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Abstract

This work concerns the study of adhesive bonding as a technique to join metallic
ship structures. The thesis proposes a study of joints with thick adherends and ad-
hesive hond for marine structures, based on a global-to-local approach considering
both strength-based and fracture-based criteria. The objectives are to characterise a
semi rigid class of adhesive through a local approach. assess selected structural joint
designs potentially used in ship building and comipare the two different approaches
of assessiment. [t 1s divided in four parts. namely: a local strength approach. a local
fracturc-hased approach. the assessiient of the strength of structural joints and the
assessient of defect tolerance criterion. The local strength approach deals with the
assessment of an adhesive svstemn (adhesive - primer - surface preparation) and se-
lected adlierends for different ageing conditions. At this stage. the particular focus
i1s to characterise the change of behaviour due to increasing adhesive bond thick-
ness through both experimental and finite element models. It is outlined that the
shear strength of the joints decreases in a linear manner with the adhesive bondline
thickness and a failure niechanism of the joint is proposed thanks to experimental
results and finite element analysis. The local fracture-based approach deals with the
assessment of fracture toughness of Double Cantilever Beam (DCB) adhesive joints.
This analvsis is carried out using analvtical and numerical models which incorporate
experimental data fron1 the DCB tests. The adliesive svstemn exhibits a high frac-
ture toughness and the study underlines the influence of the bondline thickness on
the fracture toughness of the joint while it is shown that accelerated ageing process
lowers it. The structural joint assessnient focuses on the joint behaviour in a tensile
mode and aims to explain the mode of failure of two different types of joints of
different adherend materials and different adherend thicknesses. The experinients
and the numerical analysis helped to locate stress concentration areas and showed
that failure occurs mainly due to tensile stress. To predict failure of these complex
joints. a practical conservative criterion is used. based on both experimental and
finite element results from the local joint analvsis. Eventuallv. an assessment of the
defect tolerance of the structural joints is carried out using finite element techniques
and toughness data. The analvsis considers the hehaviour of structural joints with
mserted cracks of different lengths for a nominal load level and the behaviour of the
joint with a nominal crack length and different load levels. The fracture criterion

shows good correlation with the strength based criterion.
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List of symbols

Latin symbols

A
a
a

I{](;

insert film length for the debonding area of the DCB specimens

width of the butt strap specimen

crack length for the DCB specimens

Initial crack length

length of the strap of the butt strap specimens

width of the DCB specimens

conipliance

initial compliance

machine compliance

conipliance correction due to indentation and machine stiffness
compliance of specimen

System compliance

length of the main plates (Steel and Aluminium) of the butt strap joint
length of the overlap between the steel plate and the aluminium strap in
the butt strap joint

length of the overlap between the aluminium plate and the aluminium
strap in the butt strap joint

change in the crack area for a uniform width B

change in conipliance

energy change

Young’s modulus of the adhesive

flexural modulus of specimen determined from test data

Young's modulus of the substrate in the DCB specimens

large displacement correction factor

fracture energv

Critical mode [ energy release rate (fracture toughness)

height of adherends in DCB speimens when substrates are similar
height of the aluminium adherends in the DCB specimens

height of the steel adherends in the DCB specimens

second moment of inertia

contour integral use to calculate the fracture energy at the tip of a crack
Stress field intensity factor

mode I stress field intensity factor

critical mode T stress intensity factor
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L length of the DCB specimens

1 constant used in the DCB data post-processing

N load block correction factor

1 slope of the plot of log(C) vs log(a) in the DCB data post-processing
P force or load used in the DCB data post-processing

Piier  maximum value of force

r radial coordinate in the polar coordinate system

s arc of length along the integration line I’

T stress vector

ty adhesive bondline thickness of the joints

ty thickness of the main aluminium plate in the butt strap specimen

tueer  thickness of the main steel plate in the butt strap specimen
turap thickness of the aluminium strap in the butt strap specimen

U energy

Uy dissipated energy

U, external work

Uy kinetic energy

Us strain energy

u displacement vector

U, displacement along x-axis used in the finite element model
u, displacement along y-axis used in the finite element model
W strain energy density

X cartesian coordinate

v cartesian coordinate

Greek symbols

) vertical displacement of the DCB specimen during testing
Ocor corrected value of displacement

O maa maximum vertical displacement

Ooffset  Off-set displacement

A crack length correction factor

AG change in energy release rate

) stress

Oy axial stress

oy normal stress

o111 axial stress

To9 normal stress

r arbitrary path surrounding the crack tip

Tio shear stress

0 circumferential coordinate in the polar coordinate system

v Poisson ratio
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List of abbreviations

BSI British Standard Institution

CBT  Corrected Beam Theory

ECM  Experimental Compliance Method

SBT Simple Beam Theory

SEQV  Equivalent stress (commonly named Von Mises stress)
SX Direct tensile stress (in the x-direction)

SY Normal stress (in the y-direction)

SXY  Shear stress

S1 Maximum principal stress



Chapter 1

Introduction

Traditionally the shipbuilding industry uses welding. riveting and bolting as the
prinmary process for joining the different structural parts of a ship. In the case of
welding, it is well known that this process results in induced stresses during the fab-
rication stage which in turn lead to distortion in the shape of structural components
and indeed. the ship itself. Considerable effort has thus to be expended to rectifv
these weld-induced distortions leading to increased production costs. One additional
problem in the case of aluminiuin is the significant reduction in the fatigue load ca-
pacity in case of welded structures (IKecsmar & Shenoi 2004). When using bolts
or rivets, the major issues are the stress concentrations induced by the singularity
caused bv the hole and galvanic corrosion if different materials are joined. As a
consequence. either the structural topology has to be rearranged to cope with n-
creased stress levels or the scantlings of the structure have to be enhanced. In either
case. there is an increase in the weight of the structure. Since structural weight too
needs to be minimised. especially in high speed. high performance ships. there is a
need to investigate alternative joining techniques for aluminium structures: adhesive

bonding is one of them.

1.1 The bonding technology

1.1.1 Comparison between fastening techniques

There are 3 major tyvpes of joint that can be encountered: welded joints. riveted
joints and bolted joints. There are two topics of comparison that can be made.
namely from a structural point of view and from a manufacturing or labour point

of view (Semerdjiev 1970). These comparisons are summarised in Table 1.1.

In some situations (not to say most of them) the traditional and well established
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techniques will not be overtaken by the adhesive technology as they would be more
appropriate. The reason is because these techniques enable the structure to be
loaded in either tension. compression. shear or a combination of these different

modes with less harni than with adhesive.

1.1.2 A new fastening technique ?

The adhesive bonding technology has been used as a fastening technique for thou-
sands of vears. However, it has been used in structural engineering only for a
few decades mainly because structural adhesives are made of chemical products
like polvmers the technology of whicli was not available before that time. It has
been developed and used extensively for more than sixty yvears in the aeronautics
and the aerospace mdustry. In ship research. adhesive has been considered to re-
pair fasten structural parts of a ship since the late 1980° and early 1990° (Allan.
Bird & Clarke 1936. Hashim, Winkle & Cowling 1990. Winkle. Cowling. Hashim &:
Smith 1991).

With laser welding. it probably represents one of the last development in the fasten-
ing technology after the traditional methods that are riveting, welding or bolting.
However. like any technologyv and especially new ones. this one has assets and draw-

backs: thev are listed in Table 1.2.

1.2 Layout of the thesis

This study starts with a review of adhesive bonding used as a structural fastening
technique in industry. This chapter presents the latest development concerning the
methods to assess bonded joints: either undamaged or damaged. It also presents
the specific research done in adhesive bonding for the marine industry. Based on
this review. weaknesses in this domain are underlined and the motivations for the

present work are detailed.

Part of this study was based on works carried out during an industrial project
(Bondship 2003), the background of which is presented in Chapter 3 followed by
the methodology adopted during this work. These chapters are followed by two
chapters regarding a local approach of basic joint designs focusing respectively on
the strength and fracture mechanics aspects of adhesive joints. Typical considera-
tions include the imfluence of the adhesive thickness and adherend materials on the

strength of joints and the crack propagation along the adliesive bond. Chapter 7 1s
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dedicated to the study of the strength behaviour of more complex structural joints
designs that are used in a high speed craft and are first presented in Chapter 4. The
fracture behaviour of these joints is the topic of Chapter 8 where their tolerance to
damage is investigated: it includes the analysis of joints with different crack lengths
at different load levels. Chapter 9 will focus on a discussion about the integration
aud the relevance of the two approaches in the design of a bonded lightweight su-

perstructure for a high speed craft.

A final chapter concludes on this study and proposed new directions of research to

enhance the knowledge in adhesive bhonding for marine structures.
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Tables
Structure Labour
Advantages Disadvantages Advantages Disadvantages
Welding Strong joints & rich | Join only similar || Technique well es- | Tedious labour &

database

materials & distor-
tion problems

tablished

heavy equipment

Riveting Join different | Join thick material || Well  established | Tools manipulation

and materials & strong | only. stress con- technique & repetitive tasks

boltine joints centration & drill

e structure

Adhesion Join thin and | Lack of data base Straightforward Need  of  clean
different materials. application environment  and
uniforin stress technique lahour protection

Table 1.1: Comparison of different fastening technigues
Advantages Disadvantages

Join plates of different materials: metal
to metal joints, conmposite to composite
or nietal to conposite joints are amoug
tlie numerous possibilities

Limitation i the load bearing capaci-
ties

Join relatively  thin plates & high

strength to weight ratio

Limitation in the thermo-mechanical

properties

The stress distribution is almost uni-
fornt in the joint

Limitation in their use in hostile envi-
ronments like water

Good performance in
achieved

fatigue are

Possible chemical hazards associated
with its use during its application and
fire safety has to be carefully looked at
as it is a lammable product

Good noise and vibration damping and
insulation capacities

Application to be done in a relatively
clean environment

From a manufacturing point of view.
the application procedure is relatively
straight forward

Lack of long term data

Better tolerance to geometrical inaccu-
racy

Guide lines only enterging

Table 1.2: Advantages and disadvantages of adhesive bonding




Chapter 2

Literature Review

2.1 Introduction

When choosing to use adhesive technology to build a structure. the designer needs
to have a basic knowledge of bonded joints that are going to be used. This knowl-
edge encompasses the mode of failure. the static and dynamic behaviours and the
behaviour in degraded environmental conditions and will be gained thanks to ex-
perimental as well as mathematical modelling. The modelling of adhesive joints
have been the subject of research since adhesive joints have been considered in the
industry to fasten structural elements. [t include in particular the assessment of
the stress field in the bond. the fracture mechanics of adhesive joints and modelling
of the long term behaviour via the assessment of the damage due to environmen-
tal degradation. These tools are essential in the understanding to design safe and
durable bonded structures. The following sections present the latest developments
in the modelling of joint in the field of stress analysis. fracture mechanics and envi-

ronntental degradation.

2.2 Assessing adequacy of perfect joints

The knowledge of the stress distribution in an adhesive bond is of primary im-
portance for the designer to minimise stress concentration and assess safety factors.
Hence, lap joint theories have been a matter of investigation for now almost 70 years
and numerous authors have proposed analvtical solutions to compute the stress i
a bonded joint. These theories have been developed progressively with successive
approximations depending on the types of joints and their configurations but also
depending on the power of tlie mumerical tools available. The following intends to
summarise tlie major methods derived to date showing their limitations and the

major asstunptions that characterise them.

[
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2.2.1 Analytical modelling

The first works carried out about adhesive as a structural fastening device are at-
tributed to (Volkersen 1938). This very first analysis took into account the fact
that the upper and lower substrates were not totally rigid and deform themselves

elastically when loaded. Figure 2.1.

The second major contribution in the analytical study of adhesively bonded lap
joints 1s due to the work of (Goland & Reissner 1944). The main improvement
i their work. compared to the one of Volkersen. is that thev first considered the
bending of the honded plate due to load eccentricityv. From this assumption. thev
have identified what is called the bending moment factor k. This factor represents
physically the rate of transfer of the bending moment to the edge of the joint. Figure

2.2, Their study is described as valid for two limited cases. namely:

o When the adhesive layer is so thin that the flexibility of the joint is neglected.

This 1s the case of bonded wooden and plastic plates.

e When the flexibility of the joint is mainly due to the adhesive layer. This is

the case of adhesively bonded metal plates.

Whereas the previous theories assuimed constant shear and normal stress through
the adhesive thickness. work done by (Volkersen 1965) introduced this variation in
the equations describing the mechanical behaviour of the joint. He showed that a
basic theory considering constant o, through the adhesive laver underestimates the
peel stress by almost 50% . He noticed that shear and normal stress concentration
decreases with increasing adhesive thickness suggesting design of joints with thicker
adhesive laver to the detriment of joint strength. He also suggested that failure in

single and double lap joints is due to peel and not shear stress.

The major following work on adhesive bonding was due to (Hart-Smith 1973). Sev-
eral issues were investigated concerning not only elastic-plastic adhesive but also
failure modes, mnfluence of adherend stiffness imbalance and thermal effects. The
analysis presented in the paper was an elastic-plastic analvsis taking into account
adhesive plasticity and including adhesive material and geometrical properties in

the calculation of the bending factor.

Hart-Smith identified three types of failure mode. namely:
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¢ One due to load eccentricity coming from direct load stress and bending stress:

failure is identified in the adherend outside the joint.

e Adhesive failure due to shear stress: this mode is potentially extremely rare.

confirming suggestion from (Volkersen 1965),

e Two failure modes associated with peel: either adherend is made with metal:
in this case failure occurs in the adhesive. or adherend is made of filamentary
composite adherend and in that case peel strength in the inter laminar fibre
1s much less than of the structural adhesive. therefore failure occurs in the

adherend.

Two other effects were investigated that are thermal effects and stiffness imbalance.
The author showed that if materials of different thermal expansion coefficients are
used as adherends. this difference influences the transfer of load therefore bending
momnient and associated coefficient k are changed. Also. he stressed that a balanced
joint made with the weakest of the adherends involved in the imbalance one. is
stronger than the imbalance joint. This imbalance also increases stress concentra-
tion. Eventually. if there is no stiffness inibalance but thermal mismatch between
adherends. this will increase the bending moment in the adherend of lower coeffi-
cient of thermal expansion. Generally speaking. stiffuess imbalance or thermal co-
efficient imbalance will reduce the joint strength. Some restrictions concerning the
work of Goland & Reissner were pointed out especially that their theory (Goland
& Reissner 1944) is strictly speaking only valid for light loads and small overlap of
joints. However. (Tsal & Morton 1994, Cooper 1979) confirmed that the theory of
Goland & Reissner is sufficiently accurate to enable a qualitative assessment of the

influence of geometrical and material parameters.

Analytical solutions have not been able to model the zero shear stress that should
occur at the edge of the joint. Indeed. equations of solid mechanics stipulate that
at the free surface of a solid shear stress 1s nil. The analvsis done by Allman
(Allman 1977) not only enabled to model this elementary boundary condition at
the edge of the joint but was also valid for a wide range of elastic substrate materi-
als. His method used the hasic equations of solid mechanics like the previous ones
(Cornell 1953, Goland & Reissner 1944, Hart-Smith 1973) but for the convenience
of the calculation. a stress function was introduced based on strain energy consider-
ation. Once the solution was derived. a qualitative analvsis was shown to compare
the new method with the classical one from Goland & Reissner for different lap joint

designs. It was found that stress concentration is reduce from 15 to 30% compared
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to classical theory Goland & Reissner: this is due to the possibility of modelling

zero shear stress at the edge of joints.

The following closed form analysis are all improvements of Goland & Reissner’s with
additional refinements concerning adherends: orthotropic adherends were included
in the models of (Renton & Vinson 1977). and (Delale. Erdogan & Aydinoglu 1981).
Results of the first one were in good agreement with photo-elastic analysis and re-
sults of the second were confirmed by finite element models. (Ojalvo & Eidinoff 1973)
outlined the importance that variation of shear throngh the thickness can have in
the outcomes of analysis. Their study included also bond thickness variation and
showed that difference between classical theories and the new theorv occurs onlv at

the edge of joints where stresses ave the highest.

As it has been seen. the previous analvsises focused onlv on some specific joint
designs like orthotropic or isotropic adherends. single lap joints or sometimes non-
identical adherends. (Bigwood & Crocombe 1989) tackled this problem and set up
a method that considers that any suitable bonded structure can bhe reduced to an
adherend-adhesive sandwich where complex loading can be applied. Although the
method does not model a zero shear stress at the edge of joints. it has been success-
fully validated with finite element analvsis. However. like (Hart-Smith 1973). it was

highlighted that adherend mismatch introduces ervors in the results.

Eventually. some authors like (Carpenter 1991) and (Tsai & Morton 1994) evalu-
ated the accuracy of several analytical theories. compared them to each other and
investigated the influence of the different assumptions made i the various methods.
(Carpenter 1991) showed that shear and peel stresses are generally insensitive to the
assumptions except in the case where neglecting shear deformations in the adherend
causes the stress to vary by up to 30%. The author also showed that inconsistencies
highlighted in (Goland & Reissner 1944) are balanced by the absence of shear defor-
mations in the adherend. {Tsai & Morton 1994) compared some available analvtical
solutions to a finite element model mcluding geometric non linearities to account
for large deformations due to bending moment. They concluded that the model by
(Hart-Smith 1973) is appropriate to assess edge moment in the case of short overlaps
and varied adhesive thicknesses whereas the proposed modified Goland & Reissner’s

model 1s suitable for long overlaps in the definition they give for this parameter.
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2.2.2 Numerical modelling

Since the early 1970 it has Dbeen noted an increase in the use of finite element
nmethod to assess the stress in adhesive bonded structures. Since it is considered as
a powerful and accurate tool for structural design. it has been progressively used to
validate analytical solutions and experimental modelling. The interest of numerical
model compared to closed fornt analysis is that it is possible to easily analvse stress
in more complex structure and the influence of different parameters such boundary

conditions or material properties that an analytical niethod cannot do.

Finite element techniques to assess stresses n lap joints were first reported by
(Woolev & Carver 1971). The analvsis was based on a linear displacement func-
tion with two elenments tlirough the thickness of the adliesive laver. The analysis
was done for a range of elastic modulus ratios from 0.1 to 1000 and adherend length
to adherend thickness ratios. Although simulations were done considering plane
stress analysis. comparison was made with results from Goland & Reissner’s theorv

and good agreement were found according to stress concentration.

An early use of finite element tool was also proposed by (Adams & Peppiatt 1974).
Their work focused on stress concentration at the end of the joint and a parametric
study was carried out concerning end effects with the presence of spew fillet at the
edge. Comparison between joint with and without fillet was done and it was shown
a reduction in maximum stress up to 70% in the case of shear and 80% in the case
of peel stress. Also, the influence of the fillet size on the stress distribution was
observed: a 70% reduction in maximum shear stress was obtained at the end of the
adhesive layer and maximum stress occurs in the adhesive at the adherend corner.
Eventually. it was shown that the existence of a chamfer due to etching of adherend

reduces niaximun stress in this area to up to 40%.

(Harris & Adams 1984) used a non-linear finite element technique to predict the
mode of failure and failure load of single lap joints with a series of different ad-
herends and adhesives. The results were compared with experimental and ana-
Iytical results. The finite element analyvsis used was able to account for the large
displacement rotations that occur in a single lap joint under load. and elasto-plastic
behaviour of both the adhesive and the adherends was considered. A failure crite-
rion based on the uniaxial tensile properties of the adhesive was used: depending on
the type of adhesive used, the authors found that a maximum stress criterion can

be appropriate, whereas a maximum strain criterion can be emploved for other cases.
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(Reddy & Roy 1988) investigated the influence of three different types of boundary
conditions in the stress distribution in the adhesive layer. Their model, validated
with classical analytical theories. showed the importance of these conditions as theyv
can significantly alter the stress distribution in a lap joint. They also outlined the
influence of the mesh in the stress distribution: it was found that a non-uniform

mesh nmplies less scatter in the results than a uniform one.

The use of a local failure criteria is subjected to numerous possibilities: maxinuun
shear or peel stress or principal stress or modified Von Mises citerion among others.
Hence. (Crocombe 1989) used finite element analvsis to predict failure in bonded
joints and proposed a failure criterion based on global vielding (as opposed to local
failure criterion like peak stress) that describes more the onset of failure rather than
the global rupture. This global vielding applies “when a path of adhesive along the
overlap region reaches a state in which it can no longer sustain significant increase

of applied load™.

(Bigwood & Crocombe 1990) used finite element method to validate an analysis
taking into account non-linear material behaviour of the adhesive. Further valida-
tion was carried out in comparing results of different elastic plastic models and close
agreement were found between them for the shear and transverse stresses. Moreover.
based on the study in (Crocombe 1989) adhesive thickness effects were investigated.
It was shown that unlike elastic analysis that predicts increase of strength with
increase of adhesive thickness. vielding progresses more rapidly in thick joints there-

fore leading to the expected loss of strength.

In order to assess different lap joint theories. (Carpenter 1991) presented a spe-
cial adhesive element that allowed to control parameters for different assumptions.
Results using this element converged with the corresponding closed form analysis
having the same set of assumptions. However. it was shown that increasing the num-
ber of elenments in the adhesive thickness leads to an increase in the stress magnitude
confirming the equations of elasticity that predict stress singularity at a bi-material
interface. The author therefore concluded that stress predicted by either finite ele-

ment or closed form analysis are convenient artificial values.

(Tsai & Morton 1994) outlined that geometric non-linearities are due to the eccen-

tricity of the load path implying large rotation deformations. They used a finite
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element method to assess the k-factor (ie joint edge moment) and compared the
stress distribution in the adhesive layer with selected closed form solutions. Close
agreement was found within a 10 % margin between classical solutions and the non-
linear model for both shear and normal stresses. An interesting feature was that
normalised longitudinal, peel and shear stresses decreased with increasing load. This
is caused by the reduction of edge moment due to the eccentricity and large deflec-
tion effects. The numerical study also emphasised a zone of uncertainty confirming

suggestions done by (Ojalvo & Eidinoff 1978).

In the shipbuilding industry. joints used are thicker and an increase of adherend or
adhesive thickness modifies the stress distribution in both the substrate and the ad-
liesive bonud. (Bezine. Rov & Vinet 1996) used finite element modelling to investigate
stress in composites adherends. Their analvsis showed that the stress concentration
leads to delamination hut that stress distribution is insensitive to overlap lengtl.
Thev also showed that the stress concentration can decrease by 50% when using

tapered jounts.

Thanks to finite element analvsis. two studies by (Tsai. Morton & Matthews 1995)
and (Li. Lee-Sullivan & Thring 1999) outlined that longitudinal stress in the adhe-
sive is not negligible. With a 2-D geometrical non-linear analysis. (Li et al. 1999)
showed that maximum stress occurs in a single lap joint in an area close to the
adhesive-adherend interface at corner ends. This suggests a critical locations for
adhesive failure initiation that are at opposite ends of joint overlap and confirni a
failure theory proposed by (Ojalvo & Eidinoff 1978). The investigations carried out
by (Tsail et al. 1995) concern composites lap joints and showed that large deforina-

tions in adherend near the overlap must be taken mnto account in the analysis.

Eventually. finite element analysis was used by (Li & Lee-Sullivan 2001) to compare
the influence of stress state assumptions and the boundary conditions in the stress
distribution of lap joints. It was concluded that the distribution is more sensitive
to the boundary conditions than to the stress state. However. it was noticed that

these boundary condition effects decrease together with the load.

2.2.3 Environmental degradation

One of the major challenges faced when using structural adhesive bonding m in-
dustry 1s the understanding of degradation due to environmental attacks. This

degradation is due to a complex combination of damage of both the adherends and
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the adhesive itself as well as their interfacial zone leading to uncertainty about the
durability of adhesive joints. The durability of an adhesive joint depends not only
on the time of exposure and type of environmental attacks (such as for example
water and temperature) but also on the type of surface preparation of the adherend.
Extensive research has heen carried out on these different facets of durability aspects

of adhesive joints.

Environmental degradation of adhesive joints can be caused by many different fac-
tors listed by (Kinloch 1990) though water is generally considered as the main one
causing joint degradation. Different modes of access are identified (Adams. Conin
& Wake 1997) as: ingression from and along the interface. ingression by micro-cracks
11 the adhesive. absorption by the achesive. absorption from the adherend (rare).
This leads to different weakening processes: swelling. causing internal stress in the
adlesive boud. damage at the interface between adherend and adhesive or degrada-

tion of the bulk adhesive properties.

(Lee. Kwon & Cho 1998) have investigated the strength of bulk adhesive and com-
pared it to the strength of an adhesive tubular joint with respect to the level of
absorbed moisture. They found that adhesive joints are stronger than bulk adhe-
sive because of swelling effects. They also pointed out. like many others {Venables
1982. Bowditch 1996). that surface treatments increase strength retention under hy-

grothiermal environnient.

Similarly. (Zanni-Deffarges & Shanahan 1995) have compared the behaviour of bulk
adhesive and adhesive joints using a gravinietric technique. They showed that the
elastic modulus of the bulk adhesive decreased while water diffused into the adhe-
sive. They also developed a model that predicts diffusion in adhesive joints taking
into account changes in the overall elastic behaviour of the bulk adhesive. Discrep-
ancies between experimental and numerical results led them to suggest capillarity

diffusion at the interface between adhesive and adherend accelerating water ingress.

(Crocombe 1997) assessed the response of bonded lap joint in a degraded environ-
ment such as water within a numerical framework including a mechanical-diffusion
analysis to determine the spatial variation of moisture in the adhesive. He studied
the effects of the adhesive fillet and its influence was shown to be significant over a
long period of time. Also. after translating material data from thick adherend shear

test into tensile properties from the open literature. he showed that degradation of
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the bulk adhesive Young's modulus could be degraded by 80 % after 8 weeks at 50°C

% relative humidity. The analvsis led him to predict failure of the joint; he

and 95
suggested a failure initiation in the middle of the overlap as the bondline is shown

to be more hrittle there than at the edge in a wet environment.

(Armstrong 1997) studied the influence of long term ageing on adhesive joints in
distilled water at room temperature. Different adhesives and different surface treat-
ments were tested through a wedge test programme over a five vear period. He
suggested that the durability of adhesive joints depends more on the durability of
the oxide layer developed at the interface of the joint than on the durability of the

hulk adhesive.

Bulk adhesive as well as interfacial degradation aspects were discussed by (Bowditch
1996). He particularly studied the effects of temperature. time and external load
on immersed lap joints. He outlined that at high temperature. surface preparation
is not a key aspect in the strength of the joint as failure is cohesive. unlike at low
temperature where failure becomes interfacial. He also concluded that weakening
effects due to interfacial attack can be balanced by strengthening effects due to relief

of internal stress by water.

As previously noticed. surface pretreatment is of great importance to retain the
strength of adhesive joints over a long period of time. In this respect. (Brockmann
1986) showed that an adhesive joint is a thiree dimensional nilti-material syvstem
in which all the materials influence each other. This influence is emphasised in the
case of ageing process. (Jones, Pitcher. Pool & Stone 1986) have studied the per-
formance of four different pre-treatments on five different titanium allovs through
a wedge test programme. They demonstrated the importance of micro-mechanical

interlocking in the durability of adhesive joints.

(Beevers 1999) has studied the effects of stress in the adhesive on the environmental
ageing process and reviewed durability test methods with stress applied to the joint.
He emphasised that the analysis and interpretation of durability test data are sub-
ject to a good understanding of the mechanisms involved in the degradation process
with a particular importance in the derivation of life prediction models. In this
respect. the author studied the uncertainties due to extrapolation of durability test
data by means of acceleration factors. The method is validated with an application

case using historical data obtained from an analyvsis of old bouded structures.
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The difference of degradation due to distilled water. salt water or salt spray en-
vironment has long been determined. However. contradictory results were found.
NMceMillan (cited by {Adams et al. 1997)) showed that joints exposed to salt sprav
water for three months were more damaged than joints exposed to semitropical en-
viromuent for three years. But Albericci (cited by (Armstrong 1997)) showed that
distilled water did more damage on epoxy. acrylic and polyurethane paint coatings
than salt water. (Holton, Spinks & Isle 1992) did a comparison of unloaded and
loaded joint behaviour in still water. 0.5 % salt water and 5 % salt water. Thev
concluded that low salt concentration was more damaging to the joints than distilled

water or high salt concentration water.

