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ABSTRACT

The behaviour of a vehicle is dependent on the stiffness of the joints between the sheet
components in the body shell. Although spot-welding is the predominant joining method
for the construction of steel bodies in the automotive industry, other alternatives are now
being considered. Adhesive bonding offers the best potential because the uniform load
distribution in the joint reduces the stress concentrations produced when using spot-
welding. It is generally observed that adhesive bonded structures are stiffer than
assemblies fabricated with mechanical fasteners or spot-welds. The use of adhesives,
either as an alternative or a supplement to spot-welding, is of interest because of the
potential improvements in joint stiffness and in the overall behaviour of the structure.

The effective stiffness of an adhesively bonded joint may be difficult to quantify, as it is
dependent on many design variables of the actual joint. Finite element models have been
developed to study the effects of various design parameters, such as different joining
techniques, on car body characteristics. However, finite element models of large vehicle
structures involve large numbers of elements which as a result can impose excessive
demands in computer capacity. Because of this, approximations are commonly made in the
model to reduce the number of elements consequently resulting in inaccuracies. The main
inaccuracy develops from the lack of geometric details within local joints which may lead
to some uncertainty in local joint stiffness. As a consequence, this may introduce errors in
the prediction of global vehicle stiffness.

In this project, the errors which result from the inaccuracies in macro modelling methods
have been addressed through a parallel study of detailed micro models. Various adhesive
joint configurations have been analysed using finite element methods to predict joint
stiffness; comparative results were obtained through experimental testing of similar joints.
A primary objective was to obtain characteristics of smaller joint structures and compare
these to results from macro models of similar joints which could then be translated into
larger-scale structure models for improved accuracy.

A methodology has been developed to translate micro model joint characteristics into large-
scale structures through an undercut element technique. When applied to macro models
which lack geometric details of joints, the undercut element method enables more accurate
predictions of behaviour, particularly stiffness performance, to be made. The method has
been shown to be applicable to a number of typical joints and also for different loading
conditions. Validation of the method has been demonstrated by its application to
progressively larger substructures, from which experimental test data was available for
comparison. Because of the ease of use of the undercut method it may be conveniently
applied to automotive bodies. The method provides a more accurate finite element model
resulting in less computational time for analysis than other existing solutions.
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1. INTRODUCTION

1.1  Design for Light-Weight Vehicles

In the past decade, the automotive industry has aimed to produce lighter yet safer vehicles
through various technological innovations. This is also being accomplished through novel
design concepts and with the use of new and light-weight materials with advanced joining

techniques.

Spot-welding has been the main joining method in the automotive industry and is still used
extensively in areas, such as the main body shell and in components of a vehicle, where it
provides structural integrity. This is primarily due to the ability of the process to make
high strength reliable joints very rapidly and at relatively low costs. Because of the
introduction of new materials for light-weight construction, the spot-welding technique
has shown some disadvantages due to its limitations in joining materials such as
aluminium, composites and dissimilar material combinations. As a result, the automotive
industry has turned towards new and advanced joining methods, which might be
appropriate and applicable to many of the new and existing materials for light-weight

vehicles.

Adhesive bonding is one of the most acceptable solutions to joining for light-weight
construction. One of the main advantages of this method is the capability of joining
dissimilar and/or light-weight materials. Also, bonded joints are known generally to result
in stiffer structures because of the uniform distribution of the loads transferred across the
wider bondline area; in spot-welded structures, all loads and stresses are concentrated at
the spot-weld area. The use of adhesives is not only limited to structural joints; different
types of adhesives can serve different purposes such as for reinforcements, dampers to

reduce noise/vibrations and as sealants for oils/water.

Despite recent developments in ‘new’ and ‘advanced’ materials, steel continues to be the

primary material in car body structures and adhesive bonding is being investigated as an



improved joining method for body shells. The mechanical properties of steel are known to
exceed those of most metals in strength and stiffness, and because both of these qualities
are essential and required factors for a safe and comfortable vehicle, steel still continues to

offer considerable potential as a cost effective material in car bodies.

Combining steel with adhesive bonding has resulted in significantly stronger and stiffer
components and structures. By using adhesive bonding or complementing spot-welding
with adhesive, the gauge thickness of steel can be reduced by approximately 20% [Lowe
(1994)]. Therefore not only a stiffer body can be achieved, but also a light-weight vehicle
can be produced. Various projects have been funded by the automotive industry to pursue
the use of steel in body structures, and still produce a lighter vehicle through novel and

advanced joining technologies.
1.2  Finite Element Modelling of Vehicle Structures

Finite element (FE) methods and other computer simulation/design packages have been
extensively used in the automotive industry to try to predict the performance of vehicle
bodies. In particular, finite element modelling of spot-welded vehicle structures has been
widely used and well accepted [McGregor et al. (1993), Gilchrist & Smith (1993), Wa}xg
& Ewing (1991), Gumpinger et al. (1997)]. Results from numerical analyses seem to be

very comparable with experimental testing of similar structures.

In contrast however, the analysis of the behaviour of adhesive bonded vehicle structures is
less advanced; most of the literature reviewed has been restricted to smaller and more
typical joints such as lap shear and peel joints. In order to understand the behaviour and
performance of larger adhesive bonded structures found in vehicle bodies, it is necessary
to extend the FE modelling capabilities to include adhesive joint characteristics in full

body models.

The main problem with FE models of vehicle structures is the fact that essential
approximations lead to a lack of geometric details and hence, the local joint stiffnesses are
not accurately represented. As a result, current methods may not give an accurate
prediction of the global vehicle stiffness. While these approximations have been

acceptable when modelling spot-welds in vehicle structures, adhesive bonding introduces



additional details such as adhesive fillet, modulus, thickness and flange bend radius all of
which affect the accuracy of the prediction of joint stiffness. It is therefore desirable to

include these joint features in some way in the finite element models.

