assumption that different damage parameters are adopted
for fatigue and static loading and it should be a topic of future research.

The assumption that in a bonded interface with friction, the stresses are ini-
tially fully carried by the cohesive forces and frictional forces are added only
after damage initiates, has been adopted earlier by other researchers (Alfano
and Sacco, 2006; Parrinello et al., 2009; Sacco and Lebon, 2012). These stud-
ies were focused on static fracture: a literature review did not reveal any pro-
posals concerning the incorporation of frictional effects during the fatigue
damage process of cohesive interfaces. The assumption that friction is not ef-
fective during the evolution of fatigue damage, if static damage has not initiat-
ed, is considred to be an original proposal in this thesis.

The fourth listed point leads to the conclusion that the same progressive
damage model and cohesive zone model formulated for fatigue damage can be
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used for modelling the adhesive in interfaces under any clamping stress. The
difference in the residual strength of the interface comes simply from the effect
of friction, which is added to the cohesive traction in proportion to quasi-static
damage. If this holds, the same model could be used for describing the entire
hybrid joint, including the interfaces under high clamping stress. However,
this could not be explicitly confirmed with the current test set-up, as the cyclic
load-carrying capacity of friction in the specimens with high clamping stress
greatly exceeds the cyclic load-carrying capacity of the adhesive. Thus, it is
difficult to distinguish the mechanism currently carrying the load in specimens
with high clamping stress by simply measuring the relative displacement. The
applicability of the proposed method on interfaces with very high clamping
stress should be a subject of further study.

During a modified napkin ring fatigue test, the shear stress amplitude is held
constant and the relative displacement of the specimen pairs is measured. A
typical displacement amplitude history during a fatigue test is provided in Fig.
31
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Figure 31. Relative displacement amplitude during fatigue test F1 (Table 1).

Due to fatigue damage, the compliance of the napkin ring specimen increases
with the number of cycles, as can be seen from Fig. 31. Therefore, the evolution
of the fatigue damage parameter can be related to the change in the compli-
ance. The interface stiffness is related to the fatigue damage parameter, D;,

through

k=(1-D;)x;, (9
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4.6.1 The damage evolution equation

As can be seen in Fig. 18, the damage in the adhesive consists of several micro-
cracks with different lengths and orientations. Even though the damage con-
sists of cracks with different lengths, all existing cracks are small and must be
assessed based on methods for small fatigue crack growth, instead of linear-
elastic fracture mechanics (LEFM). Suresh and Ritchie (1984) have suggested
the following classification for small cracks:

1. Fatigue cracks of a size comparable to the characteristic microstructur-
al dimension of the material, such as grain size or interparticular spac-
ing for particulate-reinforced composites, are referred to as micro-
structurally small cracks.

2. Cracks, for which the near-tip plasticity is comparable to the crack size,
or cracks that are engulfed by the plastic strain field of a notch, are
called mechanically small cracks.

3. Fatigue cracks which are significantly larger than the characteristic mi-
crostructural dimension or the scale of local plasticity, but are small in
size, typically less than a millimetre or two, are considered to be physi-
cally small.

4. Sometimes flaws which are otherwise applicable to LEFM, but exhibit
anomalies in propagation rate below a certain crack size as a conse-
quence of environmental stress corrosion are referred to as chemically
small cracks.

The epoxy adhesive has an overall amorphous microstructure, i.e., the material
is in the glassy state without grain structure. As a consequence, the character-
istic microstructural dimension can be considered to be the interface thick-
ness. As the crack lengths are comparable to the thickness, the cracks can be
characterised as microstructurally small.

The studies of crack growth behaviour in adhesives are limited, as compared
to the number of studies in metallic materials. Furthermore, no studies on
small crack growth in adhesives were found. Usually, the fracture mechanics
approaches in adhesives employ the same concepts as are used in metallic ma-
terials, namely the Paris equation (Paris et al., 1961) for fatigue crack growth.
Consequently, it is acceptable to assume that small crack growth in adhesive
materials follows similar laws as that in metallic materials.

The growth of small cracks differs from the growth of long cracks, in that the
same stress intensity factor results in much faster crack growth, and the crack
growth rate is not explicitly proportional to the stress intensity factor (Pear-
son, 1975). When small cracks propagate at a finite rate, the small- scale yield-
ing condition at the crack tip is not satisfied. Instead of the Paris equation, the
crack growth rate for small cracks has been determined by several researchers
(Murakami and Miller, 2005; Nisitani et al., 1992; Goto et al., 2013) by the
equation
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whereda / dN is the crack growth rate, B; and m;, are material constants, O, is
the nominal stress amplitude and a is the crack length. The exponent, m;,
takes a value much larger than 2. Murakami and Miller (2005) discussed the
essence of fatigue damage which in their work was identified as the crack
length, whereas in this study it is some set of cracks in the adhesive material
causing a change in compliance.

The cracks in the adhesive grow under nominal shear stress. However, based
on a review of the literature, adequate data of small crack growth under shear
stress are not available. Therefore, in the absence of sufficient information it is
assumed that the same form of the small crack growth equation also applies
under shear stress

da _

—=B17"a (11)
dN

2%a

where 7, is the shear stress amplitude and B. and m. are material constants
under shear stress conditions.

The damage consists of small cracks, which makes it logical to assume that
the damage evolution equation is of a similar type as the small crack growth
equation. However, the damage involves several small cracks with different
lengths and orientations. The mechanism of interaction of these cracks is not
fully understood in the theory of fracture mechanics. Therefore, the relation of
the damage growth rate and the damage is not necessarily linear. The damage
growth rate is assumed to be related to the fatigue damage as

dD, n
W:BT" D, (12)

where B, m, and y are fitting constants. The units of B depend on the exponent
m so that [B] = MPa™. The exponent, m, can be considered equivalent to the
exponent of the small crack growth equation.