Recently, (Hart-Smith 1999) has emphasized that tests used nowadays do not sav
anything about durability of adhesives hut help to assess the quality of the surface
preparation (ie before bonding) in the case of metal to metal adhesive bonding.
As a result he also advocates the need of siniilar durability test as the one devel-
oped by Boeing for metals (ASTAN 1998). In a shipbuilding environment. the wedge
test can be used to assess the adhesive svstem including the adhesive. the surface
preparation and the surface coating applied on the adherends. Earlier. (MWilson.
Sheasby & Maddison 1997) had already emphasized that more than one durability
test method should be implemented to achieve the best bond in term of strength
and durability. through three different test methods thev demonstrated the impor-
tance of combining the data in the selection of the best combination of adhesive and

surface treatment.

Another attempt to develop a durability test method was made by (Knox & Cowling
2000b) who considered accelerated ageing as a means to assess long term performance
of surface pre-treatments. The specimens consisted of steel plates with a thick film
of adhesive to be tested. The test consisted of ageing the specimens at 100% rel-
ative humidity {r.i) and testing them by stripping the adhesive and recording the
load required to remove it. The tests were shown to be successful in rapidly detect-
ing changes in strength at the interface of and adherend/adhesive/primer svsteni.
Further. they investigated the perforimances of adhesive joints with thick steel ad-
herends in a degraded environnmient (Knox & Cowling 2000a). More specifically. thev
showed the beneficial influence of spew fillet in the strength of aged lap joints and
found that water affects both the bulk adhesive and the interfacial region with the

adherend.
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2.3 Assessing adequacy of damaged joints

2.3.1 Introduction

AMany types of defects can be found in the adhesive joints due to voids, foreign mat-
ters. non-sticky areas, weakly honded regions or mechanical and chemical attacks.
Hence. a combination of these in a high stressed region can lead to crack propa-
gation. Therefore fracture mechanics analyvsis is a practical tool to predict how a
defect will propagate within the joint in such conditions. This approach used to
analvse adhliesive joint behaviour should be considered as a complementary method

to the stress - strain analysis.

Nore generally, it can be said that fracture mechanics help to answer a series of

(uestions:

e What is the remaining strength for a corresponding crack size?

What is the critical crack size for a given service load?

How long does it take for a crack to grow from an initial size to a critical one?

What is the tolerable flaw size at the beginning of the structure’s life?

e Concerning non-destructive testing. how often should the damage structure be

inspected?

As the stress - strain approach is used to assess the strength of an ideal bonded
structure (ie non damaged). the fracture mechanics helps to characterise the tough-
ness of the adhesive itself and understand the mechanism of crack propagation.
Generally speaking, this characterisation relates 3 fundamental parameters that are
applied load. crack size and fracture energy (Griffith 1920. Ripling. Mostovoy &
Corten 1970. Kinloch 1990).

As shown by Figure 2.3 there are three different niodes of fracture that can be
considered, namely: tensile opening mode or mode I. in plane shear mode or mode
IT and out of plane shear mode or mode III. In most structures. the predominant
and most damaging mode is the mode I but it is usuallv a combination of two or

three modes that will effectively be observed when the crack propagates.
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2.3.2 Analytical modelling

The first reported analytical model is due to Griffith (Griffith 1920) and was orig-
inally applied to glass materials. The author stated that a crack will grow when
sufficient energy is released. In other words, crack will grow when all the work done
by the applied external forces and the elastic energy stored in the material is con-

verted in elastic surface energy.

Unlike Griffith who considered an energy approach. (Irwin 1957) considered a stress-
strain approach to crack propagation. He demonstrated that the stress field around
a hrittle crack can be described with two parameters: the applied stress normal to
the crack and an invariant parameter (invariant with respect to the material) called

the stress intensity factor.

The approach of fracture mechanics applied to adhesive bonding was also divided
nto two: an energy approach and a stress strain approach: the equations associated

with these concepts are presented in Appendix A.

An elastic stress-strain approach was considered by (Erdogan 1963) and (England
1965). It was found that the stress surrounding a crack tip of dissimilar materials
1s proportional to 71% too. where 7 is the radial distance from the singularity. Also
it was shown that the stress presented an oscillating behaviour at the crack tip that

1s not physically possible.

On the other hand. the energy approach which is more experimental-based and was
developed by (Ripling. Mostovoy & Patrick 1963. Ripling et al. 1970) based on Grif-
fith principles. The aini is to obtain a description of the adhesive with a resistance
curve (R-curve) plotting the fracture energy G, vs crack length Aa. Figure 2.4. Thev
chose to use this concept rather than a stress field description of the crack tip because
adhesive niaterials are heterogeneous syvstems and defined G, as a being a material
constant. (Rice 1968) proposed a method based on a path independent integral to

calculate the deformation at the tip of a cracked linear or non-linear elastic material.

The definition of an adhesive bond can encompass both adhesion of metallic or
composite sheets and matrix of composite materials. Hence. a series of studies have
been carried out concerning delamination of polvier composites and have been
applied to adliesive bonding afterwards. (Hashemi. Kinloch & Williams 1989) and

(Hashemi. Kinloch & Williams 1990) showed that a series of correction were needed
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in the calculation of fracture toughness of composite specimens. This is due to:

e Deflection and rotation of the crack root,
e Large displacement observed during testing of the specimen,
e Stiffening effects if end blocks are used.

Deflection and rotation of the crack tip are not taken into account in beam theory
analvsis that considers them to be zero. Therefore the authors proposed a correc-
tion factor proportional to the lieight of the composite ply and taking into account
elastic properties of the material. Large deformations of the specimen are due the
combination of slender beamn and high toughness of the material hut also to the
presence of end blocks that tilts causing the speciimen to distort. The stiffening
effects ilply to correct the measured vertical displacement. The correction factors
take ito account both large deformation and end-blocks effects. Further investiga-
tions have been carrled out concerning different testing procedure and are going to

be discussed later in this chapter.

(Blackman, Dear. Kinloch & Osivemi 1991) outlined the attention to pay when
choosing a method to analvse experimental data from Double Cantilever Beam spec-
imens and reviewed the different approaches that can be used. derived from simple
beam theory. However. all the four methods described in the Letter were based on
an original formula and result on a combination of different parameters. Also. proof
of the useful character of the correction factors described by (Hashemi et al. 1939).

(Hashenii et al. 1990) were shown experimentally.

2.3.3 Numerical modelling

(Trantina 1972) was the first author to report numerical analysis of cracked adhesive
joint through finite element analysis. Fracture toughness and stress intensity factor
were assessed via compliance method and displacenient method respectively. The
author also investigated the influence of adhesive thickness in the stress distribution
around the crack tip. He found that fracture energy GG; decreases with increasing ad-
hesive thickness. Also remarkably. for very thin adhesive thickness. fracture energv
of adherend-adhesive system beconies similar to the fracture energy of the adherend
alone. The analysis allowed to show the equivalence between fracture energy G and

stress intensity factor K in the case of fracture in bonded sheets.
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(Wang, Mandell & McGarry 1978) numerically investigated the influence of adhesive
thickness on the stress field surrounding a crack tip. Effect of adhesive thickness
on the stress intensity factor was found negligible for various adhesive to adherend
modulus ratios and it was outlined that the stress singularityv is limited close to
the crack tip. Effect of adhesive thickness were shown more apparent with stress
distribution exhibiting small divergence around it. Further conclusions were drawn
concerning the influence of modulus ratios: it was found that the singularity is re-
duced between the case of monolithic system and the case of an adhesive adherend
svstent. Also. thev showed that the trend of stress at the crack tip decreases with
ncreasing adherend to adhesive ratios: the stress intensity factor decreases with

increasing stiffness of adherends.

(Ouezdou & Chudnovsky 1988) investigated the adherend adhesive interaction and
proposed a model that took into account the adhesive laver in a Double Cantilever
Beam. They outlined that the adhesive layver notably affects the strain energyv re-
lease rate. The latter is increased with increasing adhesive laver and as the adhesive
rigidity decreases for a given geometry. The authors also noticed that even if adhe-
sive and adherends stiffness are of the same order of magnitude. the adhesive laver

still contributes to the fracture toughness.

Following the work from (Fernlund & Spelt 1991). (Fernlund. Papini. McCamniond
& Spelt 1994) used finite element analyses to validate the concept of the J-integral
approach combined with large deformation heam theory. to obtain a closed-form
expression of the fracture energy taking into account applied loads in cracked adhe-
sive sandwich. Their assunmiptions were fairly vestrictive for the application of the
expressioll: the adhesive layer was assumed to have minor effects on the deformation
of the joint and the cantilever was assumed perfectly built-in implying no rotation
of the beam root. However. thelr results correlated with non-linear finite element
analysis and experimental data within less than a 10% margin. The interesting fea-
ture of this method was that it is not necessary to have the knowledge of stresses
in the adhesive layer but just applied loads providing a more general approach as

presented by Bigwood & Crocombe {Bigwood & Crocombe 1989).

(Hamoush & Ahinad 1989) developed a failure criterion to estimate the interface
separation load for adliesive joints with dissinular materials based on the evaluation
of the J-integral. Their niethod was a combination of analyvtical. numerical and

experimental analyvsis as the finite element analysis was used to compute the strain
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energy release rate based on the input loads from experiments. They concluded that
the critical energy release rate can be used as a material property and as a failure
criterion for interfacial crack between two different materials because it is indepen-
dent of adhesive thickness. initial crack length and type of applied load. While the
critical energy release rate G, remained constant with the latter parameters. it was

outlined that the mode I and mode II components of G, are not.

(Pradhan. Ivengar & Kishore 1995) used finite element analysis in order to assess
the strain energv release rate of various adhesive joint geometries. Their model
was not based on the J-integral evaluation but on a crack closure representation
and only required knowledge of nodal forces and displacements. Single-edge notch
tensile specimen. four point bending of a cracked lap shear specimen and a cracked
double lap joint with two different boundary conditions were considered. Also.
thev considered different locations of the crack at the interface and different growth
directions. Their investigatious led to the conclusion that crack growth and crack
location are sensitive to boundary conditions but critical crack length is independent
of rigidity of constitutive materials and independent of whether or not a pre-crack
is made: this was the sanie conclusion made by (Fernlund et al. 1994). Concerning
adhesive thickness influence. low adherend to adhesive thickness ratio implies fast
and unstable crack growth and low failure load. They therefore highlighted the
immportance of having low adherend to adhesive elastic modulus ratios. low overlap
ratios and high thickness ratios in order to get strong double lap joints. This last

point confirmed conclusions made by {Ouezdou & Chudnovsky 1988).

2.3.4 Influence of geometry

Although Ripling & Mostovoy assumed that the fracture energy was a material con-
stant. it was shown by several authors that the adhesive thickness and the adherends

materials can influence the fracture toughness value of adhesive joints.

Previously cited, (Wang et al. 1978) initiated investigations on the influence of ad-
herend materials on the stress field surrounding the crack tip. (Bell & Kinloch 1997)
experimentally and showed that the adhesive fracture energy mayv depend on the
type of adherends used even when cohesive failure occurs. This dependence was
numerically shown to arise fron: the elastic modulus of the substrate that influence
the stress profile ahead of the crack. In their case. the higher the stiffness of the

adherend. the higher the Gy, value.
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(Yan. Mai. Yuan. Ye & Sun 2001a) conducted experimental and finite element anal-
ysis on DCB specimens. They showed that critical energy release rate G, and critical
J-integral J,. depends on the adherend stiffness. The values were lower in the case
of stiffer adherend (steel compared to aluminium adherend) while the J-integral ap-
proach was less sensitive to the change of adherend material properties but gives
more conservative results. The stress approach was in agreement with the results
found by (Wang et al. 1978) but the results from the fracture approach were different
to the results given by (Bell & Kinloch 1997. Blackman, Kinloch & Paraschi 2001).

(Blackiman. Kinloch. Paraschi & Teo 2003) have used the main three analvtical mod-
els hased on the energy approach described in Appendix A to measure the mode I
fracture energyv of adhesive joints. Thev considered both DCB and TDCB specimens
with three different set of adlierends and assess the mfluence of each analytical mod-
els and the adherends. Theyv showed that the Gy, values were independent of the
joint geonietry bhut dependent upon the substrate materials used due to the curring

process and the glass transition temperature of the different materials.

(Kinloch & Shaw 1981) were one of the first authors to investigate the fracture
behviour of joints with thick adhesive. Theyv considered TDCB joints with steel
adherends and increasing adhesive thickness (0.1 mm to 3 mm) and assessed the
fracture energy Gy, for a range of adhesive thicknesses. temperatures and rate of
loading. Thev found that the fracture toughness reach a maximum value for a spe-
cific bond thickness but remain than the fracture energv from the bulk adhesive.
Thev explained this phenomenon via the shape of the plastic zone developed at the

crack tip. ie. in terms of constraints.

(Daghvani. Ye & Mai 1995) used compact tension (CT) specimens made with alu-
minium and rubber-toughened resin to assess a relationship between the fracture
energy and the bond thickness. considering elastic-plastic model of the adhesive.
Hence thev used the J-integral approach to obtain the fracture energy. Theyv found
that J. was highly dependent on the adhesive bond and increases with the thickness
towards the fracture toughness of the bulk adhesive. They identified brittle fracture
for thin between 0.04 mum and 0.5 mm and tough fracture mechanisms for bond

thickness beyond 1 mm.

(Yan et al. 2001a) also considered the effects of adhesive thickness on the fracture

toughness of DCB joints. The analvsis was carried out with aluminium substrate
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and elastic-plastic analysis for adliesive between 0.4 and 1.8 mm. Like the previous
authors. they show the complex behaviour of the fracture toughness of the joints
with respect to adhesive thickness. They showed that for a same load level. the

opening stress ahead of the crack was higher in the case of sinaller bond thickness.

(Yan, Mai & Ye 2001b) proposed a model to explain the dependence of the joint
fracture with bond thickness. According to their study. this dependence is due to
a competition between two fracture mechanisms. Linear increase of toughness with
thin adhesive bonds is explained by the high constrained from the adherends while
for thick bonds. it decreases due to the blunting of the crack tip with increasing

load.

2.4 Actual marine applications

Before adliesive joints were considered to connect structural elenients in ships. works
were carried out 1 the 1980°s on the possibility to use adhesive for crack repair.
The interest is that it is cost effective and can be used in a straightforward manner
compared to welding. (Allan et al. 1986) have investigated the possibility to bond
high Young's modulus patches (steel and carbon fibre) to cracked aluminium ship
structures. Fatigue test were carried out on different configurations of patches with
different adherends and adhesives. The method was proved to be useful with high-
light of need of good surface preparation. Steel patch was shown to have a better
fatigue life than carbon fibre one and concerning patch design. it was suggested that
tapering the adhesive is more efficient than tapering the plate itself. (Grabovac.
Bartholomeusz & Baker 1993. Grabovac 2003) have used carbon fibre composite
materials as a reinforcement of an aluminium superstructure prone to fatigue in-
duced cracking. They showed that the reinforcement was still in place and that 10

further crack propagation occuired in a 7-vear period.

Adhesive bonding has been investigated shipbuilding and offshore applications for
more than a decade. Early studies werc made by University of Glasgow to investi-
gate adliesive bonding as an alternative to welding for the attaclunent of structural
stiffening. (Hashim et al. 1990) have tested different possibilities of steel stiffeners
bonded to flat plates. They concluded that adhesives have the potential to be an
alternative to welding for some structural connections in shipbuilding although it
should not be a simple substitution. The adhesive bonding process can be imple-

mented in shipvards. However. the authors outlined lack of data concerning joint
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behaviour such as corrosion effects, creep behaviowr of joints. fatigue life and crack

propagation in adhesive bonds.

(Winkle et al. 1991) further developed investigation concerning adhesive bonding in
marine environment. Temperature and creep effects were studied. fatigue strength
and marine environmental degradation were assessed. Furthermore. their focus
turned to bonding of sandwich structures and dissimilar materials. Their conclu-
sions were that adhesive offers the possibility to join a large variety of materials used
11 the marine industry. They outlined again the lack of long term performance and
a concern with respect to strength at high temperature. Concerning a more detailed
analvsis of bonded joints. thev showed that strength not onlv depend on adhesive
properties but more on the stiffness of adherends. They therefore suggested that
care should be taken in extrapolating data from small-scale analyvsis to large-scale
one. Thev emphasized the importance of finite element analvsis of simple joint to

quantifv the stress level in larger structures.

(Judd. Dodkins & Maddison 1996) carried out an extensive analysis of an adhe-
sivelyv bonded aluminium structure for a 56-nietre vessel. Analvsis included joint
design. adhesive selection process. test programme. construction and facilities and
the implication in terms of weight and costs. Theyv concluded that adhesive bonding
would offer a subsequent weight reduction and eliiminate any distortion in the struc-
ture. However. thev emphasized the need to carry out more extensive durability
studies concerning adhesive joints and reckoned the possibility to further optimise
the scantling and building processes. Like (Winkle et al. 1991). thev highlighted the
limitations of analytical tools to evaluate stress in bonded joints and pointed out

the interest of finite element analysis to analvse different joint configurations.

(Hashim 1999) presented an experimental and nunierical programue carried out
at the University of Glasgow on thick steel adhesive joints for shipbuilding. For
adhesive selection procedure. tests such as shear strength and cleavage tests were
considered to be useful to compare different products. Enviromunental degradation
was studied and it was shown that loss of joint strength was about 10% per year in
marine environment. It was also pointed out that it is difficult to correlate results
obtained in laboratory conditions and those obtained in a real environment during
a relevant period of time. For the use of analyvtical or numerical modelling methods.
it was suggested to use beam theory with a suitable correcting factor to assess stress

and deflection of longitudinal elements adhesively bonded. Closed-form and finite
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elenient analysis were considered to be reliable design tools to assess local stress in

simple and complex bonded structures respectively.

(Hashim & Knox 1999) carried out an extensive work on the design of joints with
thick adherend and epoxy adhesive. They considered two design concepts: double
butt strap joint with composite adherends and steel straps and shell-to-frame joints
uiider tensile loading. They concluded that the strength of the joints depended on
the geometryv of the substrate (thickness and design) and identified critical zones
proue to stress concentration at the interface of the adhesive and the composite.
(Hashim & =Knox 2004a) also investigated the hehaviour of other joint design with
thick adherend. Theyv presented three case studies where thev investigated the in-
fluence of joint tapering. the use of thick coniposite adherends and the behaviour of
joints at high temperature. From this study. thev concluded that joint design can be
niore important than the materials used. Thev also validated the creep resistance

of bonded stiffened panels under fire conditions.

Recently. the BONDSHIP programme (Weitzenbock. McGeorge & Osnes 2004a.
Roland. Manzone, Kujala. Brede & Weitzenbock 2004) aimed to promote adhesive
bonding in European shipvards in order to reduce production and operating costs in
shipbuilding. More specifically. work was carried out on adhesive modelling (Wang.
Mieth & Capeletti 2004) and the design and construction of an aluminium super-

structure that is reported by (Cantrill. Kapadia & Pugh 2004).

2.5 Summary — Motivations

The previous sections were dedicated to the presentation of the state of the art
concerning the assessment of adhesive joints for structural applications. This en-
compassed the evaluation of stress distribution within the adhesive bond of perfect
joints and the assessment of damaged joint assemblies via a fracture niechanics ap-

proach. From this analyvsis. few comments can be done concerning certain issues:

e An extensive work has been carried out in the past decades on linear and non-
linear analytical solutions to assess stress and strain distribution in adhesive
bond. Nonetheless. except in the work by (Bigwood & Crocombe 1989). none
of them allows complex loading or load applied on complex joints. This can

only be done using numerical analysis such as finite element.

e Because the use of adhesive techuology was mainly limited to the aeronautics
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industry, that considers thin sheets. few studies have been carried out on the

behaviour of bonded joints with thick adherends.

e MNost of the adhesives involved in the researches presented above exhibit rigid
material properties with Young's modulus between 1 and 5 GPa. Indeed.
hardly any adhesive with semi-rigid and non-linear material properties have

been considered to date.

e Some research has been carried out on the influence of adhesive laver on thie
strength of adhesive joints but for a limited range of thickness: up to 2 mn.
This is due mostly to the fact that adhesive technology has been identified
with aeronautics industry that achieves a high level of tolerance and quality
assurance that the shipbuilding industry is not capable of without considerable
expenses. Also as in the case of thick adherends. high adhesive thickness

nnplies a bending moment harmful for the joint.

e Strictly speaking. analytical methods to assess stress/strain distribution would
be no longer valid in the case of large adhesive thickness. It is therefore
necessary to understand the niechanism of failure and the behaviour of joints

with high thickness with an other tool other than closed-forn solution.

e The studies carried out on the influence of adherend materials on the fracture
toughness of adhesive joints only consider adherend with same stiffness and

results available are usually contradictory.

e Few works have involved the study of complex joint designs whereas an ex-
tensive work have been undertaken on simple lap joints with various materials

and under various conditions.

e NMany researchers have outlined the lack of long term data either under dy-
namic loads or environmental degradation. This. implving a lack of general
guidelines or design rules. explains the low enthusiasm of designers to use such

a technology as a structural fastening method.

o Generally speaking. very few works have been published regarding the analy-
sis of large adhesively bonded structures in a inarine environment considering
a combination of methods such as stress/strain approach and a fracture nie-

chanics approach.

The following Chapter will highlight the current weaknesses that will be addressed
in this study and will explain how the researcli will be developed in order to fill the

actual lack of knowledge in this domain.
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Figure 2.1: Different concept of stress analysis in adhesive bond: (A) simple analysis.
(B) Volkersen's analyvsis
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Figure 2.2: Goland & Reissner’s k factor concept
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Figure 2.4: Fracture modes



Chapter 3

Background

3.1 Introduction

I order to consider the possibility of using the adhesive bonding technology in a
marine context, it was necessary to choose a structure to validate this concept. From
a production point of view. the structure had to be large enough to get relevant data
and results in terms of tolerance and costs that could be extrapolated or compared
to future works. Hence. from an analysis point of view it would lead to realistic

stress levels.

3.2 Case study

The case study envisaged here for this analysis is the superstructure of a 34-m ship
proposed by VT Halmatic (UK). partner with the University of Southampton of the
BONDSHIP project (Bondship 2003). This project. funded by the European Union
during the period 2000-2003 aimed at promoting the use of adhesive bonding as a

structural fastening technique in the European shipvards.

The superstructure comprises of four principal units and a mast as shown in Figures
3.1 to 3.2. Each unit consists of aluminium extruded box sections. The individual
units are assembled as grid work and then brought together to form the unit-to-unit
adhesively bonded butt strap connections. The whole assembly is then adhesivelv
bonded on the deck of the ship made of steel. This adhesion technique enables an
easier and faster assembly process involving less heavy tools (Cantrill et al. 2004).
All the specimens tested and studied thereafter were chosen. designed and manu-
factured by VT Halmatic.

[N}
~I
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3.3 Adherend materials

The material used in the framework of the superstructure are the following:

— Mild steel.
- Aluminium alloy 5083 series 6082 extruded box section,

— Aluininium alloy 5083 series plates.

On one hand. mild steel is used in the primary structure of the ship and in this
respect represents the deck on which the superstructure is put on. On the other
hand. aluminium alloys are used for structures above the deck of the ship as thev
present a higher strength to weight ratio than steel. The reason for these materials
to be chosen was because they represent tvpical materials used in marine industry
and specifically in the superstructure mentioned in the previous section. Aluminium
allovs Hxxx series have a high corrosion resistance and aluminium alloy 6xxx series
present good weldability and corrosion resistance that make them suitable for ship-

building (Polmear 1995).

AMechanical characteristics of these adherend materials are given in Table 3.1.

3.4 Adhesive system

The adlesive syvstem represents not only the adhesive material itself but also the

associated surface preparation and primer if used.

As mentioned in the literature review in Chapter 2. there are different types of
adhesives. classified according to their mechanical behaviour: rigid, semi-rigid and
flexible adhesives. In the case of the superstructure. considering a rigid adhesive
would lead to a structure to stiff, whereas a flexible adhesive would not be strong
enough to sustain the applied loads. Therefore. the intermediate solution of the

semi-rigid adhesive was adopted as it met the requirement mentioned above.

The selected adhesive is a Plexus product named MA 550. It is a two-part methacry-
late adhesive designed for structural bonding of thermoplastic. metal and composite
assemblies. Notice from the manufacturer indicates excellent fatigue endurance. out-
standing impact resistance and a service temperature range from —55°C to +120°C

that corresponds to the basic specifications for a marine environment. Tests carried



CHAPTER 3. BACKGROUND 29

out by Centre Technique d’Arcueil on the bulk adhesive gave the results presented
in Figure 3.3 and Table 3.1 summarises its mechanical properties. Although this
adhesive is considered as a rigid adhesive with a Young's modulus of 309 MPa. it
can be seen that linear portion of the mechanical hehaviour is fairly restricted either

n tensile and shear bhehaviour.

In order to ensure a stronger interlocking between the adhesive and the adherends.
a surface preparation was carried out based on manufacturer requirement for nou-
coated substrates (Cantrill et al. 2004). The aluminium and steel surfaces were
initially ground using an 80 grit disc. The surface was then cleaned and degreased
using an acetone wipe. A PC120 primer from Plexus was applied straight after
to increase the long-term strength of the bond after been exposed to the marine
enviromment. It was left to dry for five minutes before bonding. The adhesive was
applied by two different methods: a pneumatic gun and a Mix-Pro dispenser. The
Plexus MAS550 adhesive had an open tinie of 45 minutes and a cure time between 1
1 1

7 and 15 hours at 23°C. however these times were considerably extended due to a

relatively cold working environnient.

3.5 DButt strap joints

For the butt strap. the adhesive was liberallv applied on both surfaces for the sani-
ples with the 1 and 3mm adhesive gap. Strips of wood were clamped along one of
the base plates in order to locate the upper plate. The lmm gap was set using lmm
thick washers spaced approximately 100m apart. Three stacked washers were used

to set the 3min gap.

The 5 and 10mm thick bond lines were sealed around the edges using tacky tape and
the adhesive was injected through a series of holes. as shown in Figure 3.4. Each

hole was sealed off once the surrounding area of the cavity was full.

3.6 Double Cantilever Beam specimens

For the DCB specimens. a 51mn debond area was fornied at one end of the plates
using PTFE tape with adhesive backing a 1num thick bond-line was formed using
Imm thick washers at the corner of each plate Figure 3.5. The adhesive was liberally
applied on the plate. During the curing procedure a 25kg weight was applied to close

the joint in the middle of the plate. All surfaces were cleaned and prepared using
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the technique described above in Section 3.4.

3.7 Structural joints

As mentioned in Section 3.2, stiffeners are designed as extruded aluminium box

sections. Two different designs were investigated. namely:

o Deck-to-superstructure joints. Figure 3.6: they represent the connection of the

superstiucture assembled in units that is bonded to the deck of the ship.

e Unit-to-unit joints. Figure 3.7: they represent the connection between each
unit as defined m Section 3.2. The extruded aluminium box sections are

bonded as butt strap connections.

The reason behind the choice made by the shipyard of such frame design was that
it would lead to less complex welding of joints during the fabrication phase. The
steel-to-aluminium joints were manufactured n 500nmum lengths and cut into 80 nun
lengths for testing. The surface preparation and bonding application were followed
as described in Section 3.4. with the aluminium box section being clamped against
the side plate and steel box section during the curing process. The aluminium strap
was attached after the main joint had been manufactured. The joint design specified
that a nominal 3 mm adhesive thickness was required between all bonding surfaces.
This thickness was achieved using polyethylene tile spacers. which happened to
be 3 mm thick. The manufacturing procedure for the aluminium-to-alimuinium
connection was the same as for the steel to aluminium connection. Figure 3.8. but

were made in 1150 mm lengths.