While it is possible to establish numerical models for parametric analyses of these
adhesive joint variables from small-scale joints, there remains the problem of translating
these joint characteristics into full body models. Direct inclusion of such joint details
would demand excessive computer resource and programming/design time. It is therefore
necessary to develop an alternative approach to translate micro joint characteristics into

larger-scale models of vehicle bodies.

1.3 Outline of Work

The two main objectives of this study were to develop accurate predictions of joint
behaviour using high resolution micro models and to determine a method of translating
these micro model results into larger-scale models. These objectives were achieved
primarily through the development and application of different finite element modelling
approaches and validation by experimental testing of similar structures. Figure 1.1 shows

a schematic outline of the work carried out in the study.

In order to derive a method of micro to macro translation, initial work was carried out to
understand the behaviour of typical adhesive joints, such as single lap joints and T-peel or
coach joints, through FE modelling and experimental methods (Chapter 5). Some of the
experimental work used for the validation of the FE modelling methods was carried out by
colleagues in the Joining Technology Research Centre, as part of the wider LIVEMAN
project (EPSRC Grant Ref. GR/L03811). Various finite element methods were studied to
compare the results obtained from a larger-scale model with those of a smaller and more
detailed joint. In Chapter 6, the undercut element method is presented as a tool for
translating micro to macro stiffness details to improve the accuracy of FE models. The
method was applied to typical lap and coach joint configurations, to non-ideal geometries
and to larger and more representative of vehicle substructures such as the idealised box
beam (Chapter 7). The application of the undercut method to typical vehicle structures,
such as the plenum chamber and the body frame, are discussed in Chapter 8, and a general

discussion of the project is presented in Chapter 9.
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2.  DEVELOPMENTS IN MANUFACTURING METHODS IN THE
AUTOMOTIVE INDUSTRY

2.1 Introduction

In the past decade there has been a large demand for the production of safer, more
economical and more environmentally considerate vehicles. A solution to produce such
vehicles is through weight reduction. The automotive industry has developed and
investigated challenging ideas for the production of lighter vehicles which have proven to
be successful. Reduction in the overall weight of existing vehicles can result in a
reduction of fuel consumption, leading to greater economy in running costs and lower

exhaust emissions.
22 Materials

Over the years, materials used in vehicle body construction have developed in parallel
with technology. The history of automotive materials ranges from steel, being the oldest
yet most recognised material, to composites and aluminium alloy materials which
represent the newer and lighter materials. At present, a primary objective of the
automotive industry is to produce vehicles with significant weight reduction through
thinner gauge sheets and cross-sections, stronger materials and by using materials with
lower specific weight, such as plastics and aluminium alloys. As a result, vehicle
performance and handleability will be improved as will the reduction in fuel consumption

and consequently, improvements in environmental impact.

One of the most important aspects in the design of a light-weight vehicle is the
requirement of a stiff chassis or body structure, in order to maintain good handling,
comfort and lessen noise and vibrations. Steel, for example, has been widely used in
vehicle structures because of its high strength, low costs and good workability. In fact,
statistics show that the average amount of steel used in a vehicle today accounts for up to

60% (400 kg) of the total vehicle weight; this percentage has been similar for the past 14



years as steel dominates the high volume production of cars. However, with the demand
for light-weight vehicles, new materials are being introduced. Statistics in 1994 [Lowe
(1994)], showed that an average European car contained 70 kg of aluminium and 120 kg
of plastics almost doubling the figures measured in 1980. It has been predicted that the
use of light-weight materials in future vehicles will grow significantly. In this section
various materials are considered in the context of their potential contributions for the

production of light-weight vehicles.

2.2.1 Composites and Plastics

There has been an increase in the use of plastics and composites in the automotive industry
in the last decade. In the 1980s, these materials were used primarily in limited
applications such as the body panels of vehicles; in the 1990s, the use of composites and
plastics extended to other areas and components in vehicle structures. In 1988, statistics
predicted that there would be an expected increase in the use of plastics and composite
materials from 5% to 70% by the year 2000 [Simon (1988)]. Although this predicted
ﬁguré has actually not been obtained, the application of composites and plastics in vehicle
structures is expanding. One of the main limitations in the use of composites in larger
areas of vehicle structures has been the materials cost. A composite body would be 24%
lighter than a comparable steel bddy even though the total cost would be more than twice
as high [Anon (1996d)]. Even today, with the possible exception of high performance
sports cars, the majority of polymer/composite applications in automotive products are

essentially non-structural.

Composites are attractive primarily due to their extreme light-weight and strength; they
can provide the same stiffness of steel yet at a lower weight. As a result, the light
structure of composite materials ensures a reduction in fuel consumption to provide an
efficient ‘vehicle. However, one of the main drawbacks with the use of composite
materials in vehicle structures is the fact that they are not suitable for mass production and

for recycling.

An understanding of the physical properties of composites is important for the effective
design and exploitation of characteristics of composite structures. For example, a 45° bj-

directional lay up of fibres can give a shear modulus which is ten times greater than one



made from uni-directional fibres [Anon (1985)]. When used in sandwich panels and
honeycomb structures, various fibre/cell sizes can be used to give different strengths and
densities. In fact, such composites are particularly good when dealing with flexural
rigidity and buckling stresses of structures. These composites are designed to withstand a

number of failure modes and fatigue performances {Anon (1985)].

High performance fibre reinforced plastic composites appear to be potential materials for
the construction of light-weight vehicles. Although the materials are expensive and
manufacturing processes not complete, composites show very high performance and are
indeed, light-weight. High-speed resin transfer moulding processes allow the capability to
construct large-scale structures, even the size of a front end of a vehicle [Beardmore

(1988)].

Sheet moulding compounds (SMC) are among the most common types of plastics used
primarily in the exterior production of vehicles, e.g. roof, panels, bonnet. The main
advantages of these materials are associated with their light-weight, good stiffness and
improved resistance to damage. SMC has been widely used in the plastic outer skin
panels of various cars such as the Corvette and Renault Espace vehicles, and in the

isolated panels in the Aerostar, Bronco II and heavy truck vehicles [Beardmore (1988)].