Fitting to experimental data

The ratio of the load amplitude and the measured relative displacement direct-
ly gives the reduced interfacial stiffness and thus, the fatigue damage parame-
ter

(1-D,)x,=7,/9, (13)

It should be noted, that during fatigue tests, the threshold to quasi-static dam-
age initiation is not exceeded and, consequently, the fatigue damage in the
material is equivalent to the total damage. The initial stiffness, &g,
the average of the first 10 loading cycles. During the tests, the data were col-
lected at pre-defined intervals, AN . For analysis, the data should be given at

pre-defined intervals, AD,. The analysis of the D, —N data points can be per-

is taken as
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formed following the data compression scheme published by Marquis (1992).
Numerous measured D, —N data pairs are thereby compressed into one
D —N estimate data pair, with a spacing of AD =10S, where S is the meas-
urement precision. Since the report (Marquis, 1992) is not widely available, a
detailed description of the methodology is provided in Appendix D.

The damage growth curves for all specimens in Tables 1 and 2 are plotted in
Fig. 32 with the normalised number of cycles on the horizontal axis. The spec-
imens in Table 2 are interrupted fatigue tests for which the number of cycles to
final failure, N, is not known. However, all of the interrupted fatigue tests
were halted when a pre-defined amount of computed damage (change in com-
pliance) was observed. From Fig. 31, it can be seen that the observable change
in compliance occurs during the very last cycles that the specimen can sustain
before full fracture. Therefore, taking the last cycle in the interrupted fatigue
test as N, produces only minimal error in Fig. 32.
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Figure 32. Damage growth curves for the specimens with the two clamping stresses.

The data pairs, 5f —N, are used to calculate the rate of increase of the damage,
de /dN , using the secant method. The equation for damage growth rate, Eq.
(12), has three parameters that must be found by fitting from the data. Firstly,
an estimate of the stress amplitude exponent, m, is obtained by plotting the
damage growth rate vs. the shear stress amplitude on a log-log graph for dif-
ferent values of damage (Fig. 33). The exponent, m, is obtained from the pow-
er-law fit into the data. A limited number of experiments were performed with
shear stress amplitudes other than 7,= 25 MPa and, consequently, only a
crude estimation of the shear stress exponent can be made. In this assessment,
the value for the exponent is chosen to be m = 8.6, however, further inverstiga-
tions are clearly needed to accurately estimate the exponent.
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Figure 33. Damage growth rate vs. shear stress amplitude at three different values of damage
for all specimens in Tables 1 and 2.

In order to estimate the remaining parameters, B and y, of Eq. (12), the
dD; /dN is plotted on a log-log graph against the value of 7,”D,” , where D is
the average fatigue damage in the interval, and Eq. (12) is fitted to the data
points.

The data are shown in Fig. 34 for both clamping stresses, ¢ = 4 MPa and q =
50 MPa. The constant, y, is chosen so that the log-log plot of dD; /dN vs.
7,"D,” has the slope of 1. The values of the constant, y, were found to be y =
2.22 for the ¢ = 4 MPa specimens and y = 1.42 for the ¢ = 50 MPa specimens.
The constant B is obtained from the fit and has the value B = 9 x 1075 for the q
= 4 MPa specimens and B = 2 x 10°%5 for the g = 50 MPa specimens.
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Figure 34. Fitting of the damage growth rate equation for the two clamping stresses, g = 4 MPa
and g = 50 MPa.

The coefficients for the damage evolution equation of the two cases are differ-
ent, although the initial assumption was that friction does not have a role in
fatigue damage evolution. On the other hand, it is possible that the assumption
that friction has no effect before quasi-static damage initiates could be errone-
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ous. In order to confirm the assumption, further research is needed. However,
the difference in the two cases is small and could also fall within the scatter of
the experimental results. Therefore, the proposed analysis can be used at least
for initial assessments.

4.6.2 Interrupted fatigue tests

A series of interrupted fatigue tests (see Table 2) was performed in which the
fatigue test continued until a pre-defined damage state had been attained, then
the fatigue test was followed by a quasi-static fracture test. The shear stress —
relative displacement response of the specimens after the interrupted fatigue
tests are shown in Figs. 35 a and b for the clamping stresses g = 4 MPa and g =
50 MPa, respectively. Static fracture measurements of undamaged specimens
for both clamping stresses are also provided for reference. After attainment of
the critical shear stress, the fracture was rapid, so sufficient data points could
not be collected.
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Figure 35. Quasi-static fracture response after the interrupted fatigue tests for specimens with the (a) g =
4 MPa clamping and (b) ¢ = 50 MPa clamping.

4.6.3 Cohesive zone model formulated for fatigue damage

The cohesive zone modelling is used to assess the residual strength of the in-
terface with accumulated fatigue damage. The CZM without fatigue damage
was formulated for the idealised clamped and bonded interface in section 3.2.
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The fatigue damage evolution model is based on experimental results from the
modified napkin ring specimen. As the experimental data give information
only about the mode II fatigue behaviour, mode I is neglected in the following
formulation. Mode III is considered to be equivalent to mode II. In this
framework, some of the parameters described in section 3.2.1 will be redefined
to account for mode II only. Namely, the effective separation, Eq. (5); the trac-
tion vector, Eq. (2); and the quasi-static damage variable, Eq. (6); become

6,=0,=0,
t=t, =k,0, =K0, , (14)
6-0°
0 1-exp(-al_—))
Dszl_{a} 1_ 5f_§0
) 1—exp(-a)

respectively. The scalar damage parameter will be denoted as D,, which de-
scribes mode IT damage under quasi-static loading.