3.8 Summary

This chapter has presented all the elements necessary to the understanding of the
present study such as the adherend materials, adhesive system and different joint
designs that will be referred to in the following chapters. Based on this data, the
next chapter is going to expose the methodology adopted to investigate adhesive

bonding in a marine environment.
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Tables
Adhesive Al 5083 Al 6082  Steel
E (MPa) 300 + 42 71000 69500 200000
R0, (MPa) - 145 310 205
R (MPa) 14 300 340 600

Table 3.1: Mechanical characteristics of adherend and adhesive materials used in
structural joints. E: Young’s modulus, Ryp0: vield strength, R,,: ultimate strength
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Figure 3.1: Patrol craft and =hip

superstructure.
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Figure 3.4: Injection of adhesive for the butt strap jomnt with 5 and 10 mm adhesive
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Chapter 4

Methodology

4.1 Introduction

As pointed out in the literature review. there is a lack of understanding concerning
the use of adhesive bonding for large structures with thick adherends and relatively
thick adhesive (more than 1 mm). especially in a shipbuilding environment. Specif-

ically. knowledge needs to be enhanced in the following areas:

e The influence of adhesive thickness variations at large scale (typically 1 to 10

mm) and the influence of environmental degradation on the strength of joints.

e The influence of different metallic adherends of relatively high thickness. (tvp-

ically 3 to 6 mn1) in the strength of joints.

e The mechanical behaviour of large structural adhesive joints typically used in

shipbuilding.

e The integration of both a fracture criterion and a strength criterion for the

assessment of basic and structural joints.

The present study seeks to address each of these aspects and to give some insight
mto the behaviour of adhesively bonded joints to be used in a marine environment.
The reason to cover such different aspects lies in the approach adopted to consider
adhesive bonding in a global structure. The next sections describes the layout of the
study and outline the key aspects that are going to be developed in the following

study.

30
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4.2 Overall description

The goal of this research is to advance knowledge towards a basic methodology for
the designer who wants to include adhesive bonding as a structural fastening tech-
nique in the design of a ship. Figure 4.1 illustrates the the overall approach on which

the present study is based.

The approach can be divided into three parts. The first part is more concerned
about decision making and design process than actual investigation. dealing with
structural and joint design and selection of adhesive. The second part deals with the
strength analyvsis of joints and the third. with energy-based analvsis of the joints.
However. overall. the philosophy that will guide this research is based on a “global

to local” approach but this step by step approach does not prevent these steps to

be interrelated as it will be shown during this study.

At an earlv stage. the design data available ave the global structural design. the
materials to be used and the load specifications. The structure is based upon a con-
ventional all welded superstructure of a 34m Customs & Excise Cutter by Vosper
Thornveroft. It consists of modular aluminium units bonded to each other and a
steel base plate. Each unit comprised a welded aluminium 6000 series framework
to which an aluiminium honeycomb 5000 series cladding was bonded to form the
walls and flooring, (Cantrill et al. 2004). The load specifications are derived from
the High Speed Craft code from the DNV rules (DNV 2001).

Structural joint synthesis was carried out by Vosper Thornveroft: it implies in par-
ticular the specification of the joint requirement and its functions. In this case.
adhesive bonding was chosen to transmit loads between units: load transmission
was mainly through compressive and shear stresses at the ship to superstructure
joint for both the baseline and honevcomb clad versions. The "range of feasible
designs” stage in Figure 4.1 nuplied the choice of one design from a range of pos-
sibilities such as T, I, top hat and box sections. This choice is dictated by factors
such as cost of the joint during production. its structural function. enviromuental
conditions and maintenance capability during in-service conditions. In this case. the
aluminium framework cousisted of extruded box sections. the joint between units
was based on a double butt strap joint design while the joint between the steel base
and the whole framework was also based on similar butt strap joint design. Figures
3.6 and 3.7.
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Then two questions must be answered that will strongly determine the future study.
The first 1s "Is the joint design a complex one?”. If the answer is NO. then a sim-
ple design leads to a simple stress-strain analvsis with closed form solutions e.g.
(Goland & Reissner 1944. Bigwood & Crocombe 1989) and a limited experimental
program. On the other hand if the answer to the question YES. then a programme
mvolving finite element analvsis and testing at small scale. should be considered.
The results from the experimental programme could be extrapolated for the original
design. In the present case. the joint designs are relatively simple but are included in
a rather complex structure. hience an FE analvsis and an experimental programme
were considered. Then. from the complex design. a simpler one should be identi-
fied as the generic joint design: here the designs being based on double butt strap
joints. it is chosen to use the single butt strap joint as a generic joint design. Figure
1.3, This enables the strength assessment of the adhesive svstem. combining all
the adherend materials found in the structural joints. For the energy based assess-
nient. double cantilever beams offered a convenient nmechanism to assess the mode
I fracture toughness of the adhesive. This design was chosen for its simplicity and
because niode 1 fracture was considered more likely to occur in the joints: it is the

most damaging mode for the structure.

The use of closed form solutions for the stress analyvsis is usually limited by the
geomtetry of the joint but also by restricting assumptions relating to adherend ma-
terials. adhesive laver thickness and the stress distribution through the thickness of
the acdhesive. In this respect. theyv only provide an indication of the level of stress in
the adhesive bond as most of them fail to account for zero shear stress at the edges
of the joint. However. this tvpe of analvsis is relatively easy to set up and can be

sufficient for preliminary sizing and dimensioning.

The second question to be answered is “Does the structure have load bearing ca-
pabilities?”. It is related to the complexity of the joint. It is an important step as
this will determine the type of adhesive that has to be used. based on basic man-
ufacturer specifications. If the joint is designed for aesthetic purpose and carries
little load. then a flexible adhesive could prove to be sufhcient. On the other hand.
if the joint is designed to carry a significant load. then a rigid adhesive needs to
be considered. The miain characteristics of the rigid adhesives are a high material
stiffness and relatively low strain to failure (tvpically 2-5%). Flexible adhesives.

on the other hand, tend to be more compliant and non-linear in their stress-strain
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behaviour. Ideally. a comprehensive screening test programme needs to be carried
out to select the most suitable adhesive svstem for the structure. but this was not in
the scope of this study. In this case study, an alternative solution to rigid and flexi-
ble adhesives was adopted. choosing a senii-rigid adhesive to achieve a compromise
between gap filling capabilities, strength and cost. It was also necessary to select an

adhesive that would fall into the tolerance margins without too much loss of strength.

Once these choices have been made the assessnient of the adhesive hehaviour is car-
ried out. This includes the assessnient of the hulk properties of the adhesive material
such as the Young's and shear moduli as well as the ultimate strength to failure and
the stress-strain behaviour. Figure 3.3 shows the tensile and shear behaviours of the
adliesive used 111 this study and Table 3.1 summarises its mechanical properties as

well as the properties of the adherends used.

4.3 Field of investigation

All the data presented previously gives all the necessary input to carry out a study
on generic and structural joints: these steps. described in the bottom part of Fig-

ure 4.1 are briefly presented in the following and will be developed in Chapters 5 to 8.

The load response of the global model concerns the assessment of the load resisting
capacity of the superstructure defined in the very first step of the chart. The re-
quirenients of the structure are its abilitv to withstand a certain level of hydrostatic
and hydrodynamic external loading defined by regulatory bodies (DNV 2001). This
should identify load transfer mechanisms and the inherent high loaded regions that

need further detailed studies.

The structural joint models deal with the load transfer and failure mechanisms at
generic connections identified in the global model to be critical in terms of stress.
The load input and boundary conditions for this assessment are obtained from the
global model. The nature of the analysis type is derived from the assessment of the

joint detail.

The local joint model deals with the analyvsis of the joint detail. Typical considera-
tions at this level include topological dimensioning. material choices. analysis tvpes
and failure mode. This analvsis is essential in underpinning the scantling choice

and production process specification in terms of adherend surface preparation and
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adhesive application.

Then the frame of the actual research is divided as follows and developed thereafter:

e Basic joint behaviour and assessment of adhesive system from both a strength

and fracture mechanics approach.
e Assessment of environmental degradation on the local joint design.

e Structural element: behaviour of perfect joints and assessment of the stress

state in the adhesive bond.

e Structural element: behavionr of damaged joints.

From the design of a superstructure. structural joint designs are defined (see (Cantrill
et al. 2004) and Figures 3.6 and 3.7). The original design. Figure 3.6. was simplified
to obtain a more basic experimental joint model. Figure 1.2. The butt strap joint.
Figure 4.3. will constitute the basic joint design on which a parametric study will
be carried out for the strength bhased assessment of local element, Chapter 5. To
assess the adhesive system from a fracture niechanics approach. Chapter 6. local
elements are defined as Double Cantilever Beam specimens (DCB) made with the
different substrates presented earlier in Section 3.3. This first part will provide a
database concerning the adhesive system and a series of input for the assessment
of non-damaged and damaged structural elenments: mode of failure of the joints.
mechanical behaviour and stress-strain assessment. critical fracture energyv of the

adhesive and joint sensitivity to adherend and adhesive thickness.

The assessment of a structural joint can be subdivided into two parts. The first part
concerns the assessment and prediction of the strength of perfect joints through ex-
perimental and numerical analysis, Chapter 7. The second part is dedicated to the
assessiment of the tolerance to damage of structural elentents via a numerical anal-

ysis. Chapter 8.

A general analysis will provide data on the behaviour of large bonded structures
in marine environment for future users. This will provide a better knowledge of
adhesive technology in general and on semi-rigid adhesive joints in particular. It
will also serve to improve confidence for the design of ship structural components

with bonded joints.
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Chapter 5

Strength-based assessment of
adhesive system

5.1 Introduction

The previous chapters defined the context of the study and the philosophy that will
guide it. In order to justify the use of the materials presented earlier (Chapter 4.
section 3.3) it is necessary to assess their combination as an adhesive joint in terms

of ultimate strength in different conditions.

During the preliniinary design of a structure the criteria are stress-based because the
structure 1s assumed to be perfect and defect-free. It is therefore regarded as being a
continuum. lending itself to stress-based calculations. The calculations at this stage
can mvolve relatively simple closed-form solutions derived from analytical modeling
as seen in references (Goland & Reissner 1944, Hart-Smith 1973) among others.
However. the more complex the geometry. the more difficult it is for the designer to

use these solutions. therefore other tools such as finite element analvsis must be used.

An important aspect for the integrity of an adhesively bonded structure is the influ-
ence of adhesive bond thickness on the strength of the structure. Environments such
as shipvards. tooling and experience are not vet sufficient to meet the low tolerances
seen in aeronautics. This sometinies leads to the manufacture of joints with thicker
adhesive bonds than originally specified. as reported by (Cantrill et al. 2004) and
studies concerning these effects at such a scale are rare (Colak 2001). The design
of structural joiuts presented in Chapter 4 is based upon a double butt strap joint
design as shown i Figures 3.6 and 3.7. From that design. a more generic design can
be extracted. Figure 4.3. Although this joint design is not strictly subjected to the

same type of load. shipvard experience showed that it was at this location where
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large deviations from the nominal adhesive thickness could occur. It is therefore
of interest to qualify and quantify the losses of material properties associated with

these adliesive variations.

Also. one of the major challenges tfaced when using structural adhesive bonding in
industry is the understanding of degradation due to environmental attacks. This
degradation is due to a complex combination of damage of both the adherends and
the adhesive itself as well as their interfacial zone that leads to uncertainty about

the durability of adhesive joints.

In order to enhance the durability of adhesive bonds. some chemical treatments
for adherends are available and are used extensively in the aeronautics industry.
However. other industries. such as shipbuilding. cannot afford such high quality sur-
face preparation and the process. in this case. has still to remain basic (Cantrill
ct al. 2004). Another important aspect for the integrity of an adhesively bonded
structure made in a hostile environment such as shipyard. is the influence of adhesive

boud thickness on the strength of joints.

The present chapter therefore ainis to investigate the influence of large scale vari-
ations of adhesive thickness as well as envirommental degradation on the strength
of simple butt strap joints joining steel and aluminium allovs adherends through an

experimental programie.

5.2 Experimental programme

The objective of the experimental programme is to characterise the strength and
the mechanical behaviour of single butt strap joints and investigate the influence
of different varving bondline thicknesses and hvgrothermal ageing on the joint be-
haviour and mode of failure. This type of experiment has been carried out by various
researchers (Adams et al. 1997) on lap shear joiuts with similar metallic adherends
such as alununium. steel. titanium or composite. However. very little data is avail-

able on different joint geometries and on honding different metallic adherends.

5.2.1 Materials

The joints considered are butt strap joints as presented in Figure 4.3. The butt
strap joint consists of an aluminium plate (allov Al 6082) and a steel (grade A)

plate joined together with an aluminium strap (allov 5083). These materials were
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chosen hecause they represent marine grade products that can be used in shipbuild-
ing (Cantrill et al. 2004). Mechanical properties of these materials are presented in
Table 3.1.

The selected adhiesive is a Plexus product named MA 550. It is a two-part methacry-
late adliesive designed for structural bonding of thermoplastic, metal and composite
assemblies. Tests carried out by Centre Technique d'Arcueil (CTA) (Brede 2002)
on the bulk adhesive gave the results presented in Figure 3.3. The adhesive has an
average Youug's wodulus of 309 MPa and an ultimate strength of 12 MPa in dry

conditions at 20°C.

To manufacture the specimens. an aluminium plate (allov Al 6082, 500 mm x 150
min) and a steel plate (500 nun x 150 mn1). as imain substrates. were bonded with an
aluminium plate (alloy 5083. 500 mm x 80 mm). The following surface preparation
was carried out prior bonding. based on manufacturer’s recommendations for non-

coated substrates:
e Aluminium and steel surfaces were ground.
e Surfaces were acetone wiped to clean and degreased them.

e Finally a primer PC 120 product from Plexus was applied straight after and

left dried at least 5 min prior bonding.

Four adhesive bond thicknesses were considered: 1 mm. 3 mm. 5 mm and 10 mm to
account for low tolerance that mav be encountered in practice. The test specimens
were then cut in strips of 25 mm in order to get similar specifications as in the
standard test on lap shear joint (BSI 20020). In the following. the 1-. 3-. 5- and 10-
nun adhiesive joints will be referred to as joints A. B. C' and D respectively. The

geometrical particulars for the joints are given in Table 5.1.

The choice of such coupon test design was dictated by ship design considerations
for the integration of structural adhesive joints in the manufacture of a prototipe

of a superstructure for a patrol craft (Cantrill et al. 2004).

5.2.2 Ageing environment

In order to mvestigate the effects of water on the joint behaviour, an accelerated
ageing test programme was carried out. Two ageing conditions were considered in

accordance with the British Standard BS EN 29 142:1993 (BSI 1993):
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e Specimens were iimmersed in a bath of distilled water for 3 weeks at 40° C.
e Specimens were immersed in a bath of distilled water for 6 weeks at 40° C.

The standard is relatively open in the sense that it leaves the possibility to use
different level of environmental degradation (relative humidity and temperature).
The conditions nmentioned above were chosen because distilled water was thought
to be more damaging for the adhesive bond than salt water (Albericci. cited by
(Armstrong 1997)) but also for practical reasons as the level of the solution’s salinity
is tedious to keep steady (Earl 2001). The given temperature was chosen because
it accelerates the absorption mechanisms while keeping the environment below the
glass transition temperature Ty of the adhesive {(Kinloch 1990. Earl 2001): T, for the
adhesive used was 120°C. Also. it should be noticed that the joints were put in the
bath so as to be horizontally immersed. the width of the joint being in an horizontal
plane. This latter point is of importance as some studies (Knox & Cowling 2000q)
have shown that the orientation of the joint during accelerated ageing can affect its

durability.

5.2.3 'Test set up

Specinens were tested in an Instron universal-testing machine, equipped with a 100
kXN load cell and controlled by an Instron 8300 controller, Figure 5.2. Tests were
carried out up to failure of the specimen at ambient laboratory conditions 1 hour
after being taken out from the environmental chamber and wiped. The rate of load-

ing. constant during the experiment. is taken at 1.0 nun/min.

Specimens were clamped with 40 nmun of the main substrates between the grips of
the rig. No tabs were used, because unlike in lap shear joints the main bonded plates

(Al 6082 and steel) are 10t eccentric.

During the test. displacement of the cross head and corresponding load were recorded
up to failure of the specinien. Crosshead displacenment was considered adequate with
extensonleter usage being unnecessary because: (a) the thickness of the specimens
was too large (6 mm of main adherend + adhesive thickness + 5 mm strap ad-
herend) and (b) although it was possible to predict from basic principles that the
overlap between aluminium adherends should fail first. sonie samples started to fail
between steel and aluminium making it impossible to set up an extensometer on the

specimens.
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5.3 Test results

Tle results are subdivided in three categories: unaged specimens, 3 week aged spec-
inlens and 6 week aged speciunens. In each category. ultimate and residual strengths
were observed and mode of failure was considered through the visual analysis of the

interfacial failure of the joints.

5.3.1 General observations

From Figure 5.3 and Table 5.2. it was observed that joints A exhibit a higher ul-

timate load than the other joints with thicker adhesive bhonds. The ultimate load
decreases (from 10 kN to 7 kN as the joiut becomes more compliant with increasing
adhesive thickuess. Although the ultimate load carried by joints A to C is similar.
the stiffiiess is clearly decreasing with increasing adhesive thickness. However. as
can be noticed from Figure 5.4. loss of stiffiiess due to ageing is not as remarkable as
tlie loss due to increase of adhesive thickness. It should be noticed that the degraded
characteristics observed for joints B compared to the other joints are due to a poor
manufacture. Indeed. prior to testing. voids were ohserved in the bondline as shown

Figure 5.6.

During the tests. it was observed that failure of the joiuts was brittle for small
adlesive thickness (ie 1 mm) and was getting more progressive as the bond thickness
mcreased. In terms of failure modes. it was mainly cohesive within the adhesive for
thin adhesive bond whereas for increasing thicknesses more and more interfacial
failures zones were detected. Also. it was observed that with increasing adhesive
thickness. as the failure was much more ductile than for a thin adhesive laver,
cracks could be seen not only initiating at the edge of the specimen but also at the
nidspan of the joints. It should also be noticed that due to a poor bondline. joint
B exhibited poor mechanical characteristics due to the presence of voids in all the

failed specimens.

5.3.2 Unaged specimens

5.3.2.1 Load deflection curves

The load deflection curves for joints A and C (see Table 5.1 for nomenclature) are
shown to be very consistent in terms of behaviour and ultimate load. Figure 5.3.
On the other hand. joints B and D presented less consistency in both behaviour and

strength.
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A linear portion of the curve can be easily identified for joints A and B whereas for

joints C and D, the linear portion of the joint behaviour is much more restricted.

5.3.2.2 General behaviour

[t was noticed that although failure occurred mostly longitudinally along the inter-
face with either the lower or upper metallic adherend. it also initiated. during the
loading process. transversly from the middle of the overlap length as shown in Figure
5.5. The crack propagated as if the adhesive was ripped, sometimes symmetrically
or only i1 one side of the bond towards the opposite interface due to the bending
of the specimens. This phenomenon. that weakened the joint and accelerated its
failure suggests a stress concentration at the centre of the overlap length where steel

and aluminium adherends edges face each other.

For joints B to D. permanent deformation was observed in the aluminium strap as
shown by Figure 5.5 (b) and (c¢). This permanent deformation was less apparent for

joints A Figure 5.5 (a).

5.3.2.3 Failure modes

Concerning the modes of failure of the specimens:

e In the case of joints A, despite voids in some adhesive bonds. all failures oc-
curred consistently cohesively within the adhesive: Figure 5.7 (a). It was
noticed that one of the five speciniens failed between the steel and aluminium
adlierends whereas the others failed hetween the aluminium substrates. How-
ever this singular case resulted from a weak bond caused by the presence of
a washer included as a spacer within the adhesive bond. This mode of fail-
ure between aluminium adherends occurs because aluminium is less rigid than

steel. hence causing failure between the weakest adherends.

e Iu the case of joints B. failure was difficult to assess because of a poor adhesive
boud implying “large™ zones where adhesion did not occur. Indeed. tlus latter
was dotted with voids spread transversallv within the joint as seen in Figures
-

5.6 and 5.7 (b). Over 6 speciniens tested. 5 failed between the two aluminium

adlierends one failed between aluminium strap and steel adherend.

e For joints C specimens. failure occurred coliesively within the adhesive for all

the specimens: Figure 5.7 (¢). However. the failure occurred very close to the
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adherend, usually less than a millimetre from the adherend-adhesive interface.
Also. failure occurred both longitudinally and transversally through the thick-
ness of the adhesive see Figure 5.5. Cracks initiated at the longitudinal free
surface either purely trausversally or diagonally towards the aluminium strap
and starting to propagate along the adliesive-aluminium interface. However.

failurc occurred usually before it could really propagate all along this interface.

e Joints D presented 50 % cohesive failure. Verv smooth failure zones were
observed compared to rough areas observed for the previous series of joints:
Figure 5.7 (¢). As for joints of class B, transverse failure through the thickness

of the adliesive was observed. Figure 5.5 (¢).

5.3.3 3-week aged specimens

5.3.3.1 Load deflection curves

As for the unaged specimens. the load deflection curves of specimens A and B
present a linear portion followed by short non-linear zone leading rapidly to failure.
see Figure 5.8. The joints C and D exhibit a non linear behaviour during all the
quasi static loading process. In terms of ultimate load. as shown by the low standard

deviation in Table 5.2. the results are still very consistent except for the joints B.

5.3.3.2 Failure modes

Specimens were tested an hour after being removed from the bath and dried with a
rag. A laver of rust was observed on the metallic parts indicating corrosion of the

nnersed steel.

e Joints A show a similar pattern of coliesive failure as the unaged specimens.
Figure 5.9 (a), suggesting a similar load transfer when the joint is loaded.
No presence of water was found within the adhesive bond: however one of the
specimens presented part of adhesive failure at the edge of the joint suggesting
damage from water. The spew fillet observed at each edge of the joints seemed
to have prevented water from penetrating the adhesive bond. thus strengthen-
ing the joint. Four joint failures were of tipe III between the aluminium strap
and the inner aluminium adherend and one failure was of type II between
the steel adherend and the aluminium strap as presented in Figure 5.10 and

defined by (Adams et al. 1997) p 63.

e Failure mode of joints B was difficult to assess because of a poor application

of the adhesive, implying a poor adhesion. Figure 5.9(b). Large voids in the
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bond allowed water to damage the interface between adhesive and adherend:
a combination of corrosion and water itself that seemed to have dissolved the
primer inducing premature failure of the joint. It was noticed that for the
joint that failed mainly adhesively between the adhesive-primer svstem and

the steel. no spew fillet was observed at the edge.

o All specimens of class C presented a simall spew fillet at the edge of the adhesive
boud and all failures occurred between the aluminiuin strap and the steel
adherend Figure 5.9 (b). One specimen failed almost completely adhesively.
When failure occurred cohesively. the pattern was close to the interface, similar
to a joint with 1 mm adhesive thickness: the adhesive acted as a sandwich
core between 2 metallic substrates. Also. as in the case of the unaged joints.
failure occurred hoth longitudinally and transversly through the thickness of

thie adhesive.

o Failure of the class D specimens occurred mainly adhesively (between 40 and
90 % of the honding area exhibited adhesive failure). Figure 5.9 (c¢). Where
cohesive failure was observed. it was close to the interface with one or the
other adherend. This is possibly due to a poor surface preparation on the
steel adherend because the surface of the steel did not appear to be very
well ground and sometimes hardly any primer was observed on either steel
or adhesive. Failure was also observed to initiate transversly through the

thickness of the adhesive.

5.3.4 6-week aged specimens

5.3.4.1 Load deflection curves

Figure 5.11 presents the load deflection curve of the batch of specimens tested after 6
weels of ageing. As in the previous cases, the joints presented a good consistency in
their behaviour, although joints A showed a higher scatter concerning the ultimate

load.

5.3.4.2 Failure modes

Similarly as for the 3-week aged joints. a laver of rust was observed on the metallic

parts consequently to the corrosion of the steel adherend under water.

e Joints A showed a similar mode of failure as presented in Figure 5.12 (a).
Presence of the fillet seemed to have prevented damage due to water except in

one case where adhesive failure occurred: the presence of a spacer and absence
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of a spew fillet probably allowed the water to corrode the steel interface in this
case. thus weakening the joint. Failure was of type Il and III as previously
defined.

e Forjoints B. two of the specimens presented a cohesive mode of failure together
with a relatively good strength. Failure in the fillet was of type II for both
samples. However. other sanmples were of poor quality due to water ingress
thirough voids in the bondline. Failure occurred between the aluminium strap
and aluminium inner adherend in four out of five cases. Figure 5.12(b). This is
explained because the bondline was probably poorer between the aluminium
adhierends than between the aluninimn strap and the steel adherend. implyving
premature failure in this zone rather than in a zone where corrosion lias not

vet occurred.

e The joints C were shown again to have cohesive failure close to adherend as in
the case of a thin adhesive layer Figure 5.12 (b). Transverse cracks initiated
through the thickness of the joint as previously noticed. Influence of a small
spew fillet was not remarkable as alteration of the interface at the edges of

joints was observed: dark line as circled on Figure 5.12.

e Joints D presented a similar locus of failure to the 3 week aged series with
mainly adhesive failure. Figure 5.12 (¢). This was due to a poor surface prepa-
ration of the steel adherend and permanent defornuation of the aluminium
strap. In some of the specimens. failure initiated both hetween the steel ad-
herend and the aluminium strap on the one hand and the aluminium inner
adherend and the strap on the other. This phenomenon was emphasised by
the presence of gap in the middle of the over lap of the joint that appeared
during the application and curing process because of the particularly large
thickness of the adhesive laver: Figure 5.13. Failure through the thickness of

the adhesive was also observed as previously noticed for other specimens.

5.4 Numerical modelling

Observations froni the experimental programunie showed a series of aspects that needs
further consideration. Aniong these critical points are the influence of adhesive
thickness in the failure mechanism of the joints. the influence of geometrical non-
linearities and the influence of material non-linearities. Indeed. it was shown. Figure
5.5 (b) and (¢) that significant permanent deformation occurred in the adherend

while adhesive thickness increased. Also. the shear and tensile properties presented
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subsequent non-linear behaviour. Therefore a finite element analysis was carried out

to investigate the influence of these parameters.

5.4.1 Finite element model and boundary conditions

The model considered is a butt strap with 2-D 8-Node structural solid elements from
ANSYS package as presented Figure 5.15. The element is defined by eight nodes
having two degrees of freedom at each node: translations in the nodal x- (u,) and
v- u, directions. The adhesive is assumed to be isotropic and the analysis done in a

plane strain condition.

The geometry and the finite element models were the same in the three cases. The
first case considers the adhesive to have linear material properties. the second case
includes geometric non-linearities and thie third one considered the adhesive to have
nou-linear material properties. In the non-linear case. the numerical analvsis was
perfornied using a multi-linear elastic method: this method describes a conserva-
tive response in which unloading follows the sanie stress-strain path as loading (ie

with no hysteresis effects) particularly suitable to model non-linear elastic materials.

The boundary conditions match as closely as possible the conditions encountered
during the tests and are described as follow: the degree of freedom u, and u, of the
first four columns of nodes on the left main plate (steel) are blocked to represent
the clamp. The last four columns of nodes on the right main plate (Aluminium)
are constrained in the u, direction only and constrained to move together in the u,

direction.

5.4.2 Convergence analysis

Before any analysis of the adhesive stress should be carried out. a sensitivity anal-
vsis to the mesh density has to be done in order to show convergence of the model
towards a single solution. Two criteria were chosen to check the convergence of the
results. The first one is stress based. as the main focus of the analysis is the stress
in the adhesive bond of the joint. The second one is based on the stiffness of the
model. The reason for having a second criterion is to cross check the first result
as the stress analysis showed that a singularity occurs at the horizontal free surface

portion of the bond line, making difficult a sensitivity analvsis based on stress values.

The stress-based convergence criterion was check on joint A (1 mm adhesive thick-
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ness): the normal and shear stresses along a line of an arbitrary 4 mm close to
the gap of the joint (Figure 5.16) was computed for an increasing number of nodes.
hence number of degree of freedom. Figure 5.17 shows the evolution of both stresses:
it can be seen that bevond 9000 nodes in the model the results converge for hoth
the peel and shear stresses. As joint A has the thinest bond of the four joints the
singularity at the gap is most pronouiced of the four joints. hence it is assumed that

a convergence is met for the following joint B. C and D.

For the cross check with the stiffness values. the sensitivity analysis was carried
out in two steps: in first mstance. an analysis was made varving the mesh density
through the thickness of tlie adhesive and a second analysis was made varving the
niesh density along the overlap of the joint. Tables 5.3 to 5.6 summarise the variation
of stiffness due to the mesh density of the adhesive bond. [t can be seen that the
stiffness 1s insensitive to an increase of elements along the overlap whereas it is

slightlv sensitive to a mesh variation through the thickness of the adhesive.