Although the use of plastics is advantageous for the production of lighter vehicles, one of
the main disadvantages are the costs, surface quality, paintability and most importantly the
recyclability of SMC [Anon (1990a)]. Consequently, these drawbacks have limited the
- use of plastics and composite materials to smaller structures in the exterior parts of the
vehicle, such as in the body panels. Today, many concept cars have been designed with

composites in the main body frame however, the costs of production are very high.

Applications |

In the early 1990s, Ford created a concept car based on the existing Taurus model [Anon
(1990b)]. The vehicle was made of only five composite sections through the resin transfer
moulding (RTM) process and replaced more than 400 steel parts; thus reducing the overall
number of joining techniques required, e.g. bolting, welding, bonding. The use of
composites gave the overall vehicle a weight saving of approximately 30% and a reduction

in manufacturing and assembly costs.



In 1977, Ford formed a project with the intention to create a concept car in which most
areas in the body frame and chassis would be replaced by carbon fibre reinforced plastics
(CFRP) [Sigman et al. (1983)]. The main objective of the project was to use CFRP in the
body frame of the car. This was achieved by using basic sections and geometries, similar
to those previously used, while reducing the overall number of parts; thus, minimising the
overall weight of the vehicle. Results showed that a 27% weight reduction could be
achieved through the use of CFRP in the main body frame compared with its steel
counterpart. However, strength and durability tests which were carried out on the vehicle
proved to be unsatisfactory. Nevertheless, the stiffness and vibration behaviour of the
vehicle were very promising, and results showed that CFRP is ideal, if properly designed,

to meet most structural rigidity requirements.

In 1986, Citroen launched its ECO 2000 concept vehicle with the aim to achieve a more
environmentally acceptable vehicle through lower fuel consumption [Anon (1985)]. The
weight of the body, including closure panels, was 20% less than the average production
hatchback. This was accomplished by using mainly composite and plastic parts, while

steel was used only in those areas where it was essentially needed.

The main objective of the project involving the Viking VIII concept car was to create a
light-weight monocoque chassis by using composite materials based on fibreglass, Kevlar
and carbon fibres [Seal et al. (1981)]. The overall aim was to design a chassis which
would have a high degree of torsional rigidity, essential to obtain better handleability and
ride comfort. The completed vehicle was a safe, light-weight and high performance low

cost sports car.

The Treser-1 sports car was constructed with an extruded aluminium space-frame
Weighing only 64 kg and fibreglass-reinforced honeycomb plastic panels [Pennington
(1998)]. The light-weight and easy formability of aluminium, combined with the moulded
carbon fibre reinforced plastic for the panels, resulted in an integrated structure with a high
specific stiffness. The sandwich panels were bonded to the aluminium frame while 75%

of the frame was joined through rivet-bonding and the remaining 25% through welding.

More recent projects on the use of composites in vehicle bodies were set up by the United

States Council for Automotive Research (USCAR), based on the PNGV (Partnership for a



New Generation of Vehicles) requirements to reduce fuel consumption through weight
savings [Anon (2000a)]. Initial research showed that composites and plastics could be
used in vehicle bodies to obtain a 50-70% weight reduction compared to a steel body,
however at a cost penalty. The continuing phase of the project is aimed towards
improving the manufacturing, design, materials and joining technologies of composites to

obtain a more cost effective solution.

2.2.2  Aluminium

The potential for the use of aluminium in the automotive industry appears to be high due
to the low density and good mechanical properties of the material. It has been recognised
that the greatest weight saving of the body shell can be obtained when a light material,
such as aluminium, is used for the frame or structure [Powell (1994)]. Further reductions
in weight can be achieved by expanding the use of these light-weight materials to other
areas of the vehicle, such as the skin panels or closures. Although the density of
aluminium is approximately 1/3 that of mild steel, it can give weight reductions up to
about 45% while still maintaining an equivalent car performance [Lowe (1994)]. It should
be noted however, that there is considerable opportunity for weight reduction also in steel

bodies and this will be discussed in section 2.2.3.

The use of aluminium in the automotive industry is not too unfamiliar as it has been used
in cast, extruded and forged forms in the production of car components. Engine
component parts, such as cylinder heads and blocks, pistons, oil pumps and clutch
housings, are typical applications for aluminium, primarily because of the light-weight and
corrosion resistance of the metal [Anon (1995b)]. However, the use of aluminium in
primary structures of cars is still a fairly new concept. There are some initial problems
associated with substituting aluminium for steel in areas such as the chassis or body frame,
as aluminium ’requires different design, production, processing and manufacturing
technologies compared with those currently used [Anon (1995b)]. Although the main
advantage‘ in using aluminium is its light-weight properties, it also has benefits such as
fewer component parts through space-frame construction [Lowe (1994)]; this technology

will be discussed in section 2.3.2.

Also, although the cost of aluminium is relatively expensive, the recyclability of the metal

proves to be advantageous when considering environmental issues. The potential of



creating a new car from recyclable parts of an old vehicle, is both environmentally
beneficial and could be cost saving. There are however, some issues which must be taken
into account when considering the recyclability of scrap material. Because various types
of aluminjum alloys are used in many vehicle constructions, it would be necessary to
identify, separate and sort each form of alloy, before recycling the scrap. Several
techniques have been developed to overcome these initial problems associated with the

recycling of aluminium.

In addition to the recyclability and lightness of aluminium, there are other advantages
when used in vehicle bodies. In particular, the fuel consumption of the vehicle is 70%
dependent on the body weight of the car. Hence, reductions in the overall weight of a
vehicle would also give improvements in fuel economy and exhaust emissions [Wheeler
(1997), Grant (1994)]. Statistics show that for every 1% weight saving there can be a
resultant 0.6% fuel saving [Anon (1995b)]. The reduction in fuel consumption also

reduces the amount of CO, released into the atmosphere.