The total damage in the adhesive material is composed of both the quasi-
static damage parameter, D, , and the fatigue damage parameter, D, , so that

(l_Drot)z(l_Df)(l_Ds) (15)

The fatigue damage is observed as change in compliance during cyclic loading
and quasi-static damage is observed as decrease in interface traction with in-
creasing separation when the critical relative displacement, &°, has been ex-
ceeded. As long as the critical relative displacement is not exceeded, the dam-
age is considered to be composed solely of fatigue damage, as explained earli-
er.

The effect of fatigue damage on the cohesive law is illustrated in Fig. 36. Dur-
ing a fatigue test, the loading remains in the elastic regime and the compliance
increases continuously due to an increase in fatigue damage. Thus. the proper-
ties of the cohesive zone model must be changed according to the fatigue dam-
age parameter.
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Figure 36. a) Degradation of the cohesive zone constitutive law due to fatigue loading. The
applied shear stress amplitude, 7, is constant, and the relative displacement amplitude

§a is measured for every cycle, N. b) The cohesive law with fatigue damage, Dy. The re-

maining fracture energy, G, is defined as the area under the cohesive law with fatigue
damage. The energy dissipated due to fatigue damage is indicated by = .

The remaining fracture energy, G,, is defined as the area under the cohesive
law. The energy dissipated due to fatigue damage is indicated by = . The total
damage is defined as the ratio of the energy dissipated during the damage pro-
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cess, = , and the initial fracture energy (before fatigue damage), G, (Turon et
al., 2007).

p == (16)

tot
GEO

The energy dissipated due to damage can be obtained from

E=G,—-G, (17)

where the fracture energy, G, , is calculated from the area under the traction-

separation curve of the cohesive zone constitutive model with damage
of
G, = [t(6)ds (18)
0

During fatigue loading before the initiation of static damage, the total damage
is equal to the fatigue damage and the fracture energy can be written as

s
G, :%(1—Df)/(0(5°)2+I(1—Df)(1—D5)K0§d5 (19)
50
or in short:
G.=(1-D,)G, (20)

It is assumed that the remaining cohesive law parameters, namely, 6°and 67,
remain unchanged during the fatigue damage evolution. As a result of Eq.
(20), the critical shear traction due to fatigue damage becomes

t.=(1-D,)t, (21)

The calculated cohesive response with the corresponding fatigue damage for
each interrupted fatigue test is illustrated in Fig. 37 (dashed lines), along with
the static fracture test data after the interrupted fatigue tests.
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Figure 37. Static fracture data after the interrupted fatigue tests and the cohesive behavior with
the corresponding fatigue damage.

The model fits to some of the data sets in Fig. 37 better than to others. This is

due to scatter.
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It should be noted that the friction is added into the model only after static
damage initiates. Thus, the shear stress is not equal to the cohesive traction,
but is the sum of cohesive traction and frictional traction, added in proportion
to quasi-static damage, as in Eq. (7).

4.6.4 Comparison of modelled and experimental fatigue lives

The estimate of fatigue life for a given loading can be obtained by integrating
Eq. (12)

D, 1 i
[ ———dD, = [an (22)
Br,"D; °

After some manipulation the expression for fatigue life becomes

1 1 1
N, = — 2
d (y—l)Bra’"[Do“ Dc“] =3)

The critical damage, D., occurs when the critical shear traction, Eq. (21), has
reduced due to damage so that its value equals the applied shear stress.

D, =1-to (24)

0

The critical traction, t,, is given in Table 7. However, it is the value chosen for
the initial damage, D,, which has the most significant impact on the resulting
estimate of the fatigue life.

The meaning of initial damage requires further clarification. Equations anal-
ogous to Egs. (22) and (23) are used to estimate the fatigue life based on the
growth of a macro-crack, where the crack growth equation is integrated from
initial to critical crack length. Therefore, it is important not to confuse the ini-
tial and critical damage with the initial and critical crack length. With the
growth of a macroscopic fatigue crack, damage, as evidenced by several micro-
cracks, occurs ahead of the crack tip, as demonstrated by Chai (1993b). Conse-
quently, the evolution of damage is a prerequisite for the propagation and ini-
tiation of a fatigue macro-crack. Since damage is the phenomenon preceding
macro-crack initiation, the initiation of a fatigue crack could potentially be
modelled with the proposed approach. In the napkin ring specimen with nom-
inally uniform stress conditions the evolution of damage leads to final failure
of the interface without leading to the initiation of one macroscopic fatigue
crack, which provides for an interesting opportunity to assess the evolution of
damage. However, the assessment does not provide a mechanism for the initi-
ation of damage itself, but some initial damage has to be assumed. Ideally, this
could be estimated from the SEM analysis. However, the estimation of the dis-
tribution of cracks is not clear from the SEM pictures, and the initial damage
will be estimated based on experimental data under the clamping stress q = 4
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MPa. There are plenty of fatigue results for specimens under the loading of 7,

= 25 MPa (Tables 1 and 2), and the fatigue lives measured range from approx-
imately Nf = 1,000 to Nt = 10,000 cycles. If the most conservative estimate is
chosen, the fatigue life, N, corresponding to 7, = 25 MPa is chosen to be Nt =

1,000. By inserting the values for shear stress amplitude and Nt into Eq. (23),
as well as the initial condition when N = 0, the initial damage is found to be D,
= 0.117. For reference, the least conservative estimate is obtained when the
initial damage is computed from the measured fatigue life of Nt = 10,000 cy-
cles. In this case the initial damage is D, = 0.02.

The low-cycle fatigue test results of specimens in Tables 1 and 2 are plotted
on a stress-life graph in Fig. 38, and the fatigue life estimate lines based on the
proposed model and the most conservative (Estimate 1) and least conservative
(Estimate 2) initial damage are shown for both clamping stresses, ¢ = 4 and g
=50 MPa.