5.4.3 Load displacement behaviour

First of all. to assess the range of validity of the three methods used, the load-
displacement results of the three models were compared to the experimental load-

displacement curves for joints A to D. Figure 5.18.

5.4.3.1 Linear model

For joint A the linear model fits with the experimental curve up to 7 kN. For joints
B to D. the linear portion is more and more restricted vielding to a poor agreement

between the linear model and the experimental results.

5.4.3.2 Geometric non-linearities

Table 5.7 presents the different stiffnesses of the butt strap joints modeled with
linear material properties and including geometric non-linearities. It can be seen
that except for joint C. including geometric non-linearities results in stiffer models
than those with purely linear adhesive properties. The stiffness is higher because
taking into account geometric non linearities will make the displacement smaller for
a given load and then will give stiffer results as shown by (Narasimlian. Shenoi &

Jeong 2004) in the case of single lap joints.
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5.4.3.3 Material non-linearities

For this model, load was gradually applied to each model up to 8.1 kN with 30
load increments. Each load increment was subdivided into a sufficient number of
sub-steps i1 order to obtain convergence of the results. Corresponding displacement

of a node picked at the nodal force position was recorded.

Results are presented in Figure 5.18. Each experimental curve presented here is

representative of the corresponding batch of samples tested.

It is observed that in the case of joints A and B. the numerical model and the exper-
imental data are i1 good agreement. the joint B results matching very closely with
the experiment. For joints C and D. it is observed that nunierical and experimental
results do not match as closely as for thinner adhesive laver. Results agree up to 4
kN in the case of joint C and up to less than 2 kN in the case of joint D. However.

these results although being less accurate than the previous ones. give consistently

stiffer results compared to the experinients.

5.4.4 Stress in adhesive bond
5.4.4.1 Linear model

Adherend and adhesive materials present linear mechanical properties and each se-
ries of joiut was modelled according to their average geometrical dimensions Table
5.1. However. the experiments showed that significant deformation occurred during
the test due to the asymmetry of the joint. This strongly suggested the need to
include the effects of geometric non-linearities in the model. Also. as most of the
specimens exhibited failure close to the bottom interface. the stress was taken as
close as possible to this interface of the joint. Figures 5.19 and 5.20 show the peel
and shear stress at a distance L& away from the botton adherends (steel and alu-
miniuni) for different adhesive thicknesses at a load level of 8 kN. This load level was
chosen sufficiently away from the portion of linear beliaviour of the joint in order to
show the difference between purely linear niodel and the nmodel including geometric

non-linearities.

The shear stress profile is tyvpically one found in single and double lap shear joint
studies (Adams et al. 1997) and (Goland & Reissuer 1944). The butt strap joint can
be seen as a combination of two single laps. The shear is constant along the adhesive

bond and peak stress values occur at the edges. In this case. a high shear gradient
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15 observed in the middle of the overlap due to a geomietrical singularity. The peel
stress profile is slightly dissimilar to the one in lap shear joints: there is still a
compressive zone around the edge of the main adherends (steel and aluminium) but
not at the edge of the strap. It is is noticeable that the magnitude of the peak of peel
stress is far hevond the ultimate tensile strength of the adhesive itself. however this
peak is due to the material discontinuity observed in this region. This phenomenon
is then corrected when the effects of geonetric non-linearities are included. A lower
aud more realistic peel stress level is observed close to the gap, whereas the trend
and magnitude remain unaffected elsewhere. Also. hardly any change is observed in

the shear stress profile.

5.4.4.2 Material non-linearities

The stress profile in the adhesive laver is presented in Figures 5.19 to 5.22 for normal
and shear stress. The graphs present the stress at the middle of the adhesive laver
and at a distance {—fj from the bottom adherends.

The peel stress generallv decreases with increasing adhesive thickness: a peak of
stress is observed at 22 MPa for 1 mm adhesive thickness and 12.7 MPa for 10 mm.
Hardly any difference is observed hetween the stress profile at the bottom interface
and the one at the middle of the adhesive laver except a peak that occurs at the
edges of the joint in the case of the bottom adhesive laver. This peak is noticed to be
higher than the one at the gap position in the case of the 10 mm adhesive thickness
joint. A slight imbalance is observed that is more accentuated for relatively small
adhesive thicknesses (1 and 3 mm). A drop in the stress is also noticeable at the
middle of the overlap where a free surface occurred at the gap between the main

steel plate and the main aluminium plate.

For the shear stress. the profile is noticeably different depending on whether it is
calculated near the bottom interface or at the niiddle of the adhesive. However. the
level of stress remains of same order of magnitude between 1 and 10 mm of adhesive
around 7 MPa. The profile is similar for the bottom interface and middle adhesive
layer in the case of 1 mm adhesive thickness with a high gradient in the gap area.
This gradient remains when adhesive thickness increases. when the interface close to
the bottom interface 1s considered but is smoothened in the niddle of the adhesive

and drops towards the gap.
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5.5 Discussion

5.5.1 Influence of adhesive thickness

Fromi Figure 5.14 (a). it is observed that the shear strength decreases almost linearly
with adhesive thickness (a 99 % correlation being found). This is justified because
of the poor adlesive hond observed for these joints that biased the results. Loss
of strength is compared to the strongest joint whicl is the unaged butt strap with
I-m adhesive thickness (Joints A table 5.1). The loss of strength for the unaged
specimens B and C are 12.1 % and 32.0 % respectivelv. A similar study was carried
out by (Colak 2001) who observed the effects of both adhesive thickuess variations
and epoxy composition on the strength of steel rods bonded into a precast concrete
panel. He concluded that the adhesive shear strength was dependent on the adhesive
formulation: while with a certain adhesive composition X. the shear strength would
remain unaffected by the adhesive thickness. another conmposition Y would present

more cotplex variations.

The bond thickness also influences the general behaviour of the butt strap joints. For
the joints from B to D. permanent deformation was observed in the aluminium strap
as shown by Figures 5.5. This indicates that in addition to initial bending. signifi-
cant peel occurs during the test. Small initial bending stress was due to geometrical
adherend imbalance and the distortion induced by the welding in steel adherend as
joints B to D had to have an additional plate welded to the steel adherend because
it was originally to short. Even without these discrepancies. plasticity would have
occurred in the strap: the series of hutt strap specimens with 1 mm adhesive thick-
ness that meet the correct specification without any adherend imbalance exhibits
a small curvature of the strap showing start of plasticity. As shown by (Adams
et al. 1997) for the case of a double lap and double strap joints. the joint does not
experience any net bending moment because the loads are not eccentric. However
it experiences internal bending between the strap and the inner adherends. acting
as local single lap shear. leading to a tension-conipression phenomenon within the
adhesive bond. This phenomenon is emphasized in the case studied because of the
asyminietry of the butt strap joint as the centre of nertia of the joint is not on the
same line as the applied loads and its distance to that line increases with increasing

adhesive thickness.

Figure 5.14 (1)) shows the variations of joint stiffiiess with respect to adhesive thick-

ness. The figure shows a sharp decrease in stiffness at the first increment of thickness
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(from 1 mm to 5 min) then it still decreases but less sharply from 5 mn to 10 mimn.

The peel stress magnitude in the adhesive laver of the butt strap decreases with
increasing adhesive thickness. Physically. when the adhesive laver is increased. the
low nmiodulus of the adhesive material predominates inducing a higher flexibility of
the joint and thus lower normal stresses in the adhesive bond. This effect is used
 the design of peel-stress relief at the edge of adhesive joints as mentioned by
Hart-Smith in {Pocius & Dillard 2002). However, this predominance of the adhesive
materials has the converse effect of decreasing the shear strength of the joints as
shown by the Figure 5.14 (a). Indeed. as the adhiesive i1s sufficiently thick. it could
be treated as an “adhierend” material causing substantial adlierend mismatch. shear

strength reduction and premature failure of the joint (Hart-Smith 1973).

Also. as presented earlier. experimental results have shown that transverse crack-
ing clearlv occurred in the adhesive hond. Figure 5.5. These cracks are due to the
presence of a gap between the bottom adherends of the joints thus presenting an
adhesive free surface. \When the joint is loaded. the strap bends because of the
eccentricity of the load path. causing the horizontal adhesive free surface to be torn
apart. For the thicker adhesive bonds (joints B and C). the crack has some room
to propagate during the test. This sometimes led to failure at the strap interface.
Figure 5.5 (¢). This is also true for joints A but is less apparent. Figure 5.5 (a)
because failure occurred cohesively before the crack reached the opposite interface

with the strap.

The results in Figures 5.19 and 5.20 allow the deduction of the failure mechanisms.
The figure suggests that failure initiating at the gap free surface is due to high
peel stress associated with a high gradient of shear stress. Finite element analvsis
also showed (Figure 5.23) that the principal stress directions are horizontal at the
free surface and at 45° near the cormer of the bottom adherends confirming the

observations of the experimental results.

5.5.2 Influence of non-linearities
5.5.2.1 Influence of geometric non-linearities
Geowetric non-linearities were considered because the asymmetry of the butt strap

joint imduced large rotations due to the iternal bending moment. Taking these

deformations into account i the model ennable a reduction in the stress within the
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adhesive bond and to have it at a niore realistic level. It can be noticed that for
joint A, the peel stress profiles are very similar because no large rotations of the
joint were observed. Except close to the gap. the peel and shear stress profiles of
both models are similar for joints A to C showing that the large rotation of the joint
affect a fairly restricted zone. For joint D. the shapes of the peel stress profiles are
slightlv different. suggesting that large deformations start to affect a larger part of

the joint.

Figure 5.19 emphasizes that including the geometrical non-linearities has some sub-
stential effects in the peak of 1normal stress whereas it does not affect the shear stress

profile.

5.5.2.2 Influence of material non-linearities

The multi-linear elastic method used to model the material non-linearities proved
to be adequate for adhesive joints up to 5 mm. Bevond this limit. the experimental
and numerical models are slightly divergent. Oune of the cause would be the large

rotation of the joint due to the verv thick adhesive bond.

In terms of stress. by including the material non-linearities for the adhesive a more
realistic stress level is achieved. as the effects of plastic deformation are taken into

account. The stress profile is usually unchanged but peak values are leveled.

5.5.3 Influence of ageing

Figure 5.24 shows the influence of ageing on joint strength and stiffness. In term of
perforimance with respect to time. the highest strength was shown for the type A
joints. However, the type C joints (5 mm adhesive thickness). though shown to be
slightly weaker than type A. did not present high decrease in strength with tine.
The loss of strength was of about 5 % for joint tvpe C and 15 % for joint type A
after 6 weeks. Also. Table 5.2 shows that. although the standard deviation of unaged
specimens is consistent between each tyvpe of joints (0.47. 0.23 and 0.57 for type A.
C and D), it is globally increasing with time (1.28. 0.43 and 0.27 respectively after
6 weeks). Indeed, after 6 weeks joints A present a higher scatter than type C and
type D joints. Type C joiuts show an increase of strength between 3 weeks and 6
weeks. That may be atributed to a better average quality of bond within the speci-
mens tested. Similar trends were observed by Brewis and coworkers (mentioned by
(Adams et al. 1997) p 302).
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Figure 5.24 suminarises the evolution of stiffness of the joints with respect to ageing.
Only a slight decrease is observed with increasing time. A similar trend was found
by (Knox & Cowling 2000a) who noticed a plateau region up to 6 weeks and a drop
of stiffness leading to an other plateau region up to 12 weeks. This decrease of

tensile stiffiess can be explained by the adhesive that plasticises after being aged.

Inn terns of failure mechanism. (Knox & Cowling 2000¢) also noticed that failure of
joints caunot only be due to water ingress in the adhesive and in the scope of this
study. fatlure mode analysis suggests that failure occurred via interfacial degradation
from water. Indeed. Figures 5.9 and 5.12 show sonie shaded areas at the edges of
the joints corresponding to water ingress. Also. most of the failure (though not
all) occurred at the interface with the steel adherend. Observations suggested that
failure was 1ot due to corrosion since the locus of failure (Figure 5.9 and 5.12) does
not show the presence of corrosion within the bondline area. This phenomenon was
originally explained by (Kinloch 1990) who showed that in some cases corrosion is

a post-failure mechanism.

5.6 Conclusion

This Chapter has focused on two main issues concerning adhesive honded single
butt strap joints: the influence of the combination of water and temperature and
large scale adhesive thickness variations on the strength and hehaviour of the joints.

From this study. the following conclusions can be drawn:

e Significant strength and stiffness reductions occur with increasing adhesive
thickness (up to 40 % loss of strength and up to 30 % loss of stiffness between

1 mm and 10 mm adhesive thickness).

e The loss of strength is estimated to decrease linearly with respect to adhesive
bond thickness but a more complex behaviour i1s observed with respect to time.
Experimental results suggest interfacial degradation at the steel interface at

the edges of the joint.

o The loss of joint stiffness is not significant after 6 weeks in a bath of still
water but can also be modeled with a hnear model with respect to time up to
sonie extend. A more complex behaviour is observed with respect to adhesive

thickness.
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e In terms of failure mechanisms, the finite element analysis suggests that failure
of unaged butt strap joints is due to a combination of high peel stress and a

high gradient of shear due to the presence of an adhesive free surface.
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Jomt ty, a b ¢ d, do  taea tar tstrap
A 1 25 80 150 395 395 6 6 5
B 3 25 90 150 49 40 5 6 5
C 5 25 84 150 41 42 5 6 5
D 10 25 83 150 42 13 5 6 5

Table 5.1:
refers to Figure 5.1)

Geontetrical particular of joints. all dimensions in mm (nomenclature

Adhesive thickness Non aged

Aged 3 weeks

Aged 6 weeks

1 num 9.79 £+ 0.47
3 nim 540 £+ 1.12
O mim 9.83 £ 0.28
10 mm (.88 £ 0.57

9.52 £ 0.93
264+ 131
9.20 £ 0.63
6.08 £ 0.31

8.33 £ 1.28
1.76 £ 2.52
9.31 £ 043
6.39 = 0.27

Table 5.2: Ultimate load of butt strap joints (values are in k\)

Number of elements Number  Model stiffuess || Number of elements  Number  Model stiffness
through the thickness of nodes [kN/mm)] along the overlap  of nodes kN/mm]

3 7058 19.81 20 3302 19.78

) 7374 19.81 40 5134 19.78

10 8094 19.80 60 6614 19.78

15 8834 19.80 80 8094 19.78

20 9574 19.79 100 9574 19.7%

Table 5.3: Sensitivity of model stiffness to adhesive mesh density for joint A.
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Number of elements Number Model stiffuess || Number of elements  Number  Model stiffness
through the thickness  of nodes [kN /] along the overlap  of nodes [kN/mm]

3 7058 12.94 20 3302 12.85

5 7374 12.89 40 5134 12.85

10 8094 12.85 60 6614 12.85

15 8834 12.82 80 8094 12.85

20 9574 12.80 100 9574 12.85

Table 5.4: Sensitivity of model stiffness to adhesive mesh density for joint B.

Number of elements Number  Model stiffness || Number of elements  Number  Alodel stiffuess
through the thickness of nodes [kN /1] along the overlap of nodes [kN/nmn]

3 7063 9.94 10 3302 9.84

5 7374 9.88 20 5134 9.84

10 3094 9.84 30 6614 9.84

15 8834 9.82 40 8094 9.84

20 9574 9.81 90 9574 9.84

Table 5.5: Sensitivity of model stiffness to adhesive mesh density for joint C.

Number of elements Number Model stiffness || Number of elements  Number  Alodel stiffuess
through the thickness of nodes [kN/mm] along the overlap  of nodes [kN/mm)]

) 7374 7.48 20 5134 7.41

10 8094 7.41 40 6614 741

15 8834 7.38 60 8094 741

20 9574 7.35 30 9574 741

30 15774 7.33 100 11054 741

Table 5.6: Sensitivity of model stiffness to adhesive mesh density for joint D.

Joint A Jomt B Joint C  Joint D

Linear model
NModel with geometric
non-linearities

19.8
20.6

12.8
12.9

9.8
9.5

74
8.4

Table 5.7: Comparison of the stiffness of numerical models [kN/mm].
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Figure 5.2: Butt strap test setup
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Figure 5.5: Transverse crack in the adhesive laver of butt strap joints and permanent
deformation of the strap: (a) 1 nun. (b) 3 mm. (¢) 10 mm

Figure 5.6: Voids in butt strap joints with 3-mm adhesive thickness
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Fieure 5.7: Adhesive failure mode of unaged butt strap joints: (a) 1 mm. {(h) 3 mm.
(¢) 5 mm. (d) 10 mm adhesive thickness
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Figure 5.9: Adhesive failure mode of butt strap joints after 3 wecks ageing: {a) 1
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Figure 5.10: Pattern of failure in lap joints
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Figure 5.11: Typical experimental behaviour of 6 week aged butt strap joints: (a) 1
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Figure 5.12: Adhesive failure mode of butt strap joints after 6 weeks ageing: (a) 1
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Figure 5.13: Ceuntral void in adhesive laver for 10 mm adhesive thickness butt strap
jolt
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Figure 5.15: Finite clement model of butt strap joint: (a) Global view (b) Adhesive
bond mesh
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Figure 5.16: Line of node used to check the convergence of the numerical results. t,
Is the adhesive bond thickness
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Figure 5.17: Convergence check of the stress values in the adhesive bond
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Figure 5.19: Normal stress in butt strap adhesive laver of different thicknesses at
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(where t,: adhesive thickness, Figure 5.16)
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Figure 5.20: Shear stress i butt strap adhesive laver of different thicknesses at 8
EN: (A) 1 mm. (B) 3 mm, (C) 5 mm, (D) 10 mm: The stress is taken at nodes
along a line situated close to the interface at a distance & from the lower adherends
(where t,: adhesive thickness, Figure 5.16)
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Figure 5.21: Normal stress profile in adhesive laver of butt strap joint at different
locations through the thickness for a non-linear model at 8§ kN
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Chapter 6

Fracture-based assessment of
adhesive system

6.1 Introduction - Objectives

Chapter 5 was dedicated to the analvsis of joints that were considered ideally with-
out any defect. However. in somne situations. because of the intrinsic nature of the
adhesive material. mitial defects in bonded joints can arise from voids created dur-
ing thie production or from damage during subsequent service. If the defect appears
i a highly stressed region (eg at the edge of a lap joint. as seen in Chapter 2
section 2.2.1 and Chapter 5 section 5.4). the crack mayv propagate to give a ma-
jor deterioration in perforniance aud leading eventually to a catastrophic failure if

1o repair is carried out. It is therefore necessary to consider an analvsis of such case.

The assessment of the beliaviour of adhesive joints having cracks relies on fracture
uiechanics concepts presented i1 Chapter 2 and Appendix A, The idea of fracture
meclianices approach is that damage in a structure can be tolerated up to a certain
level of load or crack length. Hence it is necessary to assess this level of tolerance
before the design process. In most structures. the predominant and most damaging
mode is the mode I. hence the focus of this Chapter will be the characterisation
of mode [ fracture touglmess of bonded joints with different adherends. A popu-
lar specimen used to characterise this tensile opening mode of adhesive joint is the
Double Cantilever Beam (DCB) presented Figure 6.1 and using the Linear Elastic
Fracture Nechanics (LEFN) concept.

Much research has been carried out on specimens ivolving different adherends such
as aluminium alloys. steel or composites. using different geometrical configurations:

simple DCB specinmiens, DCB specimens with end blocks or TDCB specimens (Ta-

82
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pered Double Cautilever Beam). The most popular and easy to manufacture is the
simiple DCB specimen shown in Figure 6.1. Section 2.3 in Chapter 2 presented a
general review on the use of fracture mechanics for adhesive joints and particularly
joints with different adherends and pointed out the lack of data concerning joints

with different metallic adherends.

The aim of this chapter is to characterise the crack growth in adhesive joints with
both identical adherends and adherend imbalance through an experimental pro-
eraumme and analytical and numerical models. This involves defining a critical en-
erev release rate aud also defining what sort of influence the adherends have on the
crack growth and the fracture toughness. Furthermore. as for the hutt strap joint

i Chapter 5. the influence of ageing on the cracked joint will be investigated too.

6.2 Experimental programme

The objective of the experiniental programme is to generate a series of (load: crack
length) data and load deflection curves that will enable the derivation of the critical

fracture encrgy that is necessary for the crack to propagate.

6.2.1 Geometry and Materials

Figure 6.1 shows DCB specification in the case where both adherend materials are
identical. In the general case where adherends have different material properties.
the thickness n of each adherend has to he defined such that thev both present
an identical flexural rigidity to obtain a similar crack velocity as stated by (Bell
& Kinloch 1997) and so that the tensile force remains perpendicular to the crack
surface. This is essential to ensure that pure mode I fracture mechanics occurs dur-
ing the experiments and consequently avoid mixed mode failure (Boeman. Erdman.
Klett & Lomax 1999).

The specimens were produced from a 370 x 250 mm plate: adherends were grit
blasted. acetone wiped and the primer was applied prior to bonding. Speciniens
were finally cut in strips of 25 mm and holes were drilled at the position specified

in Figure 6.1.

The test programme is sunumarised in Table 6.1: three different configurations were
considered: Al G082 and Al 6082 adherends, Al 6082 and Al 5083 adherends and

Al 6082 and steel adlierends. These three combinations were considered because it
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is likely that these adherends are associated in this way in the design of the joints.
as shown in Figures 3.6 aud 3.7. Table 6.3 presents a summary of the variations
the adhesive thickness for the different specimens. It can be noticed that significant
variations are observed not only between the different sets of specimens hut also

along the adhesive bond of each specimen.

6.2.2 Ageing environment

In order to investigate the effects of water on the mechanical properties of the joint.
an accelerating ageing test programme was carried out. The ageing conditions were
considered in accordance with the British Standard BS EN 29 142:1993: Specimens
were immersed in a bath of distilled water for 3 weeks (approximately 500 hours) at
107 C.

Distilled water was chosen because it was considered to be more damaging for the
adliesive bond than salt water (Albericci. cited by (Armstrong 1997)) but also for
practical reasons as the level of the solution’s salinity is tedious to keep steady
(Earl 2001). The temperature was chosen because it accelerates the absorption
mechanisms while keeping the environment below the glass transition temperature
T, of the adhesive (Earl 2001. Kinloch 1990).

6.2.3 Test set up

The test procedure was followed in accordance to British Standard BS 7991:2001
(BSI 2002¢). The tests were carried out at room temperature using a 100 kN In-
stron universal-testing machine operated in displacenient control at a constant rate
of 0.003 nun/sec. Figure 6.2. The design of the grip used for the test is presented
Figures 6.3. The load and cross head displacenient were recorded throughout the
test. the length of the crack was monitored visually using a magnifving glass and via
a trip of graph paper place under the adhesive bond. The corresponding load and
displacement were noted and the test was stopped after about 80 mm of crack prop-
agation to avoid any finite beam effect that could influence the fracture toughness
values. Neasurement of the machine compliance was done in order to get corrected
cross head displacement values. This 1s of iniportance because if a testing machine
deflects too much, the strain energy stored in the machine will be available to feed

the crack and would lead to a crack instability (Atkins & Mai 1985).



CHAPTER 6. FRACTURE-BASED ASSESSMENT OF ADHESIVE 85

6.3 Tests results

6.3.1 Locus of failure

After the test. each specimen was cut transversally to allow the observation of
the locus of failure. This was to ensure whether the crack propagated within the

adhesive. at the interface of the adherend or alternatively cohesively and adhesively.

6.3.1.1 Unaged specimens

Alnost all of the samples presented a cohesive mode of failure in the adhesive with
sonie spots where faillure was ohserved close to the interface with the primer. Fig-
ures 6.4 to 6.6. This shows a good adhesive svstem (ie adhesive / primer / surface
preparation) because no interfacial failure was noticed: 1n this case, the interlocking
between the adhesive system shows its good performance. Although all the fracture
nodes were generally consistent. voids were observed in all the specimens as pre-

sentecd n Figures 6.4.

The crack path was observed after the test to assess whether the crack propagated
along one or the other adherend interface or consistently through the mid laver
of the adhesive. In the case of a DCB with steel and Al 6082. PTFE film being
stuck on steel adherend. it is clear that the crack “drops™ towards Al 6082 substrate
and propagates close to the aluminium interface Figure 6.6 (b). As both adherends
exhibit the same flexural rigiditv. this phenomenon cannot be explained in terms
of mechanical behaviour but rather in terms of adhiesion and surface energy: the
fracture follows the path of the weakest interlocking of both bonds. For the DCB
with Al 6082 and Al5083 adherends. the crack propagates in the adhesive in a
cohesive manner with random waves (wavy cohesive failure as defined by Liechti
in reference (Pocius & Dillard 2002) page 61). The DCB made with both Al 6082
adherend also exhibited a wavy cohesive crack through the adhesive but with higher
amplitude. Observation of the locus of failure actually showed that large voids

spotted the adhesive bond.

6.3.1.2 Aged specimens

The specimens were tested soon after being dried with a cloth. Test conditions were
similar to the test conditions of unaged specimens. Locus of failure and propagation

pattern were monitored after the test as for the unaged joints.
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In the case of the Al 6082/Al 5083 adherend combination. the crack propagated
consistently in the adhesive laver with random oscillations. It was noticed that the
adhesive layer was thinner than the unaged series (less than the specified 1 mm).
For this reason. it was more difficult to distinguish failure propagation close to either
the Al G082 or the Al 5083 interface. For the steel/Al 6082 configuration. adhesive
failure only occurred at the edges of the steel interface for 1 or 2 mm due to steel
corrosion (Figure 6.9). In the center of the overlap. the crack propagated cohesively
close to the Al 6082 interface as for the unaged specimens. The crack path in the Al

6082/A1 6082 joint was as randomly oscillatory as the previous series of DCB joints.
] ‘ J

The locus of failure of aged specimens. in tlie case of aluminium combinations. was
cohesive. No visual evidence of water ingression was observed on either the tip or the
side edges of the DCB saniples. Failure mode of steel to aluminium was adhesive
at thie edges and the tip due to corrosion of the steel but it was cohesive in the
centre of the joint but close to the aluminium interface. This suggests that water
corroded the steel interface damaging and weakening the interlocking bond between
the adliesive-primer system and the adherend. This shows the distance up to which

water affects the integrityv of the joint in a 3 week period.

6.3.2 Load displacement behaviour

Once the crack was initiated all the load displacement curves of the DCB specimens
tested showed similar trends as presented in Figure 6.10. Three phases can describe

the curve:

e A linear part. preceded sometimes by non-linear behaviour due to the system
testing machine - test fixtures. The linear part is followed by a non-linear zone

where a peak 1s reached around 2.5 kN.

e The load then decreases with increasing vertical displacement non-linearly

until recording process is stopped.

e The last part of the curve is linear. corresponding to the unloading phase to

zero load (as opposed to zero displacement).

The load displacement curves for the Al 6082 / Al 6032 adherends (Figure 6.10 (b))
show different trends compared to either the Al 6082 / Al 5083 adherends or the
Steel / Al 6082 adherends’ cases. Indeed. the decreasing load phase in Figure 6.10

(b) is more wavy than the other two. In this respect. voids observed in Figure 6.4 on
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Al 6082 / Al 6082 specimens can explain this phenomenon: drops of load observed

in the Figure could be due to the presence of voids in the adhesive layer.

This tyvpe of curve also allows the determination of some parameters used for the
post processing analvsis. such as compliance of the specinien and whether perma-

nent deformation occurs in the substrate at the end of the test, (BSI 2002a).

The mitial nou-linearity is not taken into account and in order to eliminate its effect.
a linear extrapolation is done up to 95 % of the maximum load, usuallv taken as
the end of the linear behaviour. The point that crosses this line and the vertical
displacement axis is compared to the crossing point hetween the unloading line and
this saume axis in order to assess whether plasticity occurred in the adherend: this
value 1s named 0,5 f4. Plasticity in the adherend is considered to occur if the ratio
between d,f 75 and the maximum vertical displacement value 9,4, is less or equal
to 5 % (NMoore. Pavant & Williams 2001. BSI 20024a).

The DCB specimens made with Al 5083 and Al 6082 adherends. all presented per-
manent deformation after the test. dy7rr/0mar averaging 0.11. For the DCB made
with Al 6082 adherends this ratio was 0.17 and for the DCB made with steel and
Al 6082 it was 0.16.