The main disadvantage in using aluminium is the cost; aluminium costs five times as
much as mild steel in weight [Lowe (1994)]. In addition, the resistance to noise and
vibfations in aluminium structures is only one third that of an identical steel body.
Solutions to vibration and noise problems have been found through insulation and
: altérnative designs; the consequence however, is in additional costs for materials and
‘ addipional weight to the vehicle. Also, in order to achieve an equivalent stiffness to that of
t a'steel bbdy, thicker gauge material must be used. In terms of joining of the material,

aluminium is metallurgically less tolerant and thus more difficuit to weld than steel.
| Héricé, alternative methods of joining aluminium such as clinching, riveting and bonding

must be adopted.

Applications ‘ | |

In the late 1970s, BL Téchnology began a project to develop three experimental vehicles
which wOuldkbe light-weight énd energy efficient through the use of stamped aluminium

| sheets, adhesive boﬂding and spot-welding to form an integral structuré [Selwood et al. .
(1987)). This prdgrémme culminated in the development of the Energy Conservation
Véhicle 3 (ECV3) which was made out of an aluminium structure and mostly plastic skin

‘ paneIs [Powell (1994)]. Through light-weight materials and advanced technologies, thé

10



concept vehicle was 35% lighter than similar sized vehicles and consequently the fuel
consumption was also significantly reduced. Although the vehicle never went into
production, the programme showed that large weight savings in the vehicle body was
easily obtainable through light-weight materials, and that further reductions in weight

could be obtained through the use of aluminium in closures and skin panels.

The Aluminium Intensive Vehicle (AIV) project was initiated by Alcan International and
Gaydon Technology (formerly BL Technology), with the intention to create low, medium
and high mass production vehicles through aluminium construction [Wheeler et al.
(1987)]. Several cars were released under the AIV programme, including the mid-sized
saloon Dyna-Panhard of the mid 1950s. The Dyna-Panhard vehicle was made from
stamped - and spot-welded, medium strength aluminium-magnesium sheet alloy and
weighed approximately 714 kg. Another project under the AIV programme, was the series
production of the Porsche 928S. The steel unibody structure of the 928S vehicle was
‘ replaced with aluminium stampings and was joined with spot-welding and weld-bonding
methods. The resultant vehicle showed an average weight reduction in the body frame of

47%. -

In the 1980s, Alcan developed its own technique called the aluminium structured vehicle
technology (ASVT) system [Wheeler et al. (1987)]. The main objective was to improve
on‘earlierwork’s carried out in the AIV programmes by investigating new designs and
manufaéturing approaches for aluminium structures. Because of the use of aluminium,
there was a great interest in using adhesive bonding technologies. Bonding or weld-
‘bonding as joining methods were expected to increase joint stiffness by providing a more .
uniform load distribution over the bondline area. As a resuit, any stress concentrations
| which were pre\}iously existent when using spot-welds/rivets would be minimised thus
reducing inatérial weight,‘sheet gauge and costs. A significant drawback in spot-welding
aluminium is that thé process requires higher power and current in order to induce a weld
across an aluminium plate. It is therefore a difficult technique for high volume production
of - vehicles. - Consequently, advanced . technologies would be needed to spét-weld
: alﬁrhiniuxh and this would then increase costs in production. The technology of the ASVT
progrémme was incofporated in many vehicle replicas, such as the Austin Rover metro,
the BMW 3 sériés and the ‘experimental Ferrari 408. However, the first production vehicle

using the ASVT technology was ‘the all-aluminium Jaguar XJ220.- Other vehicle
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programmes to adopt the ASVT technology were included in the Ford AIV based on the
DNS5 Taurus/Sable model, the GM EV1 electric vehicle and in the P2000.

After the success of the AIV programme, the US Federal Government and the American
automotive industries joined forces to establish a leadership for the development and
production of affordable, low emission, fuel-efficient cars. The programme called the
Partnership for a New Generation of Vehicles (PNGV) was established in September 1993
[Anon (2000a)]. The main aim of the PNGV programme was to develop mid-sized saloon
cars which would produce lower fuel emissions to achieve up to 80 mpg, and still maintain
the same structural rigidity and costs as conventional cars [Wheeler (1997)]. This would
be achieved by constructing a vehicle using advanced light-weight materials such as
aluminium, using advanced joining techniques. The objective of the PNGV programme
was to obtain an overall weight reduction of 40% compared to other conventional

vehicles.

In 1993, Audi launched the A8 which was the first full production vehicle made solely out
of aluminium [Lowe (1994)]. Its design was based on an aluminium extruded space-frame
andk cast nodes which were used to join these extruded sections together. The maximum
weight saving was achieved by using stressed aluminium body panels, and accounted for
approximately 150 kg reduction relative to its steel body counterpart [Anon (1995b),

~ Drewes et al. (1994) Birch (1999)]. In addition, a range of novel joining techniques was
used in the construction and these included shielded arc welding, resistance welding,
punch r1vet1ng, clinching and adhesive bonding techniques. The performance of the A8
Vehlcle proved to be superior ir}/ crash test performances and gave a resultant torsional

stiffneés 40% greater than that of the previous Audi 100 series (C4) [Anon (1995b)].

"‘A‘fter the §uccess of the A8, Audi will be launching the all-aluminium bodied A2, in the
summer of 2000 [Birch ‘(1999)]. The A2 vehicle will be the first aluminium car to be mass
pi'odliCed. Using Audi’s aluminium space-frame technology, the weight of the body of the

A2 will be approximately 895 ‘kg, or 43% less than if it were built using steel and |

conventional manufacturing processes.