100

< q=4MPa » ¢=50MPa
---¢ =4 MPa Estimate 1 — ¢ =50 MPa Estimate 1
-.¢ =4 MPa Estimate 2 -. ¢ =50 MPa Estimate 2

Shear stress amplitude,
7, [MPa]

10
102 103 104

Number of cycles to failure, N;

Figure 38. Calculated 7, vs. Nf lines for both clamping stresses and the most conservative

(Estimate 1) and least conservative (Estimate 2) initial damage values, and the constant
amplitude fatigue data for the bonded, grit-blasted q = 4 and 50 MPa experiments reported
in Tables 1 and 2.

Fig. 38 shows that the low-cycle fatigue stress-life data obtained from the
modified napkin ring specimens produce a rather flat line in the stress-life
graph. The proposed model is able to capture the fatigue behaviour with rea-
sonable accuracy. It can be seen that the estimates 1 are conservative, i.e. the
lines provide a lower boundary for the data points. This is due to the choice of
initial damage, Do, which was calculated from the most conservative measured
fatigue life. The estimates 2, on the other hand, provide the upper boundary of
the experimental data. The stress-life curve estimates of the two normal pre-
stresses are almost overlapping at the conservative estimate, but for the least
conservative estimates, the curve for the g = 50 MPa pre-stress yields slightly
shorter fatigue lives. The estimates of the fatigue life are sensitive to the choice
of the initial damage, and the sensitivity depends on the parameters of Eq.
(12). Due to the parameters of Eq (12) derived for the two pre-stresses, the q =
4 MPa pre-stress case is more sensitive to the choice of the initial damage pa-
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rameter. However, if conservative estimates are used, the sensitivity is not as
high. Due to the sensitivity to initial damage, as well as high scatter in the ex-
perimental data, the use of conservative estimates of the initial damage are
encouraged.

4.6.5 Physical nature of the fatigue damage

The amount of damage can be observed directly from the specimen compli-
ance, but not the length or distribution of cracks which represent the physics
of damage. This is shown by a simple reasoning: Let us suppose that the dam-
age is reflected by the total length of cracks. Now, let us consider two cases
with equal damage (equal total length of cracks); in the first case, the damage
consists of several small cracks with equal length, while in the second case, the
damage consists of fewer, but longer cracks with equal length. In both cases,
the same compliance is measured but the damage evolution behaviour follow-
ing subsequent loading cycles is different. According to Eq. (10), the long
cracks grow much faster than the short cracks and, as a result, the damage
evolution in the case of long cracks will be much faster than in the case of short
cracks. Consequently, the entire description of damage cannot be obtained
simply by measuring the compliance. Furthermore, it is not realistic to assume
that all cracks have equal lengths. In order to understand the damage evolu-
tion in the material, the distribution of cracks must be defined. With a distri-
bution of crack lengths, the measured compliance does not reflect the total
length of cracks but the longest cracks have the highest influence. The exact
length or distribution of the crack lengths is not known. However, it is reason-
able to assume that the crack lengths have an exponential distribution, so that
the number of shorter cracks is much higher than the number of relatively long
cracks. The exponential distribution can be described by

Fla)=C,e™ ™ (25)

where C; and C. are constants and a is the crack length.

As fatigue cycles are accumulated, the long cracks extend much faster than
short cracks and the cracks coalesce. As a result, the number of short cracks
decreases and the number of long cracks increases with growing number of
cycles. Therefore, the distribution has to change with the number of cycles, N.
In order to change the distribution with the number of cycles, the terms C; and
C. must depend on N. It is assumed that no cracks are initiated during fatigue
loading. This is a valid approximation because fatigue damage is represented
by the entire set of cracks, where the largest cracks have the highest influence
on compliance and residual strength.

The total set of cracks, which is considered as a measure of damage, can be
obtained from F(a) by integrating

oo

_[F(a)da = TCle’CZ”da =
0

0

9]

—+ (26)
CZ
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Thus, the fatigue damage, calculated from the changes in compliance, is relat-
ed to the total set of cracks by

C
Dy=—+ (27)
f c,
The crack distribution can be partly deduced from experimental data using the
damage evolution equation, Eq. (12). The expression for the damage, Dy, as a
function of number of cycles and loading can be obtained by integrating Eq.
(12) with respect to N

j%dN = [Bz,7D,dN

| %de = [Bz,"dN
’ (28)

1-y
L —=B7,"N+C
1-y

D, :[(1—y)BramN+C']flr

where C is the integration constant and C’ = (1-y)C. The integration constant
can be solved from the condition at failure, N = N¢, by recalling Eq. (24). In
this condition the fatigue damage obtains the critical value, D.. As a result, the
constant C’ becomes

1

1—:—” =[(1-y)Br, "N, +C' ]

° , (29)
C'=(1-=2)"" —(1-7)Bz,"N,
tO
and the expression for damage can be re-written
1
T, (1 m -y C
Df:|:(1_to)(1 " +(1-7)8z, (N_Nf)j| =C1 (30)
2

With the ratio of the constants C; and C. known, the other one can be simply
expressed, for example, as

—|1_Taya-n _ min -7
Cl—[(l t°) "+(1-y)Bz,"(N NI)} xC, (31)

C,=N,—N
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If one considers three different fatigue lives, designated N;, N, and N3, so that
N, < N; < Ny then the crack size distributions appear as shown in Fig. 39.

F(a) — N

Figure 39. Evolution of the crack size distribution with number of cycles.

It should be underlined that the exponential crack distribution is merely an
assumption, as there is not enough experimental evidence to obtain the
accurate crack distribution. However, the SEM results confirm that the
damage indeed consists of some distribution of small cracks, and the
assumption of an exponential shape for their distribution is reasonable. In
addition, the expression for C. is speculative.