Visual observations enabled the assessment of the adhesive bond quality and how
a crack propagates when subjected to pure mode I of fracture. The following sec-
tion will consider the data post processing with analvtical models to assess crack

propagation in terins of energy released.

6.4 Analytical modelling

The redistribution of stress in a body caused by the introduction of a crack or notch
may be solved with analyvtical methods of linear elastic fracture mechanics (LEFAD).
LEFMT assumes that a linear elastic body contains a sharp crack and then describes
the change of energy which occurs when such a body undergoes an increase in crack
area. The parameter of most fundamental importance is the energy release rate G
or fracture toughness, which is defined as the rate of energy released by the crack

growth:

G==— (6.1)
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where QU is the energy change and JA is the variation of area. It is this energy
released which is available to drive the crack growth and overcomes the critical
fracture resistance (.. Therefore at fracture.
1 0[]
G=—- 6.2
"7 Boa (6:2)
Where B is the width of the specimen and da the variation of crack length. G is

determined by the loading and geometry of the cracked body while G, can be con-
sidered as a niaterial property and is the energy per unit area necessary to create a

new surface area of the crack: it is called the fracture toughness.

A fracture mechanics analyvsis can be done by different methods, direct or indirect
(NMoore et al. 2001):

e Resistance curve description (R-curve).
e Minimmum energy value,

e Onmnset of non-linearity in load deflection curves.

The first two are direct methods while the third is an indirect but more reproducible

method.

The critical fracture energy can be represented by the R-curve and can be calcu-
lated with three analvtical methods. These methods are namely: Simple Beam The-
ory (SBT). Corrected Beam Theory (CBT) and Experimental Compliance Method

(ECNI). Their concept and associated equations are described in Appendix A.

An R-curve provides a comprehensive description of the evolution of G, when the
crack propagates and the following sections describe the different post-processing
steps gone through to assess the fracture toughness of the adhesive svstem consid-

ered.

6.4.1 Conditions of application

Linear Elastic Fracture Nechanics can only be applied under certain conditions. ie
linear load deflection behaviour and small deformation at the crack tip compared to
the in-plane dimension of the specimen. This is called the condition of small scale

vielding and expressed by the following relationship:
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B.a, (W —a)>25 (E(;> (6.3)

Where:

B is the width of the specimen,

a 1s the length of the crack,

W is the effective length of the specimen.
(W - a) is called the ligament,

G, is the critical fracture energy,

o, the vield stress of the adhesive.

6.4.2 Crack initiation

As the initial debonding area is initially modelled by a PTFE film, it is necessarv
to ensure that the film will not influence the crack propagation values. this is why a
crack initiation is carried out (Blackman et al. 2003. Moore et al. 2001). Initial crack
growtl was conducted uutil the crack was seen to be moving by 1 or 2 mm. One
set of data (crack length and corresponding load) was recorded and the specimen
was unloaded. From this set. the energy corresponding to the crack initiation is

calculated from Equations A.9. A.10 and A.12 in Appendix A.

Figures 6.11 and 6.12 present a summary of minimum energy for different combina-
tions of adherends and different analyvtical methods in the case of aged an unaged
specimens. This energy is calculated from equations A.9 to A.12 and corresponds
to the first value recorded during the test when the onset of the crack was observed

nioving.

These figures show that the minimum energv required to open the crack is less in
the case of steel / aluminium joints than for the Al 6082 / Al 6082 and Al 6082 /
Al 5083 joints that present similar results. Also. SBT presents consistent results.
although much more conservative. compared to the two other methods. Considering
results from unaged and aged DCB tests. it is seen that environmental degradation
results in a lowering of fracture energy to initiate the crack. Comparing the min-
mmum energy of unaged and aged DCB specimens. the figures also show that the
minimun energy to initiate and open the crack is substantially lower in the case of
environmental degradation. This suggests that the water ingression increases inter-

nal pressure in the bulk adhesive facilitating crack opening.
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It 1s also nuportant to compare nunimunt energies wlien using specimens with PTFE
insert as opposed to specimens with a pre-crack. Unlike (Blackman et al. 2003). it
was observed that the energy required to open the crack from the insert is higher than
the energy necessary to open the crack from mode I pre-crack by about 10%. They
explained their results by the fact that the PTFE film produced a sharp initial crack
that yielded lower initiation values than obtained after pre-crack. In the scope of the
study. the adhiesive used was less brittle than the one used in reference (Blackman

et al. 2003): this could explain the discrepancies in the results.

6.4.3 Mean crack propagation

Resistance curves (R-curves). representing the fracture energy versus the crack prop-
agation. were drawn in order to derive the mean crack propagation with the three
different methods proposed. These propagation values will be taken as the critical

fracture toughness Gy..

Figures 6.13 presents examples of R-curves. The data points from that figure are
calculated from equations A.9 to A.12 via a spreadsheet. an example of which is
presented in Appendix B. Tables 6.4 to 6.5 present the averaged values of fracture

toughness for the five specimens of each combination of adherends.

From Figures 6.14 it can be seen that the adhesive considered presents a relatively
high toughness for an adhesive: averaging between 1600 J/m? and 3500 J/m? de-
pending on the method and the substrate considered. A material like steel presents
a typical toughness of about 30 kJ/m?® whereas a very brittle material like glass has
a fracture toughness of 0.01 kJ/m? and tough polvmers have a fracture toughness
of about 4kJ/m? (Atkins & Mai 1985).

From equation 6.3, it can be seen that. the value at the right hand side of the
relation is equal to 13.1 mm. while B = 25 mun. 26 mm < a < 120 mm and 249 mm
< W - a < 344 mm during the test. Hence the condition of small scale vielding are

respected.

6.4.3.1 Comparison of analytical methods

Generally speaking. the trend of the fracture touglmess using CBT or ECM are
similar presenting a brief increase of energy at the first millimetres of the crack tip
followed by a plateau region. This plateau region in sonte cases decays slowly when

the ECNM method is used. The SBT method shows also a plateau region but with a
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less sharper rise at the initiation of propagation.

For all specimens tested, the values of Gj, deduced from CBT and ECM are in good
agreement but the values deduced from SBT are substantially lower than those cal-
culated emploving the CBT and ECM approaches. This is because the simple beam
theory does not take into account the rotation of the beam at the end and induced

bending effects are neglected (NMoore et al. 2001. Ripling et al. 1970).

Also. it is observed from Figure 6.15 that the SBT method has less variations and
scatter than the CBT and ECAN methiods. From Figures 6.14. the average energyv
derived from the SBT niethod shows a standard deviation which is less than standard
deviation observed in the case of CBT and ECA methods. In terms of R-curve.
Figure (.15 shows that the SBT and CBT methods present (¢, values that are more

constant with respect to crack growth than the ECN method.

6.4.3.2 Influence of ageing

Figure (.16 shows an example of R-curves for aged speciniens and different ad-
herends and Figure 6.17 summaries the average fracture energy. The loss in the
critical fracture energy between unaged and aged specimens varies between 26 %
and 82 % depending on the method chosen. This means that environmental degra- .
dation by water affects the integrity of the interface causing changes in the value
of G.. Furthermore. these tests suggest the predonminance of degradation by water
over the influence of heat. Indeed, increase of temperature usually implies increase of
material ductility and thus fracture toughness as stated by (Anderson 1995). which

1s not the case 1 the present study.

Also, it is noted that environmental degradation introduces a non-negligible scatter
in the resistance curves. It was observed that. when comparing results sorted by ad-
herend combination (i.e. comparing the 5 specimens of each series Al 6082/A16082.
Al 6082/A1 5083 or Steel/AlG082). results were in reasonably good agreement when
the speciniens were unaged. But when comparing the same series with aged speci-

mens, the results did not correlate as well as with the non-aged series.

6.5 Numerical modelling

The previous section proposed the use of analyvtical models to predict fracture in

siimple adhesive joints subjected to mode 1. These methods cannot be applied in the
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case of more complex structures. but a numerical analysis can help to overcome this
probleni. Before using this tool for complex joints, it is necessary to validate the
model and compare the results to those presented in Section 6.4. The aim of this
section is to perform a fnite element analysis of DCB specimens in order to derive
the R-curves of a joint for each combination of adlierends and to compare it to the

analvtical solutions presented in the previous section.

6.5.1 Finite element models

Three different models were investigated corresponding to the three different config-
urations of DCB specimens tested. The first configuration with an Al 6082/Al 5083
combination presents a geonietrical synmumetry but a mechanical imbalance. There-
fore a complete finite element 1model was used. Figures 6.18 to 6.20. The second
configuration tested presented both geometrical and mechanical imbalance with steel
and Al 6082 acdherends. Figure 6.21. The last combination of DCB was modelled
with svmmetrical considerations. as the joint was made with Al 6082 adherends.

Figure 6.22.

The adliesive layer was modeled with PLANES?2 elements whereas the adherend ma-
terial was modeled with PLANES2 between the pin hole and the crack tip and with
PLANE?2 elements ahead of the crack tip. This enabled to get a good refinement
in the finite element model around the crack tip and avoid too many calculations
anywhere else. These elements are similar in their formulation (structural solid el-
ements) and are compatible together: PLANE2 is a triangular 6-node structural
element and PLANES2 is an 8-node structural element. Thev both have two de-
grees of freedom at each node: horizontal u, and vertical v, displacement. The crack
tip. because of a singularity in the solution (the stress varies in 1/y/r. where r is
the radial distance from the crack tip). had to be modelled with a special element.
named singular element. that has to be quadratic with the midside nodes placed
at the quarter points (Ansys 2002). Twenty four of these elements surrounded the

crack tip.

For each data point from the experimental results (i.e. load and crack length). a
finite element analysis was performed assuming plane strain conditions. to derive
the critical stress intensity factor K. and then the corresponding critical fracture

energy value Gy, given by the following relation:
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Where E, and v are the Young's modulus and the Poisson ratio of the adhesive

respectively.

The stress intensity factor value K. was computed using KCALC function from the
AXNSYS software package. This function calculates the mixed mode stress inten-
sity factors from nodal displacements at the crack tip but is limited to linear elastic

problems with a homogeneous. isotropic material near the crack region (Ansys 2002).

Also. the J-integral function. described in Appendix A. was used to assess the frac-
ture energv of the joint in the cases when the adhesive had linear and non-linear

material properties. Each G, and J, value was then compared to analytical results.

6.5.2 Convergence analysis

A sensitivity analysis of the G;. and J values to the mesh density was carried out to
check that there was convergence of the results with mesh refinement. The analysis
was carried out for one model and a single set of (load ; crack length) values the
reason being that the other models were based on the same as the one checked for
convergence. Table 6.6 summarises this analyvsis and shows that convergence is ob-
tained with the KCALC and the J-integral methods for a model with approximately
11500 nodes.

6.5.3 Results

Figure 6.23 presents an example of the fracture energy results given by the K-CALC
and the J-integral functions from experimental data that was representative of each
combination. The trend of fracture energy given by this nuerical method follows
exactly the same trend as the fracture energy given by SBT method but with a
higher magnitude. As expected. the J-integral with the linear adhesive properties
gives the same results as G, calculated with the KCALC function. With non-linear
material properties. modelled with a multi-linear elastic method. the results are

lower than with the other methods.

Also, it is observed from Figure 6.23. that in the case of a steel/aluininium combina-

tion. deviation between SBT method and finite element method is minimal compared



CHAPTER 6. FRACTURE-BASED ASSESSMENT OF ADHESIVE 94

to an aluminium/aluminium joint combination. As for the analytical models, frac-
ture toughness was found to be less in the case where steel substrate is used than

when aluminium 1s used.

6.6 Discussion

6.6.1 Influence of adherends and adhesive thickness

It is apparent from both analvtical and numerical models. that the average energy
release rate varies with the adherends used. Generally speaking. G, values depend on
geometrical factors such as the width of the joint or the adhesive thickness (Kinloch
& Shaw 1981. Kinloch 1990) or factors such as the curing rate of the adhesive and
surface preparation (Blackiman et al. 2001). However. in the case studied. the same
surface preparation was applied to all the adherends and the curing rate of the joint
was done at ambient temperature. 21°C. Concerning the thickness of adhesive. the
nominal thickness was 1 mim: however Table 6.3 shows that a non negligible scatter
is observed between the original and the actual value for the different combinations.
The DCB specimens made with Al 6082 adherends present the highest adhesive
thickness (1.45 mm thickness near the PTFE film) compared to the DCB made
with Steel and Al 6082 (1.26 nun) or Al 6082 and Al 5083 (0.65 mm). The DCB
specimens with aluminium 5000 and 6000 series present a noticeably thin adhesive

laver. by a ratio of 2 compared to the other DCDB specimens.

\What can be said from Tables 6.3 and 6.4 is that. comparing line 1 and 3 of each ta-
ble. the adhesive thickness influences the fracture toughuness of the joints in the limit
of 0.6 mm and 1.4 mm because the substrate Al 5083 and Al 6082 present similar
properties. Comparing the line 2 with line 1 only. it can be said that in this case.
the adherend materials influence the value of the fracture toughness of the joint. Al-
though these results are similar to the one found by (Yan et al. 2001a) who showed
that fracture toughness of joints increases with decreasing substrate Young's mod-
ulus, many studies (Kinloch & Shaw 1981. Wang et al. 1978) have highlighted that

a complex relation exists between the adhesive thickness and the energy release rate.

To further understand the mechanisms of crack propagation. a linear stress analyvsis
was carried out to investigate the influence of the stress field smrounding the crack
tip on the crack opening of the joint. For the three different combinations of the
DCB (Steel/Al 6082, Al 6082/A1 5083 and Al 6082/Al 6082). the stress was com-

puted 11 the case when the crack has propagated and the stress is calculated for a
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set of (load; crack length) values taken from the experimental results. The load was
the saine for the three models (1370 N), but the corresponding crack length a from

experinents was specific to each specimen.

Figure 6.24 shows the stress profile on a logarithmic scale ahead of the crack for
the different combinations of adherends. Close to the crack tip, the normal stress
o9y follows the classical behaviour of % near the singularitv, where r is the distance
from the tip, for a very short distance up to approximately 0.06 mm. After this point
a more complex behaviour is observed: the stress decreases until 0.3 nun to increase
slowly up to about 2 mim away from the tip and decreases again more sharplyv. The
trends of the curve for the three combinations of adherend are verv siniilar but the
steel to aluminium combination presents a lower stress magnitude compare to both

aluminium combinations.

Sinular numerical analysis were carried out on aluminium alloy and steel DCB by
(Yan et al. 2001a) and steel and CFRP DCB by (Bell & Kinloch 1997. Blackman
et al. 2001). A similar stress profile was found but no extremum in the normal stress
was reported. ie. in the present case. niore distortion in the stress field ahead of the
crack tip i1s observed. What must be noticed from this graph is that the higher
opening stress is associated with the steel-aluminium adherend. this means that
even if the adherends lhave the same flexural rigidity (EI). the material mismatch

still influences the state of stress in the adhesive.

6.6.2 Influence of ageing

Qualitatively. the ageing process affects the interlocking between the adhesive sys-
ten1 and the adherends in the case where a steel adlierend is used. This leads to
adhesive failure at the edges and the tip of the specimens. Also. Figure 6.16 shows
that the rise of the R-curves is less sharp when aged specimens are considered. this
is emphasized in the case of steel to aluminium DCB joints. Eventually. flatter
R-curves suggest that the adhesive bond compliance is reduced influencing less the

results.

Quantitatively, the accelerated ageing process showed a decrease in fracture tough-
ness compared to unaged conditions, Table 6.7. (Veazie. Robinson & Shivakumar
2004) observed more than 50 % reduction in fracture toughness in the case of sand-
wich composites after 5000 h. The reduction of Gy, values from one DCB combi-

nation to an other are similar at about 35 %. Table 6.7. This similar reduction of



CHAPTER 6. FRACTURE-BASED ASSESSMENT OF ADHESIVE 96

fracture energy regardless of the adherend suggests that the adhesive failure observed

on steel to aluminium joints do not influence the magnitude of Gy.,.

6.6.3 Influence of calculation method

For analytical solutions. Table 6.4 and Figure 6.23 show that CBT and ECM
methods are i1 good agreement. whercas SBT method gives substantially lower
results than the corrected theories. These results are similar to those presented by
(Blackiman et al. 1991. Moore et al. 2001. Blackman et al. 2003) who explained this
different results by the fact that the SBT method failed to take into account the
crack tip root rotation effects. Furthermore. it can be noticed that the the fracture
toughness tends to decrease with the Experimental C'ompliance method while it re-
mains more constant with the CBT method. This decrease should not happen as
(1. should remain independent of the crack length. (Blackman et al. 2003) found
that this decrease was due to the compliance (or stiffness) of the testing machine
and proposed a correction factor taking into account this effect. In this study. this
correction factor was taken into account in the derivation of Gy, values with CBT

and ECN methods but the decrease remained accentuated.

A reason for the different results can be found in the equations modelling the com-
pliance of the system for the different methods CBT and ECM methods. The com-
pliance is given by the ratio of the vertical displacement ., and the corresponding
load F:

Oeor
C: corr 6_4
- (6.4)

For the CBT and ECM methods this gives respectively (Moore et al. 2001):

C=ki(a+ AP (6.5)

C = koa” (6.6)

With &q. ks constants including geometrical parameters and the elastic moduli and n
and A being found experimentally (BSI 2002a). For Al 6082 / Al 6082 combination.
n = 1.95£0.19, for the Al 5083 / Al 6082 n = 2.03 £ 0.15 and for Steel to Al G082
n = 2.35+0.15. Hence, it can be seen that the compliance is modelled with a power
law of 3 with the CBT method while it is modelled with 1.95 < n < 2.35 with the

ECM method. Figure 6.13 (¢) shows that good agreement is found between ECMNI
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and CBT methods when n = 2.35 ie closer to 3.

The results given by the R-curves from the K-CALC function. lie between the conser-
vative ones from SBT and the more realistic ones from the CBT and ECN methods
whereas using the J-integral assuming non-linear elastic material gives the most
conservative results of the 5 methods. Similar studies on Aluminium DCB and steel
DCB specimen using the critical fracture energy and the J-integral method by (Yan
et al. 2001a) showed that the critical J-integral is also lower than the critical energy
release rate G,. This 1s due to material non-linearity that allows material plasticity
hence reduciig the level of stress surrounding the crack tip and the energv release
rate. However. it can bhe noticed from Figure 6.23 that this latter method gives
a steadier plateau region. while the SBT and KCALC methods are slightly rising.
In other words. the standard deviation of the propagation values is less when the

J-integral 1s used which means that the method 1s more reliable.

Furthermore. unlike (Blackman et al. 2003) who successfully used correction factor
to take the compliance of the testing machine into account to obtained R-curves
mdependent of the crack length. this study showed that the bondline can no longer
be neglected in the calculation of the fracture toughness of the joint. If a closed form
solution 1s to be used for a relativelv thick bondline. it has to take into account the
presence of the adhesive in its formulation. In this respect. the use of finite element
solution happened to give better results (ie the fracture toughness is independent of

the crack length) than the analytical solution though more conservative.

6.7 Conclusion

This Chapter addressed the fracture beliaviour of double cantilever heam specinmens
bonding different combinations of adhierends with a semi rigid adhesive. The frac-
ture toughness of the adhesive svstem was characterised according to three different

analytical methods; a finite element approach was used to correlate these results.

This study has emphasized the following key points:

e The role of the adhesive bond 1s important i determining the compliance of
the svstem during the test. This led 111 somie cases to fracture toughness results

dependent on crack length which should not happe.

e Experimental and analytical results suggest that the imfluence of the adhesive
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thickness is more dominant than the influence of different adherend combina-
tions. An analysis of the stress field surrounding the crack tip showed that
the stress field presents different magnitude depending on the adherend used.

although they had similar flexural rigidity.

e Each series of aged specimen showed a similar rate of toughness reduction. In
the case of steel adherend, this loss of fracture toughness was accompanied

with adhesive failure at the steel mterface due to the corrosion of the metal.

e This comparison between different methods therefore provides an envelope for
a design criterion for a defect tolerance approach that will be investigated in
Chapter 8. In terms of analytical methods. the corrected beam theory method
was found to be the most suitable and accurate to calculate the energy release

rate Gy,.
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Tables

99

Test method

Sample material specifications

Number of specimens

NMode T fracture me- Al 6082 / Al 5083 5
chanics at  ambient
conditions
Al 6082 / Steel 5
Al 6082 / Al 5083 5
Mode 1 fracture me- Al 6082 / Al 5083 5
chanics after ageing
Al GOx2 / Steel 5
Al 6052 / Al 5083 5
Table 6.1: DCB Test matrix
Adherend system L Iy, hs t, ag
mm] [mm] [mm] [um]  [mm]
Al 6082 / Al 6082 370 12 12 1 51
Al 6082 / Steel 370 8 12 1 51
Al 6082 / Al 5083 370 12 12 1 51

Table 6.2: Nominal dimensions of the DCB specimens. these refers to Figure 6.1

Adherend system crack tip root of the average thickness
‘| beam [mm] along the beam [mm]

Al 6082 / A1 6082  1.45+£0.04 1.31 £ 0.05 1.38 £ 0.07

Al 6082 / Steel 1.32 £0.05 1.20 £ 0.06 1.26 £ 0.08

Al 6082 / A1 5083  0.74 £ 0.03 0.51 + 0.03 0.64 £ 0.11

Table 6.3: Summary of adhesive thickness of DCB specimens
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Adherend system Gi. SBT G,;,. CBT G;. ECM

gm? g /m)
Al 6082 / Al G082 1678 £ 137 3742 £ 723 3663 £ 830
Al 6082 / Steel 1693 £ 88 2659 +110 20615=+117

Al 6082 / Al 5083 1565 =63 3063 £173 3001 £+ 190

100

Table 6.4: Summary of fracture toughness of non aged specimens DCB specimens

Adherend system Gy, SBT [J/m?] G CBT[J/m?] Gji. ECM [J/m?]

Al 6082 / Al 6082 1103 = 350 2607 £ 310 2534 £ 291
Al 6082 / Steel 1263 = 743 1725 £ 302 1582 £ 332
Al 6032 / Al 5083 1037 £ 519 1956 £ 424 1885 = 399

Table 6.5: Summary of DCB test results for aged specimens

Number of nodes G;. K-CALC J
[J/m?] [J/m?]

6920 303 301
7545 308 293
3785 306 291
11422 306 303
12941 306 305

Table 6.6: Summary of variations of calculated fracture energy with mesh refinement

Simple Beam Corrected Beam  Experimental Compliance

Theory Theory Method
Al 6032 / Al 6082 34 % 30 % 31 %
Al 6082 / Steel 26 % 35 % 39 %
Al 6082 / Al 5083 33 % 36 % 37 %

Table 6.7: Loss of toughness due to accelerated ageing with respect to the analytical

niethods and the adherend system
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Figure 6.1: DCB specifications. see Table 6.2 for the dimensions
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Figure 6.2: Setup of DCB test
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Figure 6.3: DCB test fixtures
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Figure 6.5: Failure mode of unaged DCB specimens with Al 5083 / Al G082
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crack drops towards aluminium
to prapagate close to the interface

(a)

Figure 6.6: Failure mode of unaged DCB specimens with Steel / Al G032

(a) (b)

Figure 6.7: Failure mode of aged DCB specimens. Al 6082 / Al 6082

(a) (b)

Figure 6.8: Failure mode of aged DCB specimens Al 6032 / Al 5083
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Figure 6.9: Failure mode of aged DCB specimens. Al 6082 / Steel)
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Figure 6.10: Load displacemient curves of the different DCB specimens tested
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Figure 6.11: Minimum fracture energy of DCB specimen from insert and pre crack:
non aged specimens. (1): SBT method. (2): CBT method. (3): ECN method
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Figure 6.12: Minimum fracture energy of DCB specimen from insert and pre crack:

aged speciimens. (1): SBT method, (2): CBT method. (3): ECN method
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Figure 6.13: Typical resistance curves of unaged DCB specimens: analytical meth-

ods
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Figure 6.14: Average fracture toughness of unaged DCB specimens. (1): SBT
method. (2): CBT method. (3): ECN method
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Figure 6.16: Typical resistance curves of aged DCB specimens: analytical methods
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Figure 6.17: Average fracture toughness of aged DCB specimens. (1): SBT method.
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Figure 6.18: Finite element model of Double Cantilever Beam with Al 5083 and Al
G082 substrates

Figure 6.19: Finite element model of Double Cantilever Beam: detail of mesh

Figure 6.20: Finite element model of Double Cantilever Beam: detail of crack tip
mesh
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Figure 6.21: Finite element model of Double Cantilever Beam with steel and Al
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Figure 6.22: Symmetrical finite element model of Double Cantilever Beam with Al

6082 substrates
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Figure 6.23: Typical resistance curves of unaged DCB specimens: analytical and
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(c) Al G082-Al 5083 substrates
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Chapter 7

Strength of structural joints

7.1 Introduction

During the service life of a ship. wave and wind pressure induce tension, compres-
sion and bending forces in the structure. Regulation bodies such as Det Norske
Veritas (DNV 2001) define ultimate loading conditions that ship structures must
sustain while in service. So far. adhesive joints have been designed to transfer load
by compression and shear usually joining thin plates and this technology is well
established. However in the context of the marine industry. the structures and the
plating used could be radically different and so would the joint designs. Hence. the
aim of this Chapter is to investigate the viability of adhesive bonding concept for
large joints in a marine environment through the study of structural joints based
on joints designed for the aluminium superstructure presented in Chapter 3. It will
present work cairried out to characterise the tensile behaviour of structural joints, by
experinlental test programme and explain their failure mechanisms through a finite

element analysis.

Having previously preseuted the local approach and characterised the adhesive sys-
tem in terms of strength and fracture toughness. this chapter presents the third
step of the study. Once this local approach was done. the following step is to assess
the strength of more complex joints that can be used in a ship. The objective of
this chapter is to characterise the tensile and flexural strength of structural joints.
considered damage free, through an experimental test programme and explain its

failure mechanisms through a finite element analysis.
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7.2 Geometries and materials

7.2.1 Joint design

Two different bonded joint designs were proposed as possible fastening configuration
for the superstructure Figure 3.1. They are namely. steel-to-aluminium connections
and aluminium-to-aluminium connections. respectively named joint A and B. These
joints are similar in terms of design as theyv are extruded hox sections adhesively

bonded based on a double butt strap configuration.

Joiut A is a joint between the deck of the ship and the aluminium framed super-
structure as presented in reference (Cantrill et al. 2004) and Figures 3.1 to 3.6 in
Chapter 4. It consists of an aluminiuim hox section beam located on a raised steel L
section reiiforced by an aluminium flat plate as a strap between the the two sections
in order to transmit the load by tension/compression and shear. However. for prac-
tical reasons (cost and fabrication) it was easier to manufacture and test a simplified
design than the original one. Therefore. representative niodels were produced for

testing purposes, Figure 7.1 (a).

The joints were manufactured in 500 mm lengths. and were cut up into 80mm long
test sections using a horizontal band saw. The procedure was relatively straight-
forward with the joint between the two box sections being made before bonding on
the straps. The standard procedure for surface preparation and joint spacing was

followed.

However. during the grinding of the steel end faces. it was observed that a highly
polished surface finish was being produced. This may have contributed to areas of
adhesive failure found in the structural tests. The polished surfaces were a result
of grinding a hardened surface. most probably produced by the welding of the end

assembly:.

As the superstructure described in reference (Cantrill et al. 2004) is modular. con-
nection B joins each aluminium-framed module to the other. It is made of two
extruded aluminium beams (6082 alloy series) adhesively bonded and reinforced
with two aluminium straps (Al 5083 alloy series) so as to be similar to a symmetri-
cal double butt strap joint to transmit the load by shear. Material and geometrical

specifications are presented in Figure 7.1 (b).
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The honding procedure for these configurations was similar to the one described
above for steel to aluminium connections. In the following. the steel to aluminium
connection and the aluminum to aluminium connections will be named joint A and

joint B respectively.