In 1996, Lotus introduced the Elise; an aJl-alunﬁnium vehicle joined through adhesive

bonding. The chassis of the vehicle was mostly made from complex-shaped aluminium
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extrusions which created a space-frame that was only 68 kg hence, only half the weight of
an equivalent steel body [Kochan (1996)]. The aluminium chassis of the Lotus Elise was
composed of thirty-five extruded components and three sheet metal parts. All extrusions
were made from 6063-aluminium magnesium silicon alloy while the body panels, which
were bonded to the space-frame, were made from various grades of aluminium alloys.
With the use of adhesive bonding, distortions, which resulted from welding methods, were
minimised and loads were spread across a greater area hence, providing strength
advantages [Kochan (1996)]. Additional fasteners were also used to provide increased
resistance to impact loading and peel forces during crash; in fact over 130 rivets were
used. Although the Lotus Elise represents an innovative vehicle using novel joining and
construction techniques with light-weight materials, one of the main concerns is associated
with the maintenance and repair of the aluminium-bonded extrusions. Unlike the efficient
repairs made to steel bodies, aluminium extruded vehicles would require more time and
advanced skills. However, some areas within the vehicle, such as the body, have been
constructed so that if damage occurs, the components can be separated and then replaced,
if not repaired. Nevertheless, Lotus has been successful in developing the light-weight

Elise through new materials and advanced joining techniques.

After the success of the Elise, Lotus launched the V6 M250 in 1999 [Birch (1999)]. The
chassis of the M250 was made using bonded-aluminium technology making the overall
mass of the vehicle less than 1000 kg. The remaining body parts were constructed

primarily using aluminium and composite materials.

At the North American International Auto Show held in Detroit early in 2000, Ford Motor
Company and General Motors introduced their two hybrid concept cars called the Prodigy
“and the Precept vehicles, respectively [Anon (2000b)]. Both concept cars were based on
the PNGV requirements for weight reduction and lower fuel consumption. . The Precept
vehicle used aluminium and aluminium metal matrix composites in the body and chéssis.
The Prodigy also used aluminium and other light-weight materials throughout the vehicle,

to obtain a weight reduction of 450 kg, compared to a conventional sedan vehicle.

2.2.3 Steel
Steel is still the most widely used metal in the automotive industry. The knowledge on the

processing, handling and manufacturing techniques of steel is very familiar and quite
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advanced. Not only is steel cheaper than most metals, but it also meets the standard
requirements for the production of a large-scale vehicle in terms of strength, stiffness,
formability, joinability, paintability and weldability [Anon (1995a), Drewes (1994)]. The
material properties of steel make it ideal for use in the automotive industry particularly
because of its high modulus of elasticity and yield point, which ensure good strength and
stiff bodies. Although corrosion may be a problem with steels, coatings are being used for
prevention or delay of rusting. Steel is an ideal material for car bodies as it is easy to

repair and can be recycled repeatedly without compromising its quality.

High-strength low alloy steels are being increasingly used in the production of skin panels,
suspension components and other structural parts within a vehicle. The cost of high-
strength steels, in comparison to other materials such as aluminium and composites is low
and because of their advanced mechanical properties, they can be used in thinner sections

to reduce weight.

Zinc-coated steels have also been used in the development of light-weight vehicles
[Matthews et al. (1997)]. In particular, there has been a great demand for zinc-coated
steels for the monocoque as well as the closure panels. Replacing traditional steels with
medium strength alloy steels is thought to give a 10% reduction in weight, and an even
greater reduction can be achieved with the use of high strength alloy steels [Anon
(1996a)]. Pre-coated steels are also being used primarily to prevent structural corrosion
through moisture entry. Similar to other steels, this material can be easily recycled and

because of its good mechanical properties is ideal to obtain stiff structures.

Applications

Steel is widely used in vehicle production by most of the world’s largest car
manufacturers. Steel is applied in many different areas in vehicles particularly in the body
frame where stiffness is essential. In the last decade new technologies of steel are being
developed to create light-weight vehicles. With the development of aluminium space-
frames and extrusions, steel industries are researching into newer technologies for light-
weight production which are more cost competitive than aluminium constructions. . For
example, following the launch of the all-aluminium Audi A8, Volvo launched its all-steel
850 vehicle whose main joining technology was its extensive use of laser-welding [Irving
(1995)).
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The Ultra Light Steel Auto Body (ULSAB) Project

The American Iron and Steel Institute (AISI), in collaboration with Porsche Engineering
Services and other 35 worldwide industrial manufacturers, developed a $22 million project
called the Ultra Light Steel Auto Body (ULSAB). The main objective of the consortium
was to demonstrate the potential of steel as a light-weight material by creating a
sedan/saloon concept vehicle [Anon (1995d), Wells & Rawlinson (1997), Koehr (1997),
Lowe (1997)]. The vehicle was to have a lighter and yet safer steel body structure which
could be produced at low costs and high volumes. The ULSAB project aimed to obtain a
25% weight reduction in the vehicle body, an 80% increase in static torsional rigidity and

a 52% increase in static bending rigidity.

The ULSAB project began in 1994 and was divided into 2 sections: Phase I and Phase II.
Phase I involved designing the main body structure by using new technologies with
advanced materials and manufacturing processes [Anon (1995¢)]. The development was
based on the principle of a holistic design where the body was treated as an integrated
system rather than individual components assembled together. The materials used in the
| ULSAB concept vehicle were primarily high strength steels. Laser welding (continuous
and Spot) was the principal method of joining with only one area bonded (rear spare tyre
cavity structure); however, tailored blanks and hydroforming methods were also used in
the construction. Consequently, this resulted in a reduction in the overall parts required to

94 large components (158 including brackets) in the body [Koehr (1997)].

Hydroforming technology was used to create structures within vehicle bodies of improved
structural performance and reduced weight. Complex structures can also be easily
produced with this method resulting in time saving in the manufacturing process (see
section 2.3.3). In the ULSAB concept vehicle, the mairi structures produced through the
hydroforming process were the A-pillar and the side roof rail. The roof rails were selected
as they represent the main structure of the body and because they must provide a strong
structural connection between the A-pillar, B-pillar, C-Pillar and rear shock tower. By
hydroforming the roof rails, there was a reduction in the number of parts thus reducing
weight whilst maximising structural performance. Also, because the roof rail has a
number of different shapes, sizes and cross sections, hydroforming provides the ability to

easily create such complex structures.
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Figure 2.1 The ULSAB vehicle body parts [Anon (1997)]

Tailored blanks were also used to create almost 50% of the ULSAB’s mass content. The
use of tailored blanks in body structures was carried out by combining a number of
different grades, material thicknesses and surface qualities of sheet materials together, but
without comprdrnising on weight. Combining various types of steels and thicknesses
together provides stronger areas within a structure, thus eliminating the need for any
additional reinforcements. In the ULSAB vehicle, tailored blanks are extensively used in

the side of the body where five different grades and thicknesses of steel are used.