4.6.6 Discussion

The proposed damage evolution law is a phenomenological model of irreversi-
ble processes in the adhesive material leading to failure during repeated load-
ing. The total amount of damage was observed from the specimen compliance,
but it does not fully describe the damage in the material. It was suggested that
the true physical nature of damage is represented by a set of cracks with an
exponential distribution. Some information about the distribution was derived
from the measured values of compliance. However, the link between the dis-
tribution of cracks and the measured change in compliance remains partly
unclear. It is known, that a single crack embedded in a material has an influ-
ence on the value of displacement at a remote point, and the influence depends
not only on the crack length, but also on the distance between the crack and
the remote point (see for example the case of a circular crack under mode I
loading in Tada et al., 2000, p. 342). Thus, a single crack changes the compli-
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ance of a modified napkin ring specimen depending not only on the crack size
but also on the distance between the crack and the boundary between adhesive
and steel, i.e., the thickness of the adhesive layer. The problems with defining
the thickness have been discussed earlier in this thesis. Furthermore, the in-
fluence of cracks on each other and the coalescence of cracks are topics that
are still not very well established in the field of fracture mechanics. In sum-
mary, the damage variable defined from a simple change in the elastic proper-
ty of the interface is not a full description of damage, but it is sufficient for
practical purposes.

The results of the cyclic step tests (Section 4.3) show that the interface rela-
tive displacement has elastic and inelastic portions, especially at relatively high
shear stresses. Nevertheless, the adopted progressive damage modelling ap-
proach assumes linear shear stress — relative displacement behaviour
throughout the damage evolution. It is believed that the inelastic response only
becomes significant at very high stresses and at the final stages of damage evo-
lution. As a result, it is a reasonable simplification to assume the response to
be linear. However, the model could be more accurate if the inelasticity was
taken into account. In the literature, there are studies on CZM with inelastic
constitutive behaviour defined for low-cycle fatigue assessment that can be
used as reference for future research (Cao and Vormwald, 2013).

The small crack growth equation could not be determined using the speci-
men. Only the evolution of the overall damage given by the compliance of the
specimen could be evaluated. A different experimental approach would be
needed for small crack growth assessment. The small crack growth differs
from long crack growth in that the small strain assumption is violated. The
yielding around the crack tip encompasses a large area compared to the crack
size and therefore, the small crack growth should be related to the plastic
strain amplitude. As demonstrated by the cyclic step tests, the modified napkin
ring specimens could theoretically provide a measure of elastic and plastic
shear strain in the interface; however, the interface thickness should be ex-
tremely well controlled. In the presented experiments, there was a systematic
deviation in the interface thickness due to manufacturing tolerances of the
experimental setup and the specimen. In reality, it is very difficult to attain
flatness within a few micrometers. In addition, the surfaces should be smooth
as the contours of the surface roughness introduce high variations in the local
interface thickness. Furthermore, the definition of shear strain becomes more
and more ambiguous as the interface thickness approaches zero.

The progressive fatigue damage model was developed with the goal to assess
the fatigue life of the engineering bonded/bolted joint. In these joints, the fail-
ure mode is a competition between progressive damage in the adhesive and
fretting fatigue. It is not fully clear how the stresses in the interface of the
bonded/bolted joint transfer from being carried by the adhesive to being car-
ried by friction. A suggestion in this direction was made by introducing the
progressive damage model for fatigue. The effect of the adhesive on fretting
fatigue is, however, not fully understood. It should be a topic of further re-
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search to combine the progressive damage model of the adhesive with a fret-
ting fatigue model.

Due to the shear lag effect there are tensile stresses on the adhesive interface
of the bonded/bolted lapjoint. Eventually, the fatigue damage model should be
formulated for mixed mode loading, in order to fully characterise the lap joint.
The literature contains many studies that have assessed the mixed mode prob-
lem of the cohesive zone model with fatigue (de Moura et al, 2008; Moroni
and Pirondi, 2011; Naghipour et al., 2011).
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5. Conclusions

In this study, hybrid bonded/bolted joints in high-strength steel were studied
under fatigue loading using experimental, analytical and numerical methods.
The research provides valuable results for product development and for the
design of structures involving the use of bonded/bolted joints, by increasing
the understanding of failure phenomena and providing tools for fatigue analy-
sis.

The modified napkin ring specimen was introduced for assessing the
clamped and bonded interface under fatigue loading. The cohesive zone mod-
elling technique was adopted for describing the interface de-bonding, and it
was shown that the modified napkin ring specimen can be used to determine
the parameters for the CZM directly, thus increasing the understanding of the
physical nature of the various parameters.

A statistical method was used to study the fatigue strength of idealised bond-
ed and clamped interfaces. The results were then used to estimate the fatigue
strength of a full-scale, double lap joint by calculating the stress state at the
bonded interface with FEM, and comparing the stresses to the interface fatigue
strength values. The approach provided a conservative estimate of the fatigue
strength of the double lap joint.

For a more detailed analysis involving an estimation of the joint fatigue life, a
progressive fatigue damage model, based on the experimentally-measured
change in compliance, was developed for the adhesive. The model parameters
were fitted from low-cycle fatigue experimental data on the napkin ring speci-
men.The bonded interface subjected to fatigue damage was studied by scan-
ning electron microscopy, and the nature of the fatigue damage was identified.
It was suggested that the damage could be described by a set of microstructur-
ally small cracks with an exponential length distribution which evolves with
the number of cycles.

The most important results are summarised as in the following

1. Fatigue failure of the idealised bonded and clamped interface was
studied using the modified napkin ring specimen. The failure mode
was found to be shear decohesion under low clamping stress, evi-
denced by low relative displacement amplitudes and sudden slipping
at failure. Fretting fatigue was found to be the dominant failure
mode under high clamping stress. This was evidenced by high slip-
ping amplitudes, and often a crack was found in the HSS specimen in
the inspection following failure.
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Similar failure modes were observed in the double lap joint as well.
At high loading amplitudes, the specimen failed by shear decohesion
as the frictional forces due to bolting could not sustain the applied
load. With slightly lower loading amplitudes, severe fretting damage
was found at the critical locations at the edge of the area clamped by
the bolt. A notch was found at the critical location as a consequence
of fretting, but no cracks had propagated in the steel specimen.