7.2.2 Materials

The selected adhesive is a Plexus product named NA 550. It is a two-part methacry-
late adhesive designed for structural bonding of thermoplastic. metal and composite
assemblies. Tests carried out by Centre Technique d'Arcueil (CTA) (Weitzenbock
et al. 2004a) on the bulk adhesive. gave the results presented in Figure 3.3. Although
this adhesive 1s considered as a rigid adhesive with a Young's modulus of 309 MPa.
it can be seen that linear portion of the mechanical behaviour is fairly restricted in

both tensile and shear mode.

The adherends used are 1mild steel and aluminium alloys 6082 and 5083 series. The

material properties of the adhesive and these adherends are presented in Table 3.1.

7.3 Experimental modelling

The experimental programme was set up in order to assess the tensile strength of the
joints and identifv their modes of failure in tension. As it has been shown by a nu-
merical analysis of the global superstructure (Jarry. Shenoi. Kapadia & Niao 2004).
the joints were likely to undergo tensile loads in a worst-case scenario at the corner
end of the structure. Therefore. it was of interest to assess the ultimate tensile
strength of the joint to evaluate the safety margin for the bonded structure. Also
it was decided to assess the strength of the joint subjected to a constant bending
moment in the direction of the extrusion. Figure C.1. These latter tests. though
they provided an indication about the failure mode and bending behaviour of the
joints. could not be analyvsed with numerical niodels in the scope of this study and

hence. are only presented in Appendix C.

The specimens A and B were tested on FORTRESS (Flexible Orthogonal Rig
for Testing Real Ship and boat Structures designed by Read (Shenoi, Read &
Hawkins 1995)) equipped with an hydraulic ram controlled by an 8800 Instron con-
troller. The ramn could produce 130 kN at maximum hvdraulic pressure and the
specific load was aquired via a 250 kN load cell. The displacement of the crosshead

was recorded by a Linear Variable Differential Transducer (LVDT). Figure 7.2 give
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an overview of the experimental setup.

In terms of mechanical behaviour, the results are presented in Figure 7.3 (a) and
(b) and Table 7.2 summarises the tensile stiffness and ultimate tensile load of the

specimens tested.

The trend of the load-deflection curves for joints A can be summarised by two dis-
tinct behaviours. One where the linear portion is limited in the range of 0 to 2 mm
followed by clear non linear region leading to brittle failure. The other one where
the linear portion of the curve is extended up to 4 nun and the non-linear region
leading to failure is shorter thaun in the previous case. The tensile behaviours of
joints B are presented in Figure 7.3 (b). After a non-linear part due to take up
of play. the behaviour of the joint is relatively linear between 0 and 40 kN where
onset of non-linearity is observed. After that point. the joint starts to behave in the
non-linear domain up to an ultimate load at about 50 kN. followed by a catastrophic
failure of the joint. It can be noticed that failure is also not complete hecause the
load level did not reach zero: the joint can still sustain a certain level of load hut
with a degraded stiffness as indicated in Figure 7.3 (b). Comparing these two sets
of joint behaviours. it can seen that joint B presents more consistent results than
joint A and that the non-linear domain of joint B is usually more accentuated than

for the other one.

Table 7.2 shows that the result of the load at failure for joint A are fairly consistent
at about 70 kN. The linear limit is estimated to be at about 30 kN. The average de-
flection at failure for these joints is about 5.5 mm but with some discrepancies. The
results for joint B are also consistent for four specimens whereas a fifth one presents
a remarkable lower load to failure that was discarded for the results in Table 7.2. it
gives an average ultimate load of about 50 kN. The linear limit is estimated to be
at 40 kN. The average deflection at the corresponding failure load is estimated at 4
mn. A the onset of non-linearity. It is c¢lear that joints A are stronger that joints
B by almost 30% and the onset of non-linearity occurs earlier for joint A than joint

B. The deflection at failure is higher in the case of joint A compared to joint B.

A fair agreement between the estimated averaged stiffness for joints A as shown by

3 8 J A
Table 7.2. but a common onset of non-linearity was not evident to locate because of
the disparity in the behaviour of the joints. Figure 7.3 (a). To estimate the tensile

stiffness of the joint. the portion of the curve between 0 and lmm was considered.
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ignoring the initial non-linearity due to the take up of play. With this method. the
averaged stiffuess was estimated to be 15 kN/mm. For joint B. the same method
was considered to obtain the averaged stiffness. The stiffness of four specimens is in
good agreement as seen in Figure 7.3 (b). whereas a fifth specimen is slightly stiffer
than the others (this one has not been taken into consideration). It is noticeable
that joint A has a higher averaged stiffness than joint B. This can be explained by

the higher flexural rigidity of the steel-to-aluminium joint.

In terms of locus of failure. all the joints failed consistently in the same pattern
as shown in Figures 7.4 (a) and (b). Visual observations also indicate that failure
occurred mainly cohesively within the adhesive hut alternatively close to the steel
or the aluminium adherend. as shown iu the Figure 7.4 (b). However, for one of
the specimens. failure initiated in the aluminium strap rather than in the corner of
the aluminium box and the steel plate. The reason for this difference is that it was
observed that the adhesive hond hetween the aluminium strap and the two boxes was
3 times thicker than the adhesive hond between the steel plate and the aluminium
box. A tyvpical mode of failure of joint B can be seen in Figures 7.5 (a) and (b).
Some voids can be observed i the bond line but faillure mainly occurred close to
the adherend, although still in a cohesive mode. Figures 7.4 and 7.5 suggest that
failure initiates in the corner ends of the joints and then propagates in perpendicular
directions towards the free surface of the strap and along the face of the box sections.
In one case of joint B. cracks were observed at the opposite corner of the joint
where actual failure was observed. showing a good symmetrical loading. The failure
patterns arve similar for both joints but it was noticed that joints B failed more

consistently close to the adherend.

7.4 Numerical modelling

7.4.1 Finite element details and boundary conditions

In order to clarify the mechanisiis of tensile failure of these complex joints. a finite
element analysis was carried out using ANSYS package. The model consists of
PLANES?2 elements from the ANSYS library. thev are 2-D 8-Node structural solid
elements usually used to model 2-dimensional metallic structure. It is defined by
eight nodes having two degrees of freedomn at each node: translations in the nodal x-
and y- directions (u, and u,). The adhesive is isotropic and the analysis carried out
assuming plane strain conditions. Indeed. in the superstructure (Cantrill et al. 2004)

the x- and y- plane dimensions are considered much smaller than the third one.
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justifying the use of plane strain conditions. Figures 7.6 and 7.7 present typical

finite element 1models for tliese connections.

7.4.2 Convergence analysis

As for the butt strap joint models. the convergence of the results needed to he
checked for the structural joints. This analysis was based on the stress in the ad-
hesive hond and particularly close to the corner end of the adherends where stress
concentration is likely to occur, according to the experimental results described pre-

viouslv in Section 7.3.

The procedure to obtain an increasing number of nodes was as follows: for a given
load. the number of elements along the straps (AB) and along the faces (CD) was
increased together with the number of elements through the adhesive and adherend
thickness to avoid too high element aspect ratios that would produce suspect results.

The results are presented in Figures 7.8 and 7.9.

It can be seen that for deck-to-superstructure joint model the normal and shear
stresses reach an asymptotic value after the third iteration corresponding to ap-
proximately 20,000 nodes. The unit-to-unit joint model the stresses reach their

asymptotic values after 15.000 nodes in the model.

As a result, in both models on which the study will be based. the adhesive laver
has 10 elements through the 3 nnn thickness in order to investigate the stress in the
middle of the bond and close to the interface where failure was shown to occur. In
the case of joint A. due to the geometry of the joint itself. the mesh could not be
defined regularly all along the adhesive bond. the model has approximately 18.000
nodes. At the corner of the joint. the aspect ratio of the element is 1. whereas along
CD the aspect ratio is about 5. In the case of joint B. the aspect ratio is 6 along
CD, 1 around the corner and 4 for the elements along the straps, the model has

approximately 15.000 nodes.

7.4.3 'Tensile stiffness

The first step was to characterise the stiffness of the finite element model and com-
pare it to experimental results to ensure that the model is compatible with the

experiments.
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The FORTRESS rig on which tests were caried out, was shown to have a certain
stiffness that allowed it to deform significantly bevond a certain load level. It is
therefore important to take this stiffness into account in the boundary conditions of
the finite element model. The experimental procedure to characterise the stiffness
of the rig and then the spring element constant was carried out by (Boyd 2005).
To measure this stiffness. a steel bar was loaded to a certain level. The deflec-
tion between the reaction face and the load cell and the deflection between the two
specimen fixings were recorded with transducers while the bar was strain gauged to
directly obtain its stiffness. The stiffness constant of the rig was estimated to be 20
kN /mm. the fixtures had a stiffness of 160 kN /mm and the steel bar 3000 kN /mm.
Spring elements with the stiffiess constant corresponding to the rig were then added

to the model of the joint.

The stiffness of the finite element models was obtained bv applying 1 nun displace-
ment on one side of the joint and taking the resultant reaction force. Even though
the stiffness of the rig was taken into account. the finite element model was still
found to be stiffer than the experimental one. For joint A, the stiffness of the finite
element model is 17.5 kN/mm whereas the experiment presents an average stiffness
of 15.0 kN/mm. Table 7.2. For joint B. the FE results give a stiffness of 16.6 kN /mm

to be compared to the averaged 14.2 kN /mm given by the experiment.

7.4.4 Stress profile in the adhesive bond

Prior to focusing on the failure prediction of the joint. it was necessary to carry out
a stress analvsis in the adhesive laver to find areas where stress concentration was

likely to cause failure of the joint.

A direct observation of the specimen geonietry and of the test results strongly sug-
gested that failure initiated in one of the corner ends of the box adherends. Also.
experimental results have shown that failure in the adhesive bond occurred cohe-
sively close to the adherend. Figures 7.4 and 7.5. Therefore. it was chosen to observe
the stress profile in the adhesive bond from both a distance of % and %;‘ where ,
is the adhesive bond thickness, in order also to characterise the variations of stress
through the thickness of the joint at the failure loads 70 kN and 50 kN for joints A

and B respectively.

Figure 7.10 presents the tensile stress and the shear stress profiles along the adhesive

bond at 70 kN for joints A. The tensile stress 1s almost constant and close to zero
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along CD with significant peaks towards the corner ends of the aluminium box sec-
tion. It 1s noticeable that a peak occurs on one side at the corner position whereas
on the other side. the main peak occurs 10 mm away from the sharp corner. whereas
a secondary one develops at the corner position. Figure 7.11 gives a more precise
idea of the tensile stress SX along CD and C'D". ie at two different positions through
the adhesive thickness. Figure 7.11 also shows that tlie peaks of tensile stress varies
between 37 NMPa and 32 NMPa depending on the position through the adhesive bond

from which the stress was calculated.

Sihmnlarly. the stress profile i the adhesive laver was observed for joint B. The load
level was chosen at 50 kN the average failure load. Figure 7.3 (b).Figure 7.12 shows
the tensile stress and the shear stress in the adhesive laver close to the adherend:
i the strap (along A'B". see Figure 7.7) and the so called vertical adhesive layver
between the two extruded aluminium box sections (C'D’). By svmmetry. the stress

would be the same in the opposite strap of the joint.

The tensile stress is negligible along CD rapidly increasing towards the corner ends
and as expected. the peak of stress occurs at the corner end of the joint. Along AB.
a sniall peak is observed at the free surface (at about 10 MPa) and a higher one
occurs at the middle of the overlap (at about 17 MPa). The shear stress is constant
and much lower than the tensile stress all along the adhesive bonds except at the

corner ends where a complex profile is observed.

A comparison between the tensile stress (SX) at & (along C'D’) and the one in the
middle of the adhesive laver (CD) (’7) 1s shown in Figure 7.13. The drop of stress
f

magnitude between & and ¢ is not significant: from 38 MPa to 37 MPa.

7.5 Discussion

7.5.1 Stiffness of the specimens

Figures 7.3 (a) and (b) show that the average stiffness deduced from the experi-
ments and the stiffness found via the finite element model are in reasonably good
agreement. The nunerical models of joints A and B are respectively 14% and 6.5%
stiffer than the experimental models. For joint A. the higher difference between the

models can be explained by the adhesive thickness.

The experimental results have shown that the stiffness of the steel-to-aluminium
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joint is higher than the one of the aluminium joint. Numerical models show different
stiffnesses (17.5 and 16.6 kN /mm respectively) that are higher than the experimental
models which is a common feature for finite element model as the hond is ideal.
Comparing the increase of stiffness hetween the aluminium joint and the steel-to-
aluminum in both experimental and numerical model, it is found that it is of 5 %

for hotli niodels.

7.5.2 Stress profile in the adhesive

As far as joint A is concerned. Figure 7.10 shows that the normal stress along A'B’
presents significant variations around the junction hetween the strap and the two
box sections. Tensile stress is observed towards the free surface of the joint: as the
strap slightly Dends aud the box tends to squeeze. the adhesive will stretch with
the combination of these two effects. However. conipressive stress occurs at 80 mm
and 95-100 mm: at the junction between the strap. the aluminium and the steel
boxes. the load path encounters stiffer adherends with the transverse faces of the
aluminium and the steel boxes. the adhesive i1s then compressed between the strap
and the box frame. The tensile stress observed around 90 mm is likely to be due to
a combination of the stretching of the joint and the strap that tends to retains the

adhesive that is more bulky.

Along C'D" and CD, the tensile stress is almost constant and close to zero because
of load equilibrium. The peaks of stress near the corners are due to the geometry of
the joint: similar profile are found in double strap joints. (Adams et al. 1997, Nitra
& Ghosh 1995). For joint B. similar explanations can be given for the stress profile
along both adhesive layers. However. due to the geonietry and the symmetry of

joint. more conventional profiles are observed.

Figures 7.10 and 7.12 show that joints A and B present similar peak of stress at
similar location in the adhesive bond at respectively 70 kN and 50 kN. Hence, it can
be deduced that as the adhesive thicknesses are the sanie. it is the adherend stiffness
(via its thickness) that influences the stress in the bond. Indeed, joint A was made
with thicker and stiffer adherends than joint B (twice as thick. as mentioned in
Figure 7.1), therefore it could transfer more loads than the other with lower stress

in the adhesive.
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7.5.3 Comparison between FEA and experiments

7.5.3.1 Background

As stated at the beginning of the section, according to the experimental failure of
the specimens. it was assumed that failure initiated at the corner of the joint due
to the sharp angle of the box adherend. In terms of failure location and initiation.
the finite element and experimental models seem to be in good agreement for both
joint designs: they showed stress concentration at a similar location and predict a

faillure due to tensile stress.

The magnitude of the stress at the experimental failure load, does not reflect a
realistic level at failure. Indeed. the ultimate tensile stress to failure for the bulk
adhesive material was recorded to be at about 14 NPa. the maximum tensile stress
shown by the finite element model is 36 NPa. which is far bevond the experimental
teusile adliesive failure. The reason being that in reality. the adhesive vields before
failure that decreases the level of stress: this is not taken into account when linear
finite element analysis is considered. Several researchers have tried to tackle this
problem introducing different adhesive failure criteria. Authors such as (Adams &
Peppiatt 1974) and (Harris & Adams 1984) suggested a criterion based on the max-
imum principal stress whereas (Hart-Smith 1973) suggested a criterion based on the
maximum normal stress. These criteria can only be applied to simple joints like
single lap joints. A criterion such as the Von Mises one could be applied but with a
certain inaccuracy as it does not take into account the difference in the tensile and
compressive vield strength and the dependence of tlie vielding on the hydrostatic
component of the applied stress that occurs in the case of polymer materials. Hence
(Raghava. Cadell & Yeh 1973) proposed a criterion based on a modified Von Mises

vielding criterion taking into account the conditions stated above.

However. Brede et al cited by (Weitzenbock et al. 2004a) considered that in a ship-
vard enviromment. these criteria could be difficult to implement with in-house or
commercial finite element codes. They therefore developed a pragmatic approach
based on a combination of experimental and numerical results that claimed good

results. The method is emploved here and described in Appendix D.

7.5.3.2 Application

In the present study. the simple joint geometry considered is the butt strap joint

with 3 mm adhesive thickness which analysis was presented in Chapter 5. This 3
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mm adhesive joint was considered because it has a similar adhesive thickness as the

one specified for the steel-to-aluminium connection.

The line of length d = 3 mm was defined from the middle node of the adhesive
bondline. Figure 5.16. The different stress components calculated and averaged
along this line are summarised in Table 7.3 in the first row. Then failure occurs if
any of the shear. tensile stress or principal and equivalent stress exceeds 26.2 NMPa,
17.31 MPa. 57.7 MPa or 37.29 NPa respectively. This ensures a conservative crite-
rion as averaged values are considered in the simple design while maxinium values
are considered for the complex design. Also. it should be noticed that the stresses
considered for that criterion will not be reached in the real structure as plastic flow

develops in the adhesive.

The most critical area was identified to be the bottom corner end in the joint. there-
fore this area will be considered for the design failure load. Table 7.3 records the
maxiimuin stresses along the line counsidered. At 70 kN. the maximum tensile SX
stress is 36 MPa which is higher than the design value of 26.21 MPa shown in Table
7.3. The same procedure was followed again for 60 kN and 50 kN: at 60 kN the
tensile stress is still above the design criterion whilst at 50 kN the maximum tensile
SX stress is found to be 26 MPa. This is the first parameter to reach its critical

value. before the shear or principal stress.

For the joint B. the different stress components conputed and averaged along this
line are summarised in the first row of Table 7.4. Earlier. the most critical area was
also identified to be the corner end in the joint. therefore this area is also considered
for the design failure load. Numerically. it was found that at 53 kN, the maximum
tensile SX stress was 40.1 NMPa which 1s higher than the normal stress design value
26.21 NPa. Table 7.3. The same procedure was followed again for 40 kN and 35
kN: at 40 kN the tensile stress is still above the design criterion whilst at 35 kN the
maximum tensile SX stress is found to be 26.1 MPa. This is the first parameter to
reach its critical value (before, the shear or principal stress). Table 7.3 summarises
the different critical stress values in both the local joint design and the structural

joint designs mentioned above.
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7.6 Conclusion

This chapter investigated the behaviour of structural joints made with aluminium
only and aluminium and steel that could be used in a high speed craft, through a
strength approach. Experimental and numerical results gave some insight into the
mode of failure and the failure mechanisms of box section joint designs made with

this combination of materials.

From this study. the following conclusions can be drawn:

o Tensile test results showed cohesive failure in the adliesive close to one ad-
herend and suggested that stress concentrations occurred at the corners of the
joints. Finite element analysis showed that failure of the joint is mainly due

to teusile stress rather than shear stress due to the large faces of the butt.

e The thickness of adherends influences the tensile strength via the state of stress
in the adhesive. Although. joint B presented a larger bond thickness than joint
A overall. an average of 30 % loss of strength was observed between these two

joints.

e Influence of the position in the adhesive layer on the stress magnitude. showed

that it only affects the stress values at the corner ends. ie at singularity points.

e An empirical failure criterion was applied that provided conservative results
useful for the design of complex bonded structures. It showed that failure of

the joint was due to tensile stress.
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Tables

Joint |8} to 13 ty ts tg tr ty
A 3.3 402 26 +01 26 +0.2 2.7x04 25405 27+02 19 +£03 34=£04
B 2.3 +£0.1 22402 21+£02 25+02 28403 29 %02 - -

Table 7.1: Average dimensions of adhesive bond at different locations. t) to tg refer

to Figure 7.1

Ultimate load Average stiffness  FE stiffness
[kN] kN /mm)] [kN/mmn]
Deck to superstructure 71.6 £24 150+£1.2 17.5
Unit to unit 51.1£2.6 1424+ 0.8 16.6

Table 7.2: Average ultimate teusile strength and stiffness of structural joints

AMean Alean MNean  ANean Aax Nax  Max Max
SY SXY S1 SEQV  5Y (SX) SXY S1 SEQV

Butt strap 3 mm  26.2 17.3 57.7 37.3

Steel to aluminiwn connection: 70 kN 36.7 4.0 38.1 20.8
Steel to aluminium connection: 60 kN 32.2 3.5 33.1 16.9
Steel to aluminium connection: 50 kN 26.0 2.9 27.1 14.8

Table 7.3: Stress values for failure criterion in steel to aluminium connection (all

values in MPa)
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Mean Mean Mean MNean Max Max  Max Max
SY SXY S1 SEQV SY (SX) SXY S1 SEQV
Butt strap 3 mm  26.21 17.31 57.70  37.29

Aluminium to aluminium connection: 33 kN 40.11 9.96 44.00 21.48
Aluminium to aluminium connection: 40 kN 29.88 7.42 3277 16.00
Aluminium to aluminium connection: 35 kN 26.14 6.49 28.67 14.00

Table 7.4: Average and maximum stress values for failure criterion in aluminium to
aluminium connection (all values in MPa)

)
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Figures
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Figure 7.1: Sketch of structural joint specimens: (a) Steel to aluminium connections
(joint A). (b) Aluminium to aluminium connection (joint B): The sketch is not to
scale, dimensions showed are nominal ones. t; to tg refer to Table 7.1.

Figure 7.2: Experimental setup for structural joints test
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Figure 7.3: Tensile behaviour of structural joints: (a) joint A. (b) joint B.

Figure 7.4: Typical tensile mode of failure of deck to superstructure joint: unaged
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Figure 7.5: Typical Failure in aluminium to aluminium connection in tension.
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Figure 7.7: Finite element model of aluminium to aluminium connection: (a) global
view, (b) view of the adhesive mesh.
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Figure 7.10: Tensile stress in joint A at 70 kN taken at & from aluminium box
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Figure 7.11: Comparison of tensile stress along the adhesive layer along CD and
C'D” at 70 kN.
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Chapter 8

Assessment of defect tolerance
criteria in bonded ship structural
elements

8.1 Introduction — Objectives

Typical bonding conditions in a shipvard environment. as shown by Figure 8.1 are
subjected to dust and other small scraps and can lead to defects included in the
bondline during the manufacturing process of the adhesive joints. Also. in Chapter
6 it was shown that even if the joint 18 made in laboratory conditions and the bond-
line is potentially defect free. voids occur during the application of the adhesive. The
reason being that in reality. intrinsically: an adhesive material is not homogeneous
and isotropic and in large and thick bonding areas voids would inevitably occur.
As an example. Figure 8.2 shows that in some DCB specimens voids could be up
to 15 mm of length. and could develop and produce major cracks during in-service
conditions that are harmful for the integrity of the structure. In the case of the
structural joints studied in Chapter 7. it was therefore important to explore and

propose a defect tolerance approach for structural adhesive joints.

The objectives of this chapter are twofold:

e For a series of load levels, and different crack lengths. determine at which

critical length the crack would propagate without control.

e For a series of loads and one crack length. investigate the influence of the crack

position through the adliesive thickness of the joint.

This will enable the determination of the critical length at which the crack would

propagate with stability. This defect tolerance criterion together with Non De-

135
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structive Test (NDT) would provide an important tool to prevent catastrophic failure

of the bonded joints.

8.2 Fracture criterion

In Chapter 6 both linear elastic fracture mechanics (LEFM) and non-linear elastic
fracture mechanics were used to calculate the mode [ fracture toughness G;. of DCB
joints specimens. Due to the simplicity of the jomnt. three analytical methods were
used to directly obtain Gy, while it was obtained via the stress intensity factor Ik
and the contour integral J when FEA was considered. However. it was shown that
the results given by the J integral were more conservative than the one given byv
linear elastic theory and more tiime consuming to obtain. Moreover. the regime in
which the fracture mechanics study 1s carried out in this chapter is considered to be
linear for both the aluminum-to-aluminium joint and the steel-to-aluminium joints.

Figures 7.3. Therefore. this particular study is linited to the case of LEF\L

As the joints studied here were too complex to be considered by an analytical so-
lution. the fracture energy G was obtained via a finite element analysis and the
stress ntensity factor K, which calculation is outlined in Appendix A. The relation
hetween the two parameters is:
(1—1)K?

G = —E (8.1)
Where F, and v are the Young's modulus and the Poisson ratio of the adhesive
respectively. The defect will be growing when G will be more than Gy, the critical
fracture energy in mode I obtained in Chapter 6. The fracture criterion used for
the steel-to-aluminum connection will be the lowest fracture toughness value of the
steel-to-aluminium DCB specimens. Gy, = 1693 J/m*. The fracture criterion for
the aluminium-to-aluminium connection will be the fracture toughness obtained for
Al 6082-Al 6082 DCB combination Gy, = 1678 J/m?.

It is important to notice that the fracture toughness derived in Chapter 6 is only
valid for joints with 1 mm adhesive thickness. The assuinption that those exper-
imental values would be the same for thicker adhesive bonds (typically 3 mm as
specified for the design of the structural joints) can be argued. Indeed. conflicting
results were observed and discussed concerning the rise of fracture toughness with
adhesive thickness that was found difficult to predict with a simple law [KKinloch &

Shaw 1981, Daghyaui et al. 1995. Yan et al. 2001a): this will be discussed in Section



CHAPTER 8. ASSESSMENT OF DEFECT TOLERANCE CRITERIA 137

8.5. Hence. in order to have a relevant mean of comparison between the fracture
energy developed by the crack of a structural joint and the data from Chapter 6.

the joints were analysed for both 1 and 3 mm adhesive bond.

Also the study will only focus on damage solely due to mode I fracture. However. it
will be briefly outlined that this is not the only mode that occurs during the fracture

process in this complex joint design.

8.3 Finite element details

8.3.1 Geometry and material

The geometries of the joints are the same as those presented for the strength be-
haviour of the structural joints in Chapter 7. It has been adapted in order to include
a region where a crack is embedded. Figures 8.3 to 8.5. This region is modelled with
six-noded triangular elements that have their midside node at the quarter point and
arve suitable to niodel singularities (Ansvs 2002). These elements could be easily

connected to 8-noded quadrangular elements used elsewhere in the model.

As for the strength approach study. the materials (adhesive and metals) are con-
sidered to have linear properties. listed in Table 3.1 and to be homogeneous and
1sotropic. Plane strain conditions are assuniled as the height and width dimensions

(x- and y- directions respectively) are much smaller than the depth of the joints.

During the analvsis, it was observed that the crack faces at the left hand side were
crossing each other: the vertical (-v) displacenients of some nodes of the bottom
face were greater than the displacement of nodes from the top face. This singularity
is not plysically possible and was discussed by (Phillips. Shenoi & Moss 1999) in
the case of fracture mechanics applied to T-joints. In this study. the method used to
overcome the problem was to include gap elements between the nodes that initially
crossed each other: these elements have a certain stiffness in compression but not
in tension. The element does not affect the systemn while it is in tension but prevent
any situation of interpenetration of elements. To make sure that these elements
artificially inserted at the crack faces did not affect the post-processing results. the
compatibility of these elements with the model was checked. They were shown 10t
to significantly affect the value of the fracture energy: for example. with a crack
length of 50 mu1, G = 721 J/m? without gap element. whereas G = 719 J/m? with

gap elements. which represent an acceptable 2.8% difference in the results.
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8.3.2 Loads and boundary conditions

Four different load levels were considered for the aluminium-to-aluminium connec-
tion and three for the steel-to-aluminium connection. In the case of the aluminium-
to-aluminium connection they are: 20, 30. 35 and 40 kN. In the case of the steel-to-
aluminium connection. they are: 30, 40 and 50 kN. These levels were chosen because
they remain in the linear domain of the joint behaviours and are sufficiently high to

assume that a crack would be likely to propagate at this level.

In terms of boundary conditions. each joint is rigidly fixed on one side following the

same conditions presented i Chapter 7.

8.3.3 Position and length of the crack

In Chapter 7 the experimental programme and the strength analysis of the struc-
tural elements have identified the stress concentration areas to be close to the corner
end of the joints. which is a singularity in itself. Therefore these areas are prone to
crack development and propagation and the crack model was positioned with one
of its tips positioned where the tensile stress is maximum. This tip remained at its
position throughout the sensitivity analyvsis whilst the opposite crack tip changed

with the length of the crack.

Four different crack lengths were considered. namely: 5. 10. 15 and 20 mm. These
were chosen because it was reasonable to assume that such length of void would
occur during the manufacturing process. Indeed. according to observations made
after the different tests on butt strap joints. structural joints and DCB specimens.
large voids were sometines spotted. Figure 8.2 shows the tyvpe of voids that can be
encountered during the application of the adhesive. Such voids are likely to generate

cracks that could propagate in extreme conditions.