Figure 2.2 The ULSAB vehicle body frame [Anon (1997)]

After the completion of Phase I in 1995, Phase II involved the validation of the ULSAB
concept body structure designed in the earlier stage and the completion of the exterior
styling of the véhicle [Anon (1995e)]. With the actual construction of the body, final
verifications on the design for weight, performance and ease of production were tested.
The finished steel body weighed 25% less than an average steel body vehicle and was
claimed to be the only body structure concept which provided substantial weight reduction

at a potential cost saving [Anon (1998)].
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Figure 2.3 The ULSAB vehicle concept [Anon (1997)]

After the success of the ULSAB project, a new consortium including many of the same
steel producing companies was formed in 1999 [Anon (1999)]. The program called
ULSAB-AVC (Advanced Vehicle Concepts) aimed to pursue the development of steel-
based solutions in vehicle bodies through new and advanced vehicle architecture and to

extend the technology to other vehicle structures.

2.3 ' Construction Techniques

New and advanced construction techniques are being developed to work in parallel with
advancements in joining methods and new materials for light-weight vehicle construction.
In this section, various construction are considered in the context of how these methods

can be used to provide stiffer, yet lighter vehicle structures.

23.1° Monocoque

A monoébque or integral body construction is a method of building a unitary vehicle body
which carries all loads and stresses. There is no need for a separate chassis as the engine,

transmission and suspensions are all attached directly to the body creating one structural

unit. In this construction technique only the panels are considered part of the body frame,
as they contribute signiﬁcantly to the torsional and bending stiffness of the vehicle. The
body is designed so that in the areas where the stresses are highest, there is considerable
localised strengtheniﬁg. The main advanfage of using the monbcoqué construction is the

cost and the resultant weight reduction [Matthews & Davies (1997)]. The monocoque

17.



provides structural integrity, strength and rigidity thus, providing a safer car in case of
impact. Monocoque construction has been used in a number of different projects and for
different materials iricluding aluminium (AIV), stee]l (ULSAB) and composite materials.
In the 1980s, ALLCAN developed the aluminium vehicle technology (AVT) in which

stamped sheet monocoque was used and joined through adhesive bonding [Wheeler

(1997)].

2.3.2 Space-frame
Although space-frame design developed from traditional coach building principles, recent
interests in this method have been driven by new demands for light bodies and the use of
aluminium. The space-frame concept provides a skeleton-like structure to which panels,
- 1.e. floor pans, dash panels and exterior panels, can be mechanically fastened or attached
to the structural frame through adhesive bonding, welding or riveting. The principle
behind the space-frame is that beams, usually hollow sections and extrusions in the case of
aluminium bodies, are joined together by nodal connections and that the rigidity of the
vehicle is determined by the frame, rather than the panels. As the panels do not contribute
to the frame stiffness they can be made from either metallic or polymeric materials, while

the frame is usually metallic [Han & Clark (1995)].

There are various methods and techniques which can be used in producing space-frames.
For. steel bodies, an emerging technique consists of constructing the frame from
hydroformed struts and tubes which are then connected through thin nodal connections
[Dieffenbach (1996)]. - Joining techniques used in the production of the space-frames
-include laser welding, metal inert gas (MIG) welding, spot-welding, mechanical fasteners
and/or adhesive Bonding.‘ For aluminium bodies, Audi has proved to be one of the leaders

in the use of the spéce-frame technology.

In 1993, Audi de\}eloped the A8 sedan vehicle based on an all-aluminium space-frame.

The body structure consisted of aluminium beams formed by extrusions and high-pressure =

die casting nodes joined by MIG welding and adhesive bonding [Dieffenbach (1996)].
Sheet aluminium is used throughout the outer skin and various interior parts of the vehicle
such as the plenlim chamber, the wheel housing and the floor [Gugiséh (1993)]. The main
joining techniques used in the vehicle included MIG welding, punch riveting, spot-

welding, clinching and adhesive bonding. It has been estimated that an all-aluminium
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body is approximately 150 kg lighter than a comparable all-steel one of 300 kg hence,
giving an approximate 50% weight saving on the body or 10% of the total vehicle weight
[Anon (1995a), Drewes et al. (1994)]. The complete body of the Audi A8 actually
weighed about 245 kg and contained 60 parts fewer than what would be required in a

comparable steel body. Figure 2.4 shows the Audi A8 space-frame using all-aluminium

extruded components.

Figure 2.4 Audi A8 aluminium space-frame [Anon (2000¢)]

Since the success of the Audi A8, there have been other manufacturers which have also
produced light-weight aluminium vehicles through space-frame technology. The
Aluminium-based Concept of a CO, Emissions Saving Subcompact (ACCESS) car for
example, was developed in 1996 by NedCar Product Design & Engineering and in
collaboration with twenty European automotive suppliers. The main objective in the
development of this vehicle was to reduce the CO, emissions by 40%. Other aims that
were addressed within the project were to reduce exterior noises and to enhance active and
passive safety. The ACCESS vehicle mainly consisted of an aluminium extruded space-
frame with thermoplastic body panels and aluminium sandwich panels [Frielink (1997)].
Panels and sandwich structures were joined to the space-frame by means of adhesive

bonding which provided additional stiffness to the vehicle.

FE models représenting the ACCESS car were used to study the torsional rigidity of the
vehicle and the maximum stresses in the adhesive layers for various loading conditions.
Results from the analyses showed that the roof contributed only minimally to the overall
bending rigidity and hence any variants of adhesive properties in that area would not alter
significantly the flexural stiffness. However, torsional rigidity was significantly affected
by adhesive properties and the bondline thickness. Results from the study showed a
significant reduction in torsional stiffness as the bondline thickness in the roof was

gradually increased. However, for an adhesive thickness above 4 mm, the roof did not
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contribute significantly to the rigidity, as the adhesive would bear all distortions [Frielink
(1997)].