. A more in-depth understanding of the fatigue damage process in the

adhesive was obtained by an SEM study of the damaged adhesive. It
was found that fatigue damage consisted of several microstructurally
small cracks with different lengths and orientations. The cracks dis-
played a zig-zag shape and were branched due to cyclic stress. It was
also observed that the fatigue cracks did not extend through the ad-
hesive and, consequently, did not enable metal-to-metal contact be-
tween the asperities of the surface roughness.

Fatigue strength of the modified napkin ring specimens (under dif-
ferent clamping stresses, with three different surface roughnesses
and in the bonded and non-bonded conditions) was estimated using
the small sample staircase method. It was found that the fatigue
strength of the interface under high clamping stress was the same for
bonded and non-bonded interfaces. This could be explained by the
failure modes under different clamping stresses.

The inelastic slipping response of the modified napkin ring speci-
mens was studied by cyclic step tests. It was found that the hysteresis
loop of the inelastic slipping could be described with a power-law re-
lation. However, as the inelasticity was very small with other than
extremely high loading amplitudes, further assessments were con-
ducted assuming a linear response of the load-displacement behav-
iour.

Quasi-static results from the modified napkin ring specimens were
used to determine parameters for a cohesive contact definition in the
finite element method. The fundamental assumption was that the
same cohesive law could describe the response of the adhesive under
any clamping stress, and that the frictional tractions could be added
in proportion to damage. This approach was found to reproduce the
quasi-static response of the modified napkin ring specimen with
good accuracy under different clamping stresses. The approach was
also deemed to be convenient for use because it could employ a built-
in feature of the finite element software, Abaqus.

The cohesive contact definition, as determined from the quasi-static
response of the modified napkin ring specimens, was applied in a fi-
nite element model of the double lap joint. As a result, the stress
state at the bonded interface of the joint could be solved. The stress
state was compared to fatigue strength results from the modified
napkin ring specimens, and a conservative estimate of the DLJ fa-
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tigue strength was obtained. It was cautiously assumed that bonded
areas under tensile stress do not contribute to fatigue strength.

For a more accurate fatigue assessment of the bonded interface, a
progressive fatigue damage model was suggested. The damage was
measured experimentally from the change in compliance during a
low-cycle fatigue test on the modified napkin ring specimen. It was
concluded, that the change in compliance does not provide a com-
plete description of damage, but the proposed phenomenological fa-
tigue damage model was deemed adequate for practical purposes.
The proposed fatigue damage model described the experimental low-
cycle fatigue lives of the modified napkin ring specimens with good
accuracy.

The cohesive zone model, describing the fracture of the bonded in-
terface under quasi-static loading, was re-formulated to include the
effect of fatigue damage. This was accomplished by degrading the
cohesive stiffness and fracture energy based on the amount of fatigue
damage. The fatigue damage parameter and the quasi-static damage
parameter were considered as separate, and a physical explanation
for this was provided.

Based on the SEM results, it was suggested that the fatigue damage
in the adhesive could be expressed by an exponential distribution of
microstructurally small cracks. Due to fatigue loading, the distribu-
tion of cracks should evolve with the number of cycles, so that the
number of small cracks decreases and the number of long cracks in-
creases with a growing number of cycles.
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Appendix A — High cycle fatigue test re-
sults

Table A1. Results of the constant amplitude fatigue tests for grit-blasted, bonded and non-

bonded specimens. The static normal pre-stress, g; shear stress amplitude, 7, ; failure type

(SD: Shear decohesion; FF: Fretting fatigue; FW: Progressive slipping due to fretting wear);

cycles to failure, N;; and relative displacement amplitude, 50; at N = 2x10° and N = 1x10° cy-

cles, are listed for each specimen.

Grit-blasted, bonded specimens

Spec. no. q[MPa] 1, [MPa] Failure type, N; 6, [um] at N=2x10° &, [um] at N=1x10°
g4 1 4 27 SD, N; = 1000 - -
g4 4 4 24 SD, N;=70,000 - -
g4_5 4 23 SD, N; = 250,000 11 -
g4_6 4 21 Run-out 14 12
g50_1 50 26 SD, N;=2000 - -
g50_2 50 21 SD, N; = 7000 - -
g50_4 50 18 Run-out 9 14
g50_7 50 13 Run-out 5 7
g50_8 50 17 Run-out 7 10
g100_1 100 32 SD, N; = 2000 - -
g100_2 100 39 FF, N; = 600,000 76 -
g100_3 100 30 Run-out 35 32
g100_4 100 33 FF, N;= 1,450,000 | 56 107
g100_5 100 20 Run-out 7 7
g100_6 100 33 Run-out 14 19
g100_7 100 40 SD, N; = 1690 - -
g150_1 150 50 Run-out 20 21
g150_2 150 56 Run-out 27 30
g150_3 150 60 Run-out 51 45
g150_4 150 67 Run-out 44 54
g150_5 150 69 FF, N;= 1,600,000 | 53 53
g150_6 150 74 FF, N;= 1,100,000 | 52 75
g150_7 150 58 Run-out 23 21
Grit-blasted. non-bonded specimens