8.3.4 Mesh sensitivity analysis

Like the previous analysis on local and structural joint models. a sensitivity of the
results to the mesh density was carried out to check the convergence of the model.
The analysis was done for a single set of (load : crack length) values for each joint
design the crack length being the larger one to ensure that the model would converge
even for smaller cracks. Tables 8.1 and 8.2 present an summary of the variation of
fracture energy of the cracked joints with the density of the mesh. It can be seen

that the convergence is obtained each time for a model with approximately 27 000
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nodes.

8.4 Parametric analysis

This analyvsis will enable the obhservation of the sensitivity of the fracture energy to
the variation of different parameters such as the length of the crack, the position
of the crack tip through the thickness of the adhesive and the adhesive thickness of

botl joints.

The influence of adhesive thickness in the fracture energyv of the joint was particularly
important to observe hecause of the lack of experimental data. Indeed, as mentioned
m Section 8.2 conflicting results were obtained with regards to whether an optimum
adhesive bond (ie a maximum fracture energy for a given thickness) can be reached

for the fracture toughness.

8.4.1 Steel-to-aluminium connection

8.4.1.1 Variations of crack length

The energyv release rate at the crack tip close to the adherend corner was calculated
for a crack placed 0.5 mim away from the aluminium box adherend, ie very close to
the interface. Figure 8.6 shows the variations of the fracture toughness at the crack
tip of a steel to aluminium connection for different load values. The critical value

of the fracture toughness for the adhesive is assumed to be 1693 J/m?, Table 6.4.

It can be seen that the energv release rate of the crack increases with increasing crack
length and increasing load. According to the figure. the critical fracture energv is
reached for a crack length of 19 mm at 20 kN. 10.5 mm at 30 kN and 6 mm at 40
kN. Bevond these lengths. the crack is likely to propagate in the adhesive laver if it

is occured 0.5 mm away from the aluminium box adherend.

8.4.1.2 Variations of crack position

A crack of constant length of 5 nun was inserted in the adhesive bond and the
energy release rate was calculated for different positions through the thickness of
the bondline from the middle of the adhesive layer (1.5 mum) to the interface with
the aluminium adherend (2.5 mm). Figure 8.7 shows the variation of the critical

fracture energy at the crack tip with the position of the crack.
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The fracture energyv increases with increasing load and also increases as the crack
gets closer to the adherend interface (increasing ~crack position™). In this particular
case (a crack length of 5 mm). it can be seen that the crack is not likely to propagate
at any load level between 20 and 40 kN as the value of the srain energy release rate

remains below the fracture toughness value.

Table 8.3 presents the stress intensity factors obtained for modes I and II and the
corresponding ratios for different crack positions through the adhesive bond. It can
be seen that this ratio varies between 10 and 63. As the fracture energy varies with
the square of the stress intensitv factor (Equation A.17. Appendix A). this ratio
increases in the same manner. Hence it can be seen that mode Il fracture energy
at the crack tip is more than a 100 times less than mode I fracture energy at this

location.

8.4.1.3 Variations of adhesive thickness

The variation of fracture energv at the tip of a crack was observed for joints with 1
and 3 mm1 adhesive bond thickness respectively. The model with 1 mm bond ensures
a relevant comparison with the experimental data obtained in Chapter 6 while the

model with a 3 mm adhesive thickness enables a comparison with the latter.

Figure 8.8 shows the variation of fracture energy for a crack embeded in the adhesive
bond. The crack is positioned along the middle of the adhesive laver and the tip at
the point where the stress is maximuni (see Chapter 7 Figure 7.11). Hence. it was

possible to compare this value for different adhesive thicknesses.

Generally speaking. it can be observed that the level of fracture energy is higher
for the joint with the 3 mm bond than for the 1 mm bond. More specifically. the
energy increases almost linearly between 5 and 20 num for a 3 mm joint whereas for

the 1 mum adhesive joint this increase is more progressive.

8.4.2 Aluminium-to-aluminium connection

8.4.2.1 Variations of crack length

A similar procedure to the steel-to-aluminium connection was carried out to cal-
culate the fracture energy at the crack tip inserted in the adhesive bond of joint.
The energy release rate was calculated for a crack placed 0.5 nim away from one of

the aluninium box adherends. ie verv close to the interface. Figure 8.9 shows the
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variations of the fracture toughness at the crack tip of a aluminum-to-aluminium
connection for different load values. The critical value of the fracture toughness for

the adlesive is assumed to be 1693 J/m?,

From Figure 8.9 it can be seen that the energy release rate of the crack increases
with increasing crack length and increasing load. According to the figure, the critical
fracture energy is not reached for a crack length between 5 mim and 20 mm at 20 kN,
However. at 30 kN the critical fracture energyv is reached for a crack 6 mm in length
and at a higher load, the energy release rate is bevond the the fracture toughness
of the adhesive for any crack length above 5 mm. Hence. at 20 kN the crack is not
likelv to propagate in the range of crack lengths considered and at a given crack
positioned 0.5 nnu away from the adherend. For any load level above 30 kN. the

crack is likelyv to propagate above a length of 6 mmni.

8.4.2.2 Variations of crack position

Like for steel-to-aluminium connection. a crack of constant length of 5 mm was in-
serted 1 the adhesive bond and the energy release rate was calculated for different
positions through the thickness of the bondline from the middle of the adhesive laver
(1.5 mm) to the interface with the aluminium adherend (2.5 mm). By symmetry
shimilar results would be obtained if cracks were inserted under 1.5 mm. Figure 8.10
shows the variation of the critical fracture energy at the crack tip with the position

of the crack.

The fracture energy increases with increasing load and also increases while the crack
get closer to the adherend nterface (increasing “crack position™). In this particular
case (a crack length of 5 mm). unlike for the steel-to-aluminium connection it can
be seen that the crack is not likely to propagate at 20 and 30 kN as the fracture
energy remains below the limit of 1693 J/m?” for the given crack length. However
at 35 kN. the critical fracture energyv is reached for a 5 nmun crack positioned 0.4
nun away from the middle of the adhesive laver (1.9 nun on the graph). Above 35
kN, the fracture energy is bevond the fracture toughness and the crack is likely to

propagate regardless of its position thirough the adhesive thickness.

Although. the jomt is loaded syvnmmetrically in tension. it is likely. because of the
corner geometry, that mode I fracture would occur at the crack tip. Hence. both
stress intensity factors were recorded for a 5 mum crack length at different positions

through the thickuess at 30 kN. Table 8.4 shows the results obtained and the ratio
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between both stress intensity factors K; and K;;. This ratio varies between 338
and 4. consequently, for the same reason as the one exposed in Section 8.4.1.2 the
mode Il component of the fracture energy can be neglected compared to the mode

[ energy in the total fracture energy release rate.

8.4.2.3 Variations of adhesive thickness

For the same reason as for the steel-to-aluminium connection. the variation of frac-
ture energy at the tip of a crack was observed for joints with 1 and 3 mm adhesive

bond thickness.

Figure 8.11 shows the variation of fracture energy for a crack embeded in the adhe-
sive bond of joints with 1 and 3 mmm thickness respectively. The crack is positioned
along the middle of the adhesive laver and the tip at the point where the stress is

maxinnun (see Chapter 7 Figure 7.13).

It is observed that the level of fracture energyv is higher for the joint with the 3
mm bond than for the 1 mm bond but much more significantly than in the case
of the steel-to-aluminium connection. Between 5 mm and 10 mm., the energy in-
creases sharply while this increase is less pronounced between 10 and 20 mm; this

1s particularly significant at high load levels.

8.5 Discussion

8.5.1 Influence of adherend stiffness

For a given load. as seen in Chapter 7. the stresses are higher in the aluminium-
to-aluminium connection because of the thinner adherend material. This higher
internal stress implied a higher fracture energy values at the crack tip. At 40 kN.
in the case of steel-to-aluminium connection. the fracture energy goes from 677.44
J/m? for a crack of 5 mm to 1750 J/m? for a crack of 20 mm. In the case of the
aluminium-to-aluminium connection. the fracture energy lies between 2615 J/m?

and 5666 J/m? for the same crack lengths respectively.

8.5.2 Influence of crack length

Generally speaking. it was observed that greater crack lengths gave greater fracture

energy values regardless of the joint design. More specifically. for a given load (40 kN

for example), the crack propagation will occur sooner (i.e. for smaller crack length)
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in the case of aluminium connections than in the case of steel to aluminium connec-
tions. Indeed. at 40 kN it was observed that the crack would start to propagate from
an 18 min crack length in the steel to aluminium connection, Figure 8.6. whereas it
was likelv to propagate for a crack smaller than 5 mm for aluminium-to-aluminium

connecitons, Figure 8.9.

8.5.3 Influence of crack position

The crack position through the thickness of the adhiesive bond was shown to have
sowe influence on the value of the fracture energy at the tip of the crack but less than
the crack length has. ITndeed. the further the position from the corner singularity the
lower the stress. Hence. for both joint designs. cracks inserted close to the interface
with the aluminiun. (i.e. the tip is close to the corner of the box section) produced

higher fracture energyv value than cracks inserted in the middle of the adhesive layer.

The influence of the crack position on the mode 11 fracture energy was analvsed. It
was shown that for each design. the closer the crack tip to the corner. the smaller
the difference between the stress intensity factors I\; and K;;. However. Tables 8.3

]\’]
]\.]]

and 8.4 show that these ratios do not followed the same trend. In the case of the
steel-to-aluminium connection the ratio is comprised between 10 and 63. whereas in
the case of the aluminium-to-aluminum connection. it is comprised between 4 and
338. In the case of the aluminium joint. the very high ratio found when the crack is
inserted close to the middle of the adhesive laver is explained bv the ssmmetry of the
joint and the tvpe of loading. Indeed. the perfect symumetry of the double butt strap
joint implies the shear stress to be zero in the middle of the adhesive laver leading
to pure mode I fracture without anyv mode II component. As the crack get closer to
the corner singularity. mode II fracture energy occurs as shear appears due to the
effect of the local geometryv. In the case of the steel-to-aluminium joint. this phe-
nouenon does not occur, because the joint is not symmetric and shear inevitably
occurs, leading to a small mode II fracture energv at the crack tip. However. it
should be noticed that this mode IT component is negligible compared to the mode

I component.

One of the limitations. in this study. is that the crack is considered straight and
to propagate along a straight line. However. in Chapter 6 it was observed. Figure
6.4. that the crack oscillates through the adhesive bond. Indeed, the crack direction
depends on the adherend geometry and tvpe of loading. Hence it is dependent on

the criterion chosen: if using the mode I fracture criterion (Chen. Dillard. Dillard
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& Clarke 2002) the direction of the crack depends on the ratio between mode I and
mode II fracture energies. If pure mode I is obtained the crack will propagate in a
straight direction. if mixed mode occurs, the crack will oscillate. Figure 7.4(b) to
some extend and Figure 7.5(b) more clearly show irregular cracks in the adhesive
bond close to the corners of the joint. This suggests that a directionally unstable
crack initiates at the corners with a nixed mode fracture and then stabilized in
a straight direction close to the adherend/adhesive interface under pure mode I

fracture.

8.5.4 Influence of adhesive thickness

[t was stated earlier in Section 8.2 that it was likelv that the fracture toughness
of the adhesive joints changes with adhesive thickuess. Indeed. the trend followed
by the toughness with increasing adhesive thickness is subject to conflicting results
(Chen et al. 2002. Daghyani et al. 1995). However. it is likelv that mode I fracture
toughness of 3 nmun adhesive joints would be higher than the average value of 1693
J/m?. Taking also into consideration that the method used to calculate the fracture
energyv gave the lowest values of the fracture toughness (Figures 6.14 and 6.23) com-
pared to analvtical solutions. this implies that using data from DCB specimens with
a 1 mun adhesive thickness provides a very conservative criteria to predict fracture

propagation.

From Figures 8.8 and 8.11 it can clearly be ohserved that the fracture energyv is
higher for 3 mm thick adhesive bonds than for 1 mm adhesive bonds. This can
be explained in terms of adherend constraints (Kinloch & Shaw 1981, Daghyvani
et al. 1995): when the adhesive bond is thin there exists a relatively high constraint
from the adherends whereas when the bond thickness increases the bond is less
constrained. When the bond 1s thick. the degree of plastic deformation at the crack

tip decreases and the energy release rate decreases.

8.6 Conclusion

This chapter has presented a fracture mechanics approach applied to complex joint
designs to give an insight into the damage tolerance of these joints investigated for

certain crack configurations. The following conclusions can be drawn:

e Areas prone to crack development and propagation are situated close to the

corner of the jomnt where singularities occur.
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e Mode I fracture energy was calculated for different crack lengths at different
load levels for both joint designus. It was shown that steel-to-aluminium joints
were more tolerant to damage than aluminium-to-aluminium joints since larger

cracks and higher loads could be sustained without propagation.

e Nunerical results suggest that the adhesive thickness of the joint influences the
fracture energy developed by the crack as a higher thickness vields to higher
fracture energy at the crack tip. Hence. taking the adhesive fracture toughness
of 1 mum joint as a fracture criterion represent a conservative criterion that can

he used for the failure prediction.

e The influence of the crack position through the thickness was investigated and
it was found that the value of the fracture energy could vary from single to

double at high load levels.
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Tables

Number of nodes Fracture energy G; [J/m?]

11 536 1365
16 145 1368
18 039 1346
19 439 1357
24 232 1360
28 665 1360

Table 8.1: Sensitivity of fractwre energy of cracked steel-to-aluminium connection
to mesh density

Number of nodes  Fracture energy G; [J/m?]

10 205 3872
18 991 3836
22935 3916
27 731 3927
34 104 3928

Table 8.2: Sensitivity of fracture energy of cracked aluminium-to-aluminium con-
nection to mesh density

Crack position [mm] 1.5 1.75 2.0 2.25 2.5
Mode I SIF K; [N/m*?] 306010 316460 332210 355300 391480
Mode 1T SIF K;; [N/m*?] 17106 4984 7447 20738 38533
Ky /Ky 17.89 63.49 44.61 17.13 10.16

Table 8.3: Stress intensity factor at the crack tip of steel to aluminium connection
at 30 kN
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Crack position [mm)] 1.5 1.75 2.0 2.25 2.5
Mode I SIF K; [N/m?*?] 689570 694470 710400 736120 769120
Mode 1I SIF K;; [N/m3/?] 17106 3602 76954 124520 189080
K; / Kyp 338.14 1928 9.23 9.91 4.07

Table 8.4: Stress intensity factor at the crack tip of aluminium-to-aluminium con-
nection at 30 kN
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Figures

Figure 8.1: Example of bonding process in shipvard conditions

Figure 8.2: Example of voids encountered in the adhesive bond
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Figure 8.3: Position of the crack inserted in the adhesive bond of structural joints:
(a) steel to aluminium connection. (b) aluminium-to-aluminium connection
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Figure 8.4: Mesh detail of crack inserted in steel-to-aluminium connection
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Figure 8.5: Mesh detail of crack inserted
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Figure 8.7: Variation of fracture energy with the position of a crack embedded in
the adhesive bond of a steel-to-aluminium connection
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Figure 8.11: Variation of fracture energy with the length of a crack embedded in
the adhesive bond of a aluminium-to-aluminium connection



Chapter 9

Discussion

9.1 Introduction

The previous Chapters have focused on the behaviour. analysis of failure and stresses
in adhesive joints considered for the fabrication of a marine structure. These repre-
sent the different steps of the methodology presented in Chapter 4. The approach
adopted for the assessment of the bonded superstructure problem is based on the
flowchart presented in Figure 4.1. Although. this method is applied to the particular
example of the superstructure of a ship. it could be seen as a more general approach

when adhesive bonding is considered for a marine structure.

A similar method to the one presented here was used by (Loscombe 1990) in the
study of structural design of SWATH (Small Waterplane Area Twin Hull) ships.
In first instance an analyvtical model was considered to studyv a box-like ship. then
a global FE analvsis of the ship was carried out followed by a more precise mesh
of local areas. Another study by (Di. Kellv. Chowdhury. Goss & Berkovits 1997)
ivestigated the fatigue behaviour of an aluminium welded catamaran: the global
model was used to investigate areas where further local study needed to be done on
structural elements leading to a more detailed analvsis on some welded connections.
An embedding procedure was proposed that allowed an analysis of each sub-model
independent of the boundary conditions of the higher level model. Recently (Wang
et al. 2004) described a global to local approach using submodelling techuiques in or-
der to incorporate adhesive bonding 11 the design of large structures. Their analysis
requires detailed joint analysis to incorporate either hyperelastic or spring elements

with equivalent joints stiffness.

The early steps described 1n the chart were not actually carried out by this author

but are presented for the sake of illustration. The results when borrowed from other

155
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authors. are acknowledged subsequently. These steps though very important in the
design stage were outlined in Chapter 4. Section 4.2. However, this chapter will
mainly focus on the second half of the chart that forms the bulk of the work carried

out for this thesis.

9.2 Global structural model

The global finite element model of the superstructure that is used as a case study
was prepared by Dr. Shihua Miao during the Bondship project (Bondship 2003).
The structural analvsis of this superstructure was carried out on the assumption
that the load transfer is achieved through the beams and frames. The honeycomb
plating. which is bonded to the stiffeners. is assunied not to carry any load. It is
assumed that the main deck of the ship is fixed and consequently there is no inter-

action between the ship hull and the superstructure.

Finite element analysis has been carried out using the ANSYS package. In the
package library. element BEANM44 was chosen for the frame structure. BEAM44 is
a 3D beam element that has six degrees of freedom at each end, three in translation
and three in rotation. The material property of the aluminium sections is assumed
to be E =71 GPa. v = 0.35.

9.2.1 The Boundary Conditions

The superstructure is rigidly fixed to the main deck of the ship hull since it is assumed
that there is no interaction or deformation between the superstructure and the ship
hull. Thus every node of the finite element mesh at this location is constrained in

the three directions.

9.2.2 The Applied Loads

As a short superstructure (less than 50m) it is not required to withstand bend-
ing/compression loads. The main loads experienced by the structure are then: the
weight of the structure itself. the weight of the equipment and the personnel and

those due to environmental conditions such as the wind pressure.

Two load cases representing two possible worst-case scenari were investigated as an

example and presented here:
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e One case where the side and bridge pressures are considered (asymmetric case).

Figure 9.1,

e one case where the front and bridge pressures are considered (symmetric case),
Figure 9.2

The distribution of the pressure is linear from the hottom to the top of the super-
structure. Uniform pressure is also imposed on the bridge floor. These pressures are
applied according to DNV rules (DNV 2001).

9.2.3 The Output of FEA

Figure 9.3 shows tlie nodal load response to side pressure on the port side and Figure
9.4 shows the nodal load response to front pressure at the front of the superstruc-
ture. The results are given in the global coordinate of the superstructure and x = 0
corresponds to the origin of the coordinate systeni. see Figure 9.1. In all directions.
a positive value corresponds to a tensile load while a negative value corresponds to

a compressive load.

In the first case. 1t can be seen that the load response is negligible in the x direction
due to the loading configuration. Tlie most significant loads found are the forces in
the z- direction and in a lesser extend in the y- direction where they are mainly com-
pressive. In the second case. the load response is negligible in the v- direction and
constant and compressive in the x- direction due to the loading configuration too. In
the z- direction. the load response is mainly compressive along the beam with sharp
increase vielding to high tensile loads at the edges of the superstructure. These
relatively high tensile loads found at the extremity of the superstructure mayv be
explained by the singularity of the point situated at the corner of the superstructure
due to the discontinuity between the horizontal deck and the vertical superstructure
(Evans 1983).

This global analysis has shown that loads are significantly high at the junction
between the deck and the superstructure and if an adhesive bonding solution is
to be considered a local analysis needs to be carried out. This therefore justify
both nunierical and experimental programme undertaken to investigate failure mode
and failure mechanisms of deck-to-superstructure joints and the associated generic

topologies.
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9.3 Strength based criterion

9.3.1 Study of generic joint

The studyv of the strength of generic joints was the topic of Chapter 5. This phase
essentially enabled an assessment of the adhesive svstem (adhesive/primer/surface
preparation) together with the chosen adherends. A number of issues therefore
needed to be considered: the adherend and adhesive materials. the surface prepa-
ration and the ageing process. One of the kev issues in this study was the high
tolerance in the adhesive application due to shipvard condition and the lack of
trained workforce. This led indirectly to greater thickness of adhesive hond than
specified i the original design (Cantrill et al. 2004) and therefore an investigation

was needed to assess the loss of mechanical properties on generic joints.

The extensive experiniental programnie carried out on butt strap joints has helped
to characterise the different modes of failure of the joint under unaged and aged con-
ditions. Small adhesive layers led to cohesive failure while thicker adhesive bonds
led to a more hybrid cohesive-adhesive failure. Also. the adhesive system was shown
to be suitable for aluminium adherends whereas in the case of steel. a more careful
surface preparation was deemed important. In terms of mechanical behaviour. the
experimental programme has shown significant loss of strength and stiffness due to
adhesive thickness increase. Although the realistic aspects of accelerated ageing of
the joint could be argued. it still provides data concerning water ingress in the joint

and it was possible to get indication of how the joint is weakened.

In terms of numerical modelling. finite element analysis was preferred to analytical
formulation m order to assess the stress in the adhesive. The reason being that
analytical models are usually restricted to simiple joint like single lap jomt with thin
adhesive bonds and in some extent thin adherends. In this case. the butt strap joint
geometry and the relatively thick adhesive bond prevented any analysis via closed
form solution. Finite element analvsis 1ot only allowed a more accurate stress anal-
ysis, but also allowed to show the influence of geometric non-linearities as well as
nmechanical non-linearities in the stress profile of the joint loaded in tension. Unlike
analytical models that consider a constant shear stress through the adhesive bond
thickness (Volkersen 1938. Goland & Reissner 1944, Hart-Smith 1973). it was shown

that it is no the case. Figure 5.22.

The accelerating ageing programme carried out on the joints cannot be related to
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any realistic degradation process as it should have taken a much longer time to have
the specimens service life conditions. However. the experiments gave an indication
of the type degradation to be expected when the joints are immersed in a humid
environment. In particular. thev showed how damaging the effect can be to the
strength of the jomt. especially if the adhesive bond is poorly manufactured. In this
respect. there is probably a need for the designer to envisage a solution to protect
the joint against sucli environnental degradation when using adhesive bonding in a

marine environment.

9.3.2 Study of structural joints

Once the adhesive system was characterised. a study of a structural component was
carried out both experimentally and numerically. The experimental programme in-
cluded temnsile characterisation of joints under conditions consistent with those in

highly loaded areas such as the deck to superstructure connection.

The experimental programme enabled the characterisation of failure modes and pro-
vided an insight into failure mechanisms of the joint loaded in tension. The failure
mode was observed to be mainly cohesive with only a few samples showing areas
where adhesive failure. indicating a relatively good adhesive system for this design.
This was in good agreement with the observations made for the generic joints. es-

pecially showing adhesive failure on steel adherend. Figure C.4.

Due to the relative complexity of the joint design. finite element analysis was cho-
sen to assess the stress along the adhesive bond and it was shown that a linear
model would give sufficiently accurate results. The analyvsis showed the importance
of correctly modelling the boundary conditions in order to get a good agreement
between numerical and experimental data. The modelling results enabled location
of the zone of high stress and confirmed the mechanism of failure suggested by the

experiment.

The study has highlighted the role of the stiffness of the adherends in the strength of
the joints. Indeed. the deck-to-superstructure joint was made with a 6 mm thick steel
box and a 6 mm thick aluminium box. while the unit-to-unit joint was made with
3 mm thick aluminum boxes. Quantitatively. the steel-to-aluminium connections
with a smaller bond area carried 30% more load than the aluminium-to-aluminium
connection. However.this increase of strength translates into a weight penalty in the

global structure.
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The finite element analysis showed the predominance of tensile stress failure rather
than shear in these joints. This can be explained because the bonding area between
the two boxes is as large as the areas of the straps. Decreasing the area between
the faces of the box sections would lead to peel failure in the strap as shown by

Hart-Smith cited in (Pocius & Dillard 2002) instead of tensile failure.

In terms of joint design. these configurations are interesting in that they fail due
to direct tensile stress and not by peel due to the large bonding area of the butt.
However. the geometry of the joint made with extruded section and sharp corner
leads to very localised high stress areas. these areas are minimized with increasing
adherend thickness as seen for the steel-to-aluminiuni connection. A way to reduce
these stress concentration would be done by rounding the corners of the aluminium
boxes (Adams & Harris 1987).

9.3.3 Failure criterion

The practical failure criterion based on experiment and numerical results was applied
to the adhesive joint. considering that with the adherend materials and thickness
involved. the adhesive would fail before. This is the opposite approach to the one
advocated by Hart-Smith in an aerospace enviromment where the adhesive bond

must not he the weak link in the structure (Hart-Smith 1973).

The reason for the choice of such a criterion was that other criteria either fail to
take into account all the mechanical aspects of polvmeric material (Von Mises) or
are not implemented in commercial finite element codes (Raghava). Therefore. a
hybrid approach based on experimental and numerical analysis was considered ap-
propriate for the study. The experiniental data has the advantage to consider simple
joints that take into account the adherends. the surface preparation. the adhesive

thickness and in some extent the load transfer mechanism of the complex joint.

The method also avoids to face a stress singularity that increases indefinitely with
refining mesh surrounding corners or free surface. It ensures a conservative criterion
comparing averaged values from the generic joint analyvsis and peak values from the

complex joint analysis.
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9.4 Energy based criterion

9.4.1 Study of generic joint

The studyv of the fracture behaviour of generic joints was the topic of Chapter 6.
This phase enabled the assessnient of the fracture toughness of the adhesive svsten.
A number of issues were considered such as the influence of the combination of dif-
ferent adherends and the mfluence of adhesive thickness variations. Although the
former was an original axis of investigation. the latter was analvsed because obser-
vation made before testing. showed that for a given specimen the thickness of the
adhesive bond varied substantially around the nominal thickness originally specified
as seen 111 Table 6.3. These variations of adliesive thickness were not as significant
as the one considered for the butt strap joints but significant enough to observed

changes in the results of the fracture toughness.

Comparing the analvtical and numerical models applied to DCB specimens. it was
shown that the analytical models gave much less conservative results than numerical
models. The analytical results are however more realistic as they describe a fairly
tough adhesive with a high fracture toughuness. This is due to models that do not
take into account rotation of the root of the beams: this was first highlighted and
explained by (Williams 1989).

As for the butt strap joints. the accelerating ageing programme carried out on the
DCB specimens cannot be related to any realistic degradation process. However.
the experiments gave an indication of the type degradation to be expected when the

joints are immersed in a humid environment.

9.4.2 Study of structural joints

Based on the data derived from the DCB test programme. an analysis of damaged
structural joints was cairied out to assess their damage tolerance. The analysis ini-

plied different crack lengths and different applied stress via the applied load level.

The fracture mechanics analyvsis of the structural joints. with a nominal adhesive
thickiess of 3 mm, based on fracture toughuess of DCB specimens with 1 mm
adhesive thickness can be argued. Indeed. few studies have shown that the frac-
ture energy of joints with toughened epoxy adhesives was highly dependent on the
adhesive thickness and difficult to characterise (IXinloch & Shaw 1981, Daghvani

et al. 1995. Yan et al. 2001Dh) among others. For this reason. it was necessary to
o N
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cousider the cases where the adhesive thickness is the same for both the generic
joints and the structural joints. If data is not available for different thicknesses. the
numerical results can only be used as a means of comparison. In this study. the
results obtained indicate that the fracture energv developed by a joint with 3 mm
adhesive is higher than for a joint with 1 mm. However. it is likely that experimen-
tal tests on thicker generic joints would show a rise in the fracture toughness of the
joint (Daghyvani et al. 1995, Yan et al. 2001b) and in this case the fracture criterion

cliosen 1s conservative.

9.5 Comparison

This study showed two different approaches to investigate the hehaviour of struc-
tural adliesive joints. One approach considered the joint to be damage-free and uses
a stress-based criterion to identify areas prone to stress concentration in the joint.
Based on generic joint test and stress analysis results. the failure of the joint was

investigated with a conservative criterion.

The second approach considered that defects can inevitably occur in an adhesive
bond but can be tolerated up to a certain load level or crack length. Based on mode
[ fracture mechanics tests results. an energy based assessment of the structural joint
was done considering different load levels and crack length using linear elastic frac-

ture mechanics.