2.3.3 Hydroform Intensive Body Structure (HIBS) / Hydroforming

Although hydroforming is a relatively old process, its application in the automotive
industry is new. Sometimes known as the Hydroform Intensive Body Structure (HIBS)
process, this construction method is used to create strong structures in vehicle bodies such
as engine cradles and body rails. Hydroforming is advantageous because it can reduce
tooling costs, improve dimensional accuracy and reduce component weight through the

use of less material, while increasing the strength and stiffness of the structures.

The process consists of creating closed box hollow sections to improve structural
performance through high-pressure hydroforming. "The technique involves placing a
hollow tube, usually steel or aluminium, into the die of a hydraulic press. When the die is
closed, high-pressure water is injected into the tube, stretching and deforming it into the

shape of the die, as shown in Figure 2.5.

Because of the simplicity of the process, complex structures of high quality can be easily
produced thus eliminating additional welds and flanges. - Consequently, this will also
reduce the overall number of parts required which in turn will result in lower production

costs. The finished hydroformed part is a single component of high strength, excellent
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surface quality and with a possible weight reduction in the range of 10-15% [Fenton

(1998), Kochan (1996)].

The automotive industry is already using the hydroforming technique to substitute
fundamental parts in body frames of vehicles. In the ULSAB project for example, the roof
rails of the concept car were hydroformed and by doing so, they not only reduced the
overall number of parts in the body, but also achieved reductions in weight and in time for
assembling the main structure. Another example of hydroforming in the automotive
industry was with the Opel system developed in 1997 which involved using hydroformed
engine cradles. Other typical applications of hydroforming are in smaller structures found
in vehicle bodies, such as exhaust manifolds, dashboard cross-members and other

structural parts for roll-over protection [Kochan (1996)].

2.3.4  Tailored Blanks
Tailored blank technology is a construction technique used in vehicle bodies to provide
 different material properties and thicknesses most efficiently in areas of the vehicle where

they are needed, as shown in Figure 2.6.

, Different grades,‘ material thicknesses and surface qualities are selected and placed Iwithin‘
the area of the structure to create a resultant component of variant thickn¢ss aind offer
better weight saving compared with other conventionally uniform sheet thicknesses.  The
main ‘advantage in using tailored blanks is the ﬂexibility of selecting different émd

"appropriate ‘material properties to develop optimised ' structures with specific

“characteristics.
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Tailored blanks are also advantageous in vehicle structures for improvements in fatigue
strength, corrosion resistance and enhanced stiffness, as well as for cost and weight
reductions [Drewes et al. (1994)]. In the automotive industry, high strength materials and
mild steel sheets of different thicknesses, usually ranging between 0.8 mm for panels to

1.5 mm for local pillar reinforcements, are joined through laser welding.

With tailored blanks, the overall number of parts can be reduced and the need for any
reinforcements in structures can be eliminated; this can be achieved by locally increasing
the sheet thickness in those critical areas of the vehicle, such as in the pillars, where
additional reinforcement is required. Consequently, the weight saving of a side unit of a
vehicle, such as the one shown in Figure 2.6, can reach approximately 15% of the overall

body weight.

The manufacturing process involved in tailored blanks results in fewer subassemblies and
thus less material and scrap, and fewer moulds/die sets [Anon (19952)]. The resultant
outcome of a body part formed through laser-welded tailored blanks is a structure of
increased stiffness, improved fatigue and corrosion resistance and better crash
performance [Fenton (1998)]. Typical applications for tailored blanks in vehicles include

the body side frames, the inner door panels as well as the motor compartment rails.

2.3.5 Extrusions

The extrusion process is one of the most common manufacturing techniques used in light-
weight construction, being particularly advantageous for aluminium products. This is
primarily due to the high ductility and ‘styling freedom’ of aluminium whose material
properties are suitable for the manufacturing of thin-walled sections obtainable through

extrusions.

Extrusion is a typical hot-forming process where the desired cross-sectional shape is
produced in single forming stage. The process of extrusion involves heating the material
in the form of cast billets at approximately 500°C. A hydraulic press is then used to force

the material to flow through the die opening to form the component. Solid, semi-hollow -

and hollow sections of various shapes can be obtained with the use of different dies

[Ostermann et al. (1993)].
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There are some limitations in using extruded sections in smaller vehicle components
primarily because of the costs associated with the process. However, the process is used
effectively in the manufacture of sections in larger vehicle structures. Audi and Alcoa for
example, have developed extruded space-frame structures consisting of extruded sections

and cast nodes, as shown in Figure 2.7.

24  Joining Techniques in the Automotive Industry

Reducing the overall weight .of a vehicle is possible through light-weight materials and
new joining techniques. Advanced joining technologies are being developed and used to
join new lightweight and/or dissimilar materials together. The following joining methods
are commonly used processes for the fabrication of vehicles, in particular to the

production of light-weight vehicles [Lucas (1995)]:

e Clinching I
o Mechanical Fastening
o Self-Pierce Riveting  —
e Laser Welding B
e Resistance Spot-Welding Welding Techniques

e Arc Welding —
e Adhesive Bonding
~ e Hybrid Joining
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Hybrid joining methods are generally combinations of processes for example, riveting
with adhesives (riv-bonding), spot-welding with adhesives (weld-bonding) or mechanical

clinching with adhesives (clinch-bonding).

2.4.1 Mechanical Fastening

This almost ‘primitive’ method of joining involves connecting/joining different
components together by means of some kind of mechanical fastener. There are no
limitations to which kinds of materials can be joined as there are no physico-chemical
reactions involved when using mechanical fasteners. Components joined with threaded
fasteners, such as screws and bolts, can be easily assembled and disassembled. Some of
the most common mechanical joining processes, which are typically used in the

automotive industry, are described in the following section.