Spec. no. gq[MPa] 1, [MPa] Failure type, N; 8, [um] at N=2x10° 0, [um] at N=1x10°
g50_1_nb 50 11 Run-out 60 61
g50_3 nb 50 12 Run-out 58 61
g50_4_nb 50 16 FW, N; = 440,000 178 -
g50_5_nb 50 12 Run-out 33 38
g100_1_nb | 100 31 Run-out 23 19
g100_2_nb | 100 37 FF, N;= 1,300,000 | 51 104
g100_3_nb | 100 36 Run-out 37 30
g100_4_nb | 100 38 FW, N; = 70,000 - -
g100_5_nb | 100 33 Run-out 30 30
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g150_1_nb | 150 54 Run-out 26 31

g150_2 nb | 150 63 Run-out 39 33
g150_3_nb | 150 65 FF, N; = 830,000 68 -

g150_4_nb | 150 65 Run-out 43 49
g150_5_nb | 150 51 Run-out 25 26
g150_6_nb | 150 58 Run-out 31 29

Table A2. Results of the constant amplitude fatigue tests for fine-ground, bonded and non-
bonded specimens. The static normal pre-stress, q; shear stress amplitude, 7_; failure type
(SD: Shear decohesion; FF: Fretting fatigue; FW: Progressive slipping due to fretting wear);
cycles to failure, Ni; and relative displacement amplitude, é;; at 2x10° and 1x10° cycles, are
listed for each specimen.

Fine-ground, bonded specimens

Spec. no. g[MPa] 1, [MPa] Failure type, N; 0, [um] at N=2x10° g, [um] at N=1x10°
f50_1 50 16 Run-out 43 50
f50_2 50 20 SD, N;=6,000 - -
f50_3 50 15 SD, N; = 15,000 - -
f100_6 100 39 SD, N; =620 - -
f100_7 100 51 Run-out 49 44
f100_8 100 55 Run-out 42 39
f100_9 100 58 FF, N; = 543,000 113 -
f100_11 100 46 SD, N; = 7600 - -
f100_12 100 51 Run-out 58 49
f100_13 100 56 FF, N; = 630,000 112 -
f150_1 150 55 SD, N; =4000 - -
f150_2 150 56 Run-out 43 40
f150_3 150 51 SD, N; = 2780 - -

Fine-ground, non-bonded specimens

Spec.no.  g[MPa] 1, [MPa] Failure type, N; 0, [um] at N=2x10°  J, [um] at N=1x10°
f50_1_nb 50 14 Run-out 73 67
f50_2_nb 50 19 FW, N; = 160,000 - -
f50_3.nb | 50 14 FW, N, = 100,000 | - ;
f100_1_nb | 100 25 Run-out 18 19
£100_2 nb | 100 35 Run-out 39 58
f100_3_nb | 100 40 Run-out 35 33
£100_4_nb | 100 43 FF, N,= 618,000 | 94 ;
f150_1_nb | 150 33 Run-out 20 19
150_2_nb | 150 39 Run-out 20 22
f150_3_nb | 150 60 Run-out 51 49
150_4_nb | 150 64 Run-out 52 67
f150_5_nb | 150 68 FF, N; = 1,200,000 | 65 118
f150_6_nb | 150 65 Run-out 40 39
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Appendix A — High cycle fatigue test results

Table A3. Results of the constant amplitude fatigue tests for coarse-ground, bonded and non-

bonded specimens. The static normal pre-stress, g; shear stress amplitude, 7, failure type

(SD: Shear decohesion; FF: Fretting fatigue; FW: Progressive slipping due to fretting wear);

cycles to failure, N;; and relative displacement amplitude, 50; at 2x10° and 1x10° cycles, are

listed for each specimen.

Coarse-ground, bonded specimens

Spec.no.  g[MPa] 1, [MPa] Failure type, N; 0, [um] at N=2x10°  §, [um] at N=1x10°
c50_1 50 15 Run-out 10 23
c50_2 50 20 FW, N;=211,100 144 -
c100_1 100 22 Run-out 10 12
c100_2 100 25 Run-out 14 14
c100_3 100 30 Run-out 24 21
c100_4 100 35 Run-out 28 36
c100_5 100 40 FF, N; = 610,000 97 -
c100_6 100 35 Run-out 33 29
c100_7 100 40 FF, N; = 1,930,000 | 47 80
c150_1 150 58 SD, N; = 1,420 - -
c150_2 150 55 Run-out 27 31
c150_3 150 61 Run-out 36 32
c150_4 150 61 Run-out 41 43

Coarse-ground, non-bonded specimens

Spec. no. q[MPa] 1, [MPa] Failure type, N; 8, [um] at N=2x10° 8, [um] at N=1x10°
f100_1_nb | 100 30 Run-out 32 32

f100_2_nb | 100 35 FF, N; = 1,691,000 | 65 92

f100_3 nb | 100 30 Run-out 24 21

f100_4_nb | 100 35 FF, N;=1,110,000 | 72 149

f150_1_nb | 150 38 Run-out 25 17

f150_2_nb | 150 57 Run-out 44 46

f150_3 nb | 150 62 FF, N; = 880,000 53 -

f150_4_nb | 150 57 Run-out 41 42
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Appendix B — SEM photographs

Specimen in the initial state (before cyclic loading)

Figure B.4. Specimen in the initial state, radial cut 2.
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Appendix B — SEM photographs

Specimen 14

Figure B.8. Specimen 4, radial cut 2.

Specimen I5
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Figure B.11. Specimen I5, radial cut 1.

Figure B.12. Specimen I5, radial cut 2.
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Appendix C — Cyclic step test data fitting and measurement precision

Appendix C — Cyclic step test data fit-
ting and measurement precision

The fitting of the cyclic step test data with Eq. (8)

AS A7 (Az)"
5° A

AZ

is explained. The measurement device records the applied force [kN] and the
displacement at the eddy current sensor [mm]. The shear stress, 7, and relative
displacement, &, at the specimen interface are calculated from the force-
displacement data. The applied force data have some scatter. The force is ap-
plied with a sinusoidal signal and, as such, an estimate of the true value can be
obtained by fitting the force data with a Fourier series. The MATLAB Curve
Fitting Toolbox (MATLAB and Curve Fitting Toolbox Release 2012b) is used
for the fitting. The force signal and the fit are presented in Fig. C.1.
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Figure C.1. Applied force and Fourier series fit.