The last step described in Figure 4.1 is now to check the compatibility of the de-
signed load with the global load response of the superstructure which a hrief analvsis

has been carried out section 9.2.

Figure 9.4 shows that the maximumn load to be expected is about 56 kN in the case of
front pressure. Experimental tensile tests showed that the ultimate load capacity of
the deck to superstructure joints is 70 kN. This is above the maximum load carried
by the superstructure but ratio between these two values is rather small conipared
to usual safety factors encounter in the industry (Clarke 1996). However it should
be borne in mind that the boundary conditions at the base of the superstructure
(all the degrees of freedom are constrained) are verv conservative. In reality part
the forces will be relieved due to the elasticity of the connection between the deck
and the superstructure (Chapman 1961). Hence. in first approximation. the ulti-

mate static load applied to the steel-to-aluminium connection is compatible with
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the global load response of the superstructure.

Figure 8.8 shows that the steel-to-aluminium connection with 1 mm adhesive thick-
ness is damage tolerant up to 50 kN and a crack length of 20 mm. Beyond this load
level and this crack length, it is likely that any crack would propagate catastroph-
icallyv. If the thickness of the joint is 3 mm and the criterion is kept the same. the
steel-to-aluminium connection is damage tolerant up to 40 kN and a crack length of
20 mm1. This beconles a more conservative criterion and satisfies the compatibility

with the global load response of the superstructure.

[ terms of failure load. the two approaches gives similar results as Table 7.3 predicts
a failure at 50 kN for the stecl-to-aluminium connection and the Figure 8.8 also
suggests that bevond this load level and a 10 mm crack the joint is likelv to fail.
However. it should be noticed that the stress analvsis needs to be carried out before
the fracture energy approach to locate the areas of stress concentration. Also. in this
particular study. the fracture criterion was shown to be a much more sever failure

criterion (ie conservative) than the stress-based criterion.

9.6 Summary

In terms of practical ship design. in a short and structurally ineffective super-
structure. high forces are usually developed at the connection between the super-
structure and the main hull if the same materials are used for both structures
(Chalmers 1993. Chapman 1961). This study proposed an analysis of structural
adliesive joints which could help to design such joints to relieve these high forces
by using a low modulus material between the steel deck and the aluminium super-
structure. In the particular case of the superstructure presented in Chapter 3. the
application of the DNV High Speed Craft code stipulates that it is not required to
withstand bending and compression load. However. realistically. the superstructure
will transmit a minimum vertical and shear loads that will be done via the adhesive

joint.
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Chapter 10

Further works

While this researchh has advanced knowledge with application of adhesive bonding
technology to large structural application in shipbuilding. it has also highlighted the

need to conduct further studies. These primary topics are briefly outlined below:

e In adhesive joint analysis. failure criteria have been a matter of investigation
for some times because of the nature of the adhesive material and the stiffness
mismatch in the joints. The strength-based criterion used in Chapters 5 and
7 was shown to be practical hut involved several steps to be followed and
experiments to be carried out. Hence it needs to be applied in the case of other
adhesive joints applications with different joiut design and different adhesive
materials. Also. since it was shown to be time consuniing. other criteria would

need to be developed involving a more simiple procedure for the designer.

e One of the topics of investigation in Chapters 5 and 6 was the influence of water
on the degradation of the joint characteristics. The bath of distilled water
in which the joints were inmnersed provided a convenient accelerated ageing
environment, but the results obtained were very difficult to relate to reality.
Immersing the specimens for a few months or a few vears in an environmental
chamber where the temperature. salt concentration and rate of humidity could
vary would provide a more realistic solution. Hence. the atmosphere and the
time scale would be comparable to weather conditions encountered in-service.

This therefore warrants further study.

e The work carried out in Chapter 7 ouly investigated the static behaviour of
structural joints. However. one of the reason for the reluctance of ship design-
ers to consider adhesive bonding for structural elements is the lack of data
concerning the long term-performance of joints in a nmarine environment. such

as creep or fatigue due to dynamic load. Most of these performances can be
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assessed In laboratory conditions but are tinie consuming and in-service con-
ditions are not alwavs reproduced. They can still provide valuable data about
the mechanisms of joint degradation. In the particular case of the structural
joints studied here, it should be interesting to assess the fatigue life of the joint
at different frequencies and stress ratios in both tension-compression and bend-
ing. This would give a first estimate for the fatigue life of the superstructure

itself.

e In terms of fracture hehaviour of basic and structural joints. as stated above.
experimental data are very important and hence it would be necessary to
continue the work initiated on the fracture behaviour of thick adherend - thick
adhesive joints. In particular. the analvsis of damaged structural joints carried
out in Chapter 8 was only based on the results of DCB joints with a nominal
adhesive thickness Chapter 6. Future investigations on damaged joints need to
consider DCB specimen with a bond thickness that corresponds to the bond of
the structural joints. This would ensure a more precise criterion for the crack

propagation in structural joints.



Chapter 11

Conclusion

This study focused on adhesively bonded joints with thick adherends and adhe-
sive bonds to be used in a shipbuilding environment. It was based on a global-to-
local analvsis and compared two different approaches and failure criteria. The work
addressed the strength of butt strap joints in different ageing environments and
structural joints with niarine grade adherends based on a double butt strap config-
uration. The fracture behaviour of the joints was assessed using Double Cantilever
Beam specimens with both analyvtical and nunierical models and this analysis was

used to assess the damage tolerance of the structural joints defined above.

The local strength-based approach focused on three main issues concerning adhesive
bonded single butt strap joints: the influence of adhesive thickness on the strength
and behaviour of the joints. the influence of the combination of water and tempera-
ture and the influence of material nou-linearity on the stress profile in the adhesive
laver. The key aspects of the strength-based study concerned the characterisation
of the mechanical behaviour of the joints and their mechanisim of failure via experi-

mental and numerical models.

The fracture mechanics analysis of bonded DCB speciniens enabled the understand-
ing on the defect resistance of the particular adhesive svstem used to bond different
adherend materials. It gave an insight of the fracture behaviour of this particular
adhesive system1 and specifically gave an envelope of fracture toughness values for

the joint with different adherend materials.

The study of the behaviour of complex joints that could be used for structural pur-
pose in a high speed craft involved experimental and numerical analvsis. It enabled
the characterisation of the behaviour of thick complex joints. It also highlighted the

influence of the adherend stiffness in the state of stress in the adhesive and then

—_
(o}
9]
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the strength of the joint. Finally. based on the data from the local joint design. a
practical failure criterion based on experimental and nunierical results was used and

shown to be relevant to predict failure of the joint in a conservative way.

The energv-based assessment of structural joints was carried out using finite element
models considering different lengths of crack. two adhesive thicknesses and different
load levels. Based on data from generic DCB joints. this analysis enabled an assess-
ment of the tolerance to damage of structural joits. For a given load or a given
adliesive thickness, the study provided a range of crack lengths where the critical

fracture energy i1s not reached and the joints considered to be safe.

In terms of design. this work provides a basis for a design approach to adhesive
bonding of joints with both thick adherends and adhesive bond. It contributes to a
better understanding of adhesively bonded structures in a marine environment and

it helps to promote a more general access to this technology in that industry.
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Appendix A

Linear Elastic Fracture Mechanics
concepts

A.1 Energy balance approach

A.1.1 Analytical methods

The first approach mentioned is based on the early work of (Griffith 1920) con-
cerning cracks in glass materials and consider that a crack will grow when sufficient
energy is released. In other words. crack will grow when all the work done by applied
external forces and the elastic energy stored in the material is converted in elastic

surface energy.

Generally speaking. for all loading systems. G can be defined as follows:

OUert  OUs  OU, 090Uy

9A  9A 04 0A
For low rate testing. Uk =0 and if all the energyv dissipation is local to the crack tip
then Ud =0.

G = (A1)

The energy changes are,

AU,y = Pd6 (A.2)

and

Us = %P.o‘ (A.3)

Therefore:
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1 S
dUs = E(Pd() + 0dP) (A4)
hence,
1, .06 0P
= (P~ —§—— A5
¢=3"% %) (45)

Since the compliance of the system 1s given by

§=C.P (A.6)

and

du = CdP + PdC (A7)

the energy change can as well be expressed as follows:

B P2 oC
"~ 2B da
This method enable to calculate the energv per unit area needed to enable a crack

(A-8)

to propagate with respect to the main parameters of the test: load and corre-
sponding crack length. It can be noted that this relationship does not take into
account geometrical parameter of the specimen. The interest of this direct method
(Kinloch 1990) is to get the value of G, without any ambiguity that is found with

the stress intensity factor approach.

In order to compute fracture energy G three analytical formulations are proposed
in a test protocol from (Moore et al. 2001): simple beam theory, corrected beam

theory and experimental compliance method.

For thin adhesive laver. using simple beam theory. the adhesive fracture energy can

be expressed as follows (Ripling et al. 1970):

1P? (3a®> 1
= [ =4 A9
Cre= ¢ 2 <h,3 - h) (4.9)

where E, is the elastic modulus of the adherend and I1 the thickness of each ad-
herend. The first term in bracket is due to the bending deflection and the second
one 1s due to shear deflection which is usually negligible (Joshi, Gray, Banks, Hav-
mar, Gilmore, Yates & Pethrick 1997. Ripling et al. 1970).
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The simple beam theory is based on the assumption that the beam is built-in can-
tilever. This implies that by using the simple beam theory it is assumed that at
cantilever root the slope and deflection are zero. However the forces and moment

cause the end region to deform. This assumption therefore may result in an error.

The simple beam theory expression for the compliance of a perfectly built-in DCB
specimen will underestimate the compliance as the beam is not perfectly built-in. A
means of correcting for this effect is to treat the beam as containing a slightly longer
crack length a +A. A may be found experimentally by plotting the cube root of

the compliance as a function of crack length a.

The fracture energv G, derived from the Corrected Beam Theory is then given by:

3Po
Gro=—=—"" A10
"7 9B(a+|A|) (4.10)
where P is the load, ¢ the displacement, a the crack length and B the width of the

specimen.

The flexural modulus E; of the DCB specimen can be calculated to check whether
the test was carried out properly as a value independent of the crack length should

be obtained via the following equation:

8(a + |A])?
CBh3
An alternative approach, given by the Experimental Compliance method. is to plot

G[C: (All)

the logarithm of the compliance C versus the logarithm of the crack length a. The

slop n of this plot is used to give Gy

nPé
2Ba
where P is the load, § the displacement. a the crack length and B the width of the

G = (A.12)

specimen.

(Blackman et al. 1991) recommended during the analysis to employ all three meth-
ods. However if it is not possible for all methods to be used. they recommend that
the ECM be used since this method together with the CBT are considered to be

more accurate methods for determining the value of Gy..
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A.1.2 Numerical method

As the previous methods described above are valid only for linear elastic materi-
als. (Rice 1968) proposed a path independent integral based on the energy balance
approach that can be applied in the case of materials with non-linear elastic be-
haviour. The corresponding parameter is J as opposed to G and is given by the

following relation:

J = % Wdy — T@ds (A.13)
r ox

Where:

I' corresponds to an arbitrary path surrounding the crack tip,

W is the strain energyv density,

T = (0,04 + 0zyny ; 040y + 0yn,) is the stress vector at the outer side of T,
u is the displacement vector,

x and y are the cartesian coordinates.

s is the arc of length along the integration line T'.

In the case of linear elastic problems. the J-integral is exactly equal to the strain

energy release rate G.

A.2 Stress intensity factor approach

An alternate approach proposed by (Irwin 1957) considers the stress field surround-
ing the crack tip to be characterised by a parameter called stress intensity factor I<.
This relates the stress intensity at the crack tip to the applied load and geometrical
paranmeters. However, two approaches can be considered (Kinloch 1990): one where
the crack is situated far from the interface between materials (ie in bulk materials)
or when the crack is situated close to this interface that corresponds to bonded

structures.

In the first case, the relation between the crack length. the applied stress and the K

factor is given by:

9 30
1+ sin sin >
J11 - ‘— N
]\] g
T12 = W Ccos <§> sin (_) ( 5 > (A14)
722 o (f 30
— SIN 5 7
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The problem occurring in this expression is that stress can not be taken as a criterion
on its own as when approaching the vicinity of the crack stress mathematically goes
to infinity which is not physically acceptable. Therefore the criterion chosen here is

the following relation with K:

Ky > Ky, (A.15)

It should be noticed that K. is theoretically unique for a particular material and
therefore is a fundamental material property for material selection and design. How-
ever. in the case of adhesive bonding. it has been shown (Yan et al. 2001a. Daghyani
et al. 1995) that fracture toughness varies with adherend material and adhesive

thickuess.

In the case where the crack is close to a bimaterial interface. the problem becomes
more difficult because one must take into account both tensile and shear stress

around the crack vicinity:

- _ J{Kn Kip) [ sin(Clnr) .
( 0122 ) T2 ( cos (CInr) > (A.16)

Where ( is a bimaterial constant that depends on shear modulus and Poisson’s ratio

of both adherend and adhesive materials.

It is important to notice that the above expression exhibits an oscillatory behaviour
that is not physically possible. However these oscillations are only observed mathe-
matically in a limited region very close to the tip and it has been found that for the
near and far field, the stress is reasonably predicted as shown by (Rice & Sih 1965)
and (England 1965). The region mentioned above has been derived to be of the
order of 2a x 1.26107%.

There exists a relationship between the stress intensity factor approach and the

energy balance approach which is as follows:

(1 —v?)R?
E,

This is used to convert the stress intensity factor IX calculated after the finite elemeunt

G = (A.17)

analysis into the energy release rate G. which is compared to the results from the
analytical solutions presented above. In the expression, E, and v are the Young's

modulus and the Poisson ratio of the adhesive respectively.



Appendix B

Example of DCB calculation

This appendix presents how the fracture toughness of the DCB joint is obtained via
a spreadsheet and intermediate graph. this follows the protocol written by (Moore
et al. 2001). The spreadsheet is based on the equations A.9 to A.12 and the associ-

ated intermediate calculations for each specimen.

Table B.1 presents the input data recorded during the test: vertical displacement.
corresponding load and length of the crack. Table B.2 presents the actual results
used for the study: fracture toughness calculated for different crack length with the
different analytical formulations and the finite element solution (column 2 to 7). The
colummu 1 corresponds to the vertical displacement corrected taking into account the
compliance of the machine. Table B.3 presents the intermediate calculations used
to calculate the fracture toughness from equations A.9 to A.12. Eventually. Table
B.4 summarises the regression analysis carried out to obtain A and n from Figures

B.1 and B.2 respectively.
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Tables

DATA INPUT BOX 4: TEST DATA

Text Text a [mm] Load [N] d [mm]

insert NL

insert Visual 29 2280 1.3

precrack Visual 31 1120 0.83
Propagation 33 1460 1.03
Propagation 35 1830 1.24
Propagation 41 2190 1.67
Propagation 44 2110 1.9
Propagation 48 2070 2.02
Propagation 52 1920 2.36
Propagation 53 1810 2.56
Propagation 59 1720 2.72
Propagation 63 1680 2.87
Propagation 69 1600 3.26
Propagation 73 1530 3.55
Propagation 77 1450 3.87
Propagation 79 1370 4.23
Propagation 82 1330 4.4
Propagation 87 1290 4.62
Propagation 92 1210 5.16
Propagation 95 1180 5.34
Propagation 98 1170 5.5
Propagation 101 1130 5.79
Propagation 104 1100 6.07
Propagation 107 1050 6.35
Propagation 110 1020 6.65
Propagation 113 1010 6.91
Propagation 115 960 7.26

-J

Table B.1: Example of input data for tested DCB specimen with Al 6082 and Al

6082
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CALCULATED VALUES

178

dCOR [mm] |G SBT [J/m2] |G CBT [J/m2] |G ECM [/m2][G KCALC (J/m2)[G J-int lin (J/m2)[G J-int nonlin (J/m2)
Eqn. [A.9] Egn. [A.10] Egn. [A.11]
1.05 673.42 2737.57 3545.40
0.70 184.37 873.56 1098.89
0.87 352.96 1350.61 1654.88 569.65 561.05 468.13
1.04 620.71 1952.69 2336.13 973.21 955.90 771.75
1.43 1206.76 2915.56 3284.51 1773.19 1741.65 1353.56
1.66 1285.19 3133.32 3442.81 1840.01 1807.29 1402.11
1.79 1466.07 3118.28 3327.66 2033.13 1996.97 1539.09
2.15 1475.58 3284.35 3416.97 1989.67 1954.29 1509.09
2.36 1361.33 3357.60 3472.83 1824.04 1791.61 1393.04
2.53 1518.22 3171.26 3178.48 1966.66 1931.70 1494.77
2.68 1648.58 3134.32 3085.13 2095.86 2058.61 1586.76
3.08 1789.95 3205.74 3081.53 2216.52 2177.13 1674.41
3.38 1829.98 3221.87 3054.32 2232.21 2192.54 1686.15
3.71 1826.94 3216.73 3011.22 2202.22 2163.09 1665.80
4.08 1716.00 3275.93 3048.64 2052.44 2015.98 1558.09
4.25 1741.42 3221.79 2973.35 2065.24 2028.55 1567.61
4.48 1842.59 3140.68 2861.73 2155.49 2117.20 1632.64
5.02 1811.56 3163.36 2849.39 2092.08 2054.92 1587.17
5.21 1836.36 3116.33 2789.17 2107.23 2069.81 1598.70
5.37 1920.55 3106.67 2763.81 2187.73 2148.88 1656.44
5.66 1902.26 3088.45 2731.96 2154.29 2116.04 1632.54
5.95 1910.73 3082.30 2711.82 2156.21 2117.93 1523.33
6.23 1842.39 3012.33 2636.70 2063.79 202716 1458.03
6.54 1837.04 2999.46 2612.67 2044.90 2008.60 1444.68
6.80 1900.37 3020.60 2618.91 2106.80 2069.41 1488.41
7.15 1777.95 2977.32 2573.73 1968.54 1933.61 1390.73

Table B.2: Example of calculated values for tested DCB specimen with Al 6082 and
Al 6082
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CALCULATED INTERMEDIATE VALUES

Text a [mm] F -] N [-] FIN [-] C [mm/N] (C/N)*M/3 Log [C/N] Log (a) m [1/mm] d/a
Visual 29.00 1.00 1.00 1.00 0.00 0.08 -3.34 1.46 1.44 0.04
Visual 31.00 1.00 1.00 1.00 0.00 0.09 -3.20 1.49 1.63 0.02
Praopagation 33.00 1.00 1.00 1.00 0.00 0.08 -3.23 1.52 1.84 0.03
Propagation 35.00 1.00 1.00 1.00 0.00 0.08 -3.25 1.54 2.06 0.03
Propagation 41.00 1.00 1.00 1.00 0.00 0.09 -3.19 1.61 2.79 0.03
Propagation 44.00 1.00 1.00 1.00 0.00 0.08 -3.10 1.64 3.20 0.04
Propagation 48.00 1.00 1.00 1.00 0.00 0.10 -3.06 1.68 3.80 0.04
Propagation 52.00 1.00 1.00 1.00 0.00 0.10 -2.95 1.72 4.44 0.04
Propagation 53.00 1.00 1.00 1.00 0.00 0.11 -2.89 1.72 4.61 0.04
Propagation 59.00 1.00 1.00 1.00 0.00 0.11 -2.83 1.77 5.69 0.04
Propagation 63.00 1.00 1.00 1.00 0.00 0.12 -2.80 1.80 6.48 0.04
Propagation 69.00 1.00 1.00 1.00 6.00 0.12 -2.72 1.84 7.76 0.04
Propagation 73.00 1.00 1.00 1.00 ¢.00 0.13 -2.66 1.86 £.67 0.05
Propagation 77.00 1.00 1.00 1.00 0.00 0.14 -2.59 1.89 9.64 0.05
Propagation 79.00 1.00 1.00 1.00 0.00 0.14 -2.53 1.90 10.14 0.05
Propagation 82.00 1.00 1.00 1.00 0.00 0.15 -2.50 1.81 10.92 0.05
Prapagation 87.00 1.00 1.00 1.00 0.00 0.15 -2.46 1.94 12.28 0.05
Propagation 92.00 1.00 1.00 1.00 0.00 0.16 -2.38 1.96 13.73 0.05
Propagation 95.00 1.00 1.00 1.00 0.00 0.16 -2.36 1.98 14 .63 0.05
Propagation 98.00 1.00 1.00 1.00 0.00 0.17 -2.34 1.99 15.56 0.05
Propagation 101.00 1.00 1.00 1.00 0.01 0.17 -2.30 2.00 16.53 0.06
Propagation 104.00 1.00 1.00 1.00 0.01 0.18 -2.27 2.02 17.52 0.06
Propagation 107.00 1.00 1.00 1.00 0.01 0.18 -2.23 2.03 18.54 0.06
Propagation 110.00 1.00 1.00 1.00 0.01 0.19 -2.19 2.04 19.59 0.06
Propagation 113.00 1.00 1.00 1.00 0.01 0.19 -2.17 2.05 20.67 0.06
Propagation 115.00 1.00 1.00 1.00 0.01 0.20 -2.13 2.06 21.40 0.08

Table B.3: Example of intermediate data to calculate fracture energy release rate of

tested DCB specimen with Al 6082 and Al 6082

REGRESSION ANALYSES

Method CBT ECM
slope Y-axis slope Y-axis
Value 0.001385 0.032166 2.157685 -6.628851
Correction A= 23.22 n= 2.16
Corr. coeff. r’= 0.995551 r= 0.986656

Table B.4: Example of intermediate data to calculate fracture energy

tested DCB specimen with Al 6082 and Al 6082

- release rate of
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Figures

0a (C/N)”3 versus crack length

y =0.0014x + 0.0322
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Figure B.1: Graph allowing the deduction of the correcting factor A for a specimen
with Al 6082 / Al 6082 adherends

Log (C/N) versus Log (a)

y =2.1577x - 6.6289

1.2 1.4 1.6 1.8 2 22
log(a)

Figure B.2: Graph allowing the deduction of the slope of the plot log(C) versus
log(a) for a specimen with Al 6082 / Al 6082 adherends



Appendix C

Flexural tests

C.1 Fabrication

The specimens tested in bending. the two end faces were butted together and held in
position. Strips of MDF (Medium Density Fiber) wood were nailed to the surface in
order to align to the two halves of the joint before bonding. To avoid the weld lines
interfering with the joint alignnient. areas were cut away and the whole assemble
was raised above the work surface. The joint was clamped in place until a full cure
of the adhesive had been achieved. The butt straps were bonded over the joint and
clamped in position during curing. In order to set the correct adhesive thickness. a
3mm aluminium spacer was temporarily pushed into the joints during the aligning
process. This was removed. with the gap produced being back-filled once the joint

had been clamped in position.

C.2 Experimental flexural behaviour

Each specimen was loaded on an Instron 100 kN universal-testing machine up to
failure. A constant rate of loading of 0.015mm/sec (1 nmum/min) was applied. The
tests were performed at room temperature. During the experiments applied load.
mid span deflexion and vertical displacement of the crosshead were recorded Figure

C.2.

For joint A, Figure C.3 (a) presents the flexural behaviour of the joint and Table
C.1 sununarises the ultimate load and corresponding maxinmun bending moment
carried by the joints. Figure C.3 shows that between 0 and 20 kN (and ignoring

the initial non-linearity due to the take-up of play at the beginning of the test). the

181
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joint behaves in the linear domain followed by a plastic region between 20 and 25
kN. Very steep drop of the load carryving capacity shows that catastrophic failure
occurs. However, the load is sustained at a lower level because the joint did not fail
completely. The curves and the average results show good consistency between the
speciniens tested as the bending stiffness is 7.4 kN /mm with a standard deviation
of 0.2 kN/mm.

In tenus of locus of failure it was observed that in most cases cohesive failure oc-
curred in the adhesive. as it can be seen from Figure C.4. However. as for the
butt strap specimens (Chapter 5), some adhesive failure was observed at the steel
interface. Two causes can be considered: the first one is because too much primer
was applied and the second one is because the interlocking between steel and the
primer-adhesive system is not as good as the one between aluminium and primer-
adliesive system. This confirms the sensitivity of the combination between surface
preparation and/or coating and the adherend materials highlighted by many authors
(Brockimann 1986, Kinloch 1990). (Cantrill et al. 2004) outlined that a more specific
surface preparation such as shot blasting would give a better adhesion and hence a

more satisfactory mode of failure when steel is used.

For joint B. Figure C.3 (b) shows the typical flexural behaviour of the joint. The
curves are characterised by a relativelyv long take up of play between 0 and 3 kN,
followed by a linear portion up to 15 kN. A non linear domain is then observed up
to the ultimate load, quickly followed by a drop of the load showing failure of the
specimen. The curves and the average results also show good consistency between
the specimens tested as the bending stiffness is 3.5 kN /mm with a standard devia-
tion of 0.2 kN/mm. Tle average flexural strength and stiffness are summarised in
Table C.1.

Failure was observed to occur along the vertical adhesive bond and the bond be-
tween the bottom strap and the box section. Figure C.5. This is a similar mode of
failure to the steel to aluminium connection. After having loaded the specimen fur-
ther in bending. locus of failure could be observed. Figure C.5. The joint presented
cohesive failure along the interface between the 2 box sections (vertical interface on
the picture). Cohesive failure was also observed along the bottom strap. but very

close to the box adherend.

Experimentally, it was shown that the steel-to-aluminum joint had a higher flexural
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stiffness (7.5 kN/mm) than the unit-to-unit joint (3.8 kN/mm): it is twice stiffer.
This can be explain by the design of the joints: the steel to aluminium connection
has a smaller bonded area than the aluminium to aluminium connection which in
turn is softer. Also. the steel adherend is intrinsically stiffer than the aluminium

alloys. the L shape accentuating this property of the joint in bending.

Tables

Ultimate load Bending Moment Bending Stiffness

[kN] [kN.m] [kN /1]
Declk to superstructure 23.2%£138 3.2+03 74+0.2
Unit to unit 204+1.3 28+0.2 3.5x0.2

Table C.1: Average ultimate flexural strength of structural joints
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Figures

Y

80 mm

1300 mm
(b)

Figure C.1: Structural joints in 4-pomt bending configuration: (a) Steel to alu-
minium connections. (b) Aluminium to aluminium connection.
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Figure C.2: Setup of 4-point bending test for steel to aluminium connection.

30

— Experiment

Load [kN]
Load [kN]
o

—o— Average stiffness |

Experimental curve

—o— Average stifiness

12 OO 2 4 6 8 10 12
Mid span deflection [mm]

4 6 8
mid span deflexion [mm]

(a) (h)

Figure C.3: Load-deflection behaviour of structural joints in a four point bending
configuration: (a) Steel to aluminium connections, (b) Aluminium to aluminium

connection.
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Figure C.4: Locus of failure of steel to aluminium connections tested in bending.

Figure C.5: Failure of aluminium connection in bending.



Appendix D

Failure criterion

Regarding the adhesive and the adherends used in the case considered, it was likely
that joints will failed in the adhesive rather than in the adherend. Therefore. an
adhesive failure criteria has to be defined to predict failure in the adhesive. Several

niethods can be used to predict failure:

e Von Mises criterion o faiture = vV 3Tultimate” + Tultimate -

e Raghava criterion,

e Empirical criteria.
Brede et al (cited by (Weitzenbock et al. 2004a)) have developed an empirical failure
criterion based on experimental data and numerical modelling which is described
in the following. An experimental programme on a simple joint design (butt strap
joint) provide an average ultimate shear strength value and an average load to failure.
From this set of data. the average load at failure is applied to a finite element model
of the simple joint. Shear and peel stresses or maximum principal and equivalent
stress (when complex joints are considered) are averaged along a line corresponding
to the adhesive thickness t, at a distance t,/10 from the adherend. Figure 5.16.
Because of numerical uncertainty at the free surface. the last three nodes before
the edge of the joint should not be taken into account. It should be noticed that a
similar level of mesh refinement between the generic and the complex joint should

be achieved in order to obtain relevant results.

The failure will then occur in the complex joint FE model when any of the averaged
calculated values recorded in the simple joint adhesive bond at failure is reached
along a line at a distance #,/10 from one of the adherends. This method ensures a
conservative criterion and reduces numerical singularitv increasing the stress around

any corner or free surface.
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