The cyclic step tests contain four loading cycles per loading amplitude. The
relative displacement data from three cycles are used for the fitting of the dis-
placement. Half-cycle relative displacement data, normalised with the critical
relative displacement, §°, from three loading cycles is shown in Fig. C.2. The
relative displacement clearly demonstrates an elastic and an inelastic part. The
unloading part can be assumed to be fully elastic, so the elastic fit is performed
at that section. The elastic fit provides the constant, A,, in Eq. (8). The elastic
fit is shown in Fig. C.2 with the normalised relative displacement data.
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Figure C.2. Normalised relative displacement data from three load cycles. The data from only
half of the cycle are shown. The elastic relative displacement is fitted to the data in the unload-
ing part.

The inelastic portion of the relative displacement is obtained for each data
point by subtracting the elastic displacement. The inelastic relative displace-
ment data are presented in Fig. C.3. The data are fitted with the second portion
of Eq. (8), giving the constants, A, and A;. The inelastic fit is shown in Fig. C.3.
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Appendix C — Cyclic step test data fitting and measurement precision
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Figure C.3. Relative displacement data with the elastic portion reduced. The inelastic part of
Eq. (8) is fitted to the data.

The relative displacement is calculated for each shear stress point (from the
Fourier fit), which gives the hysteresis loops of Figs. 24-26. The relative dis-
placement, &, can be obtained by multiplying with the critical relative dis-
placement. The fitted hysteresis loop and original hysteresis data are shown in
Fig. C.4.
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Figure C.4. Original hysteresis data and fitted model.

As can be seen in Fig. C.4, the scatter in the relative displacement data is large,
compared to the measured displacements. An estimate of the measurement
precision can be obtained by calculating the standard deviation

(Ca)

where the mean X is considered to be the fitted value, x; are the measured

values and n is the number of observations. The average standard deviation is
found to be S = 2.4 um.
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Appendix D — Data compression

Appendix D — Data compression

The analysis of experimental Df — N data in this paper is based on an auto-
mated data analysis methodology for crack growth rate data (Marquis, 1992).
The report is not widely available and, for this reason, the methodology is ex-
plained in detail here. The report also contains a verification example which
will not be discussed here.

Measurement precision

When measurement precision is not known, it can be estimated from the ex-
perimental data of one test using the equation

(D.1)

where x; are measured data points and n is the total number of data points. If
the measured value, X;, is considered to be the sum of the true crack length, g,
, and measurement error, &, the equation can be rewritten as

n-1

> [la+da+e,,)-(@+e)]

=\ 2(n—-2) (D2)

where da is the increment of crack extension between the measurements, i
and i+1. If the crack extension is much smaller than the measurement error,
da << &, the equation becomes

(D.3)
which can be expanded
n-1 n-1 n-1
Z‘gmz + ngz + Zzgiﬂgi
§ ~1]i=t i=1 i=1 (D.4)

2(n—-2)

If the errors are random and equally distributed around zero, the product,

£.,,&;, has an equal probability of being either positive or negative. When
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compared to the other two summations, the summation of the terms, £,,,€,,
will be small and the equation can be written as

(D.5)

n-1 n-1
If the number of measurement points is large, 28,. " = 28,2 , then the equa-
i=1 i=1

tion can be written as

(D.6)

(D.7)

The measurement precision, given as the standard deviation of the mean de-
termined from a set of replicate measurements, is expressed by

(D.8)

where & is the difference between the measured crack length, x;, and the
mean, determined from a large number of measurements. Thus, Eq. (D.1) is a
good approximation of the measurement precision, as long as the following
assumptions hold: 1) the errors are evenly distributed around zero, 2) the
measurement precision is much greater than the crack growth between two
successive measurements, and 3) the total number of measurements is large.

Data compression

Data compression is the operation whereby a large number of crack length
measurements, X, are compressed into a single estimate, )A(, , of the true crack
length, a,. A first-order polynomial is fit to a set of x, —N data pairs, and X, is
obtained by evaluating the polynomial at mean cycle count.

The number of observations to be combined, n., depends on the measure-
ment precision and the mean crack growth between crack length measure-
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Appendix D — Data compression

ments, dx. The spacing, Ad =10S, required by the ASTM E647-05 (ASTM
E647, 2005) will be obtained when

10S
n =— D
= (D.9)

According to the principle of the sampling distribution of means, the meas-
urement precision is improved because of data compression by

s == (D.10)

Using the improved precision, the number of observations to be combined
becomes

n =% (D.11)

dx
The average crack growth between X, measurements, &, varies easily by a
few decades during a test. Accordingly, the number of crack length measure-
ments, ny, is not necessarily constant for analysis of the data from a test, but
varies according to dx . The above condition is always checked when data are
compressed.
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The use of novel high-performance ultra-
high-strength steels enables weight savings
and increased performance of structures.
The design of structures with the highest
potential for weight savings and
performance improvements is frequently
limited by the risk of fatigue failure. Hybrid
joints, wherein the good properties of
adhesives and mechanical fasteners or spot
welds are combined, provide potential
joining alternatives for improved fatigue
resistance in high-strength steel structures
but, thus far, adequate research data has not
been available. A procedure, linking the
interface characterisation and the stress
analysis of the full-scale joint, is presented
in this thesis. The procedure can be readily
adopted for product development involving
the bonded/bolted hybrid joint. Further
understanding of the physical processes of
failure in the bonded and clamped interface
is obtained by a scanning electron
microscopy study of the adhesive layer at
different stages of fatigue life.
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