Clinching or Press-Joining

The clinching or press-joining process is a technique of joining sheets by mechanically
fastening or interlocking them together. A punch is used to indent or pierce the sheets into
a lower die and as a result a permanent joint is formed, as shown in Figure 2.8. The
strength of the joint depends on the tool size particularly the diameter of the punch, i.e. the

larger the punch size, the greater the strength of the joint.

Figure 2.8 Schematic representation of the clinching technique

The permanent joints created by clinching have properties which are generally lower than
those obtained through spot-welding. However, unlike spot-welding, this technique
allows dissimilar and unweldable, e.g. pre-painted, materials to be joined together. The

press-joining process is quite efficient as it requires minimum time and energy, and does
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not need any consumable joining materials. However, as with spot-welding, it does
require access to both sides of the joint and thus restricts joining to easy accessible

components, such as lap or flange type joints.

Self-Pierce Riveting
Riveting is a traditional and practical joining method still used today in the automotive
industry. The self-pierce variant is a one-step joining process which involves punching a

rivet through two sheets, as shown in Figure 2.9.

Figure 2.9 Schematic representation of the self-pierce riveting technique

Limitations arise due to the length and size of the riveting jaws which will have an
influence on the overall strength of the joint. Furthermore, similar to spot-welding and
clinching methods, riveting requires access to both sides of the joint thus making it

impossible to join a number of vehicle structures.

Generally, mechanical fastening such as self-pierce riveting, can result in problems
associated with the sealing of the joint; this is caused by the holes which are created when
the rivet is punched through the sheet. However, some of the advantages in this joining
technique include the fact that there is no heat and only low energy input required, no pre-

drilled holes necessary, and the process is generally very simple, fast and automatic.

2.4.2 Welding Techniques
The definition of welding is given as the process where a localised coalescence ofmetals
or non-metals is produced either by heating the materials to the welding temperature, with

or without the application ofpressure, or by the application ofpressure alone, with or
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without the use of a filler metal [Anon (1987)]. Welding methods may be classified
according to the actual process involved. They are generally classified into three groups
known as fusion welding, solid-phase welding and brazing/soldering. Fusion welding is
characterised by the melting or fusion of the base metal and the filler material, if the filler
is used, through a heat source which generates enough heat to maintain a molten pool of
metal of the required size [Anon (2000d)]. Typical fusion welding processes include gas
metal arc welding (MIG/MAG), gas tungsten arc welding (TIG), plasma welding and laser
welding. Solid-phase welding produces welds without melting the base material and
without the addition of a filler metal through pressure and generally with some heat [Anon
(2000d)]. Some examples of this process are friction welding and cold pressure welding.

The third welding group is brazing and soldering where only the filler metal is melted and

not the base materials.

Welding is often a preferred joining process as it provides bonds of extremely high
structural integrity. Continuously welded joints are equally if not more, strong than the
base materials. Probably the greatest disadvantage with all welding processes is the fact
that the process is irreversible and disassembly of the welded component is impossible.
However, this can also be seen as an advantage if one seeks permanency in the bond.
Other disadvantages in the process are the distortions which are created because of
welding, and metallurgical damage due to the heat caused by welding; this is most

commonly associated with welding of aluminium structures [Kochan (1996)].

One of the main drawbacks of welding techniques, particularly with respect to light-
weight vehicle construction, is the limitations and restrictions in the types of materials to
be joined. Because the welding process usually involves the fusion of the metals,
problems arise with the use of certain metals/alloys and dissimilar materials combinations.
Laser, resistance spot- and arc-welding are the three most commonly used welding

techniques in the automotive industry. The advantages and limitations of each of these

processes will be discussed in detail in the following section.

Laser Welding
Laser weldihg is defined as the process where light energy emitted from a laser source is _

focused upon a workpiece to fuse materials together [Anon (2000d)]. The advantages of

laser welding are mainly associated with the fact that the welds produced are continuous
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* Seams throughout the joint. As a result of the continuous connection, the weld provides

- better structural stiffness and seals the joint for corrosion resistance. Laser welding
- Operates at high speeds and the outcome is a fine weld with reduced distortions and
thermal damage thus requiring minimum finishing [Norrish (1992)]. Joints can be made ,
v With a single side access and therefore a wide range of joint configurations is possible.

~ One of the main disadvantages in laser welding processes is the associated high capital

. costs. However, for high volume mass productions, laser welding is efficient and cost -

t  effective and hence is gradually being introduced into vehicle body manufacturing.
" The principal types of lasers used in welding are CO, gas and Nd: YAG lasers.

- () CO; Lasers
i The lasing medium consists of a mixture of gases which include carbon dioxide, nitrogen
and helium at a ratio of approximately 80:15:5 [Lucas (1995)]. The combinakion of these
three gases, when confined within a glass tube, produces a beam of hght well within the
infrared region and has a wavelength of approxn'nately 10.6 rmcrometers The C02 laser
 Operates in a constant wave mode g1vmg a continuous beam at a given averaged power o~

‘ rather than as a series of discrete, pulsed emissions [Lucas (1995)]). Typical power : :

' capacities of CO; lasers for welding equipment is about 12 kW.

| (11) Nd:YAG Lasers
) Nd YAG lasers use a solid crystal of yttrium aluminium garnet doped w1th neodymum as

* their medium. The crystal is excited by an external flash of light which creates an infrared
beam of 1.06 micrometers wavelength. The radiation can be tfahsniitted through optical

' :“ﬁbres as well as through air and conventional glass epyics. Recent Nd:YAG lasers can

. Operate at an average power of up to 4 kW; however, extensive work is being carried out

. to create higher output powers. These lasers can operate in a continuous wave mode or in

-a pulsed mode depending on the selected source of power.

Resistanee Spot-Welding

‘Spot-welding is a high]yvautomated and well-established process commonly used in the
automotive industfy to join various cempohents in vehicle bodies. The knowledge and
expenence of the process cornblned with modern control systems provide high confidence

in the quality of spot- ~welded joints. The flexibility and the relatively low costs make
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resistance spot-welding a significant joining process in the manufacture of light-weight

-vehicles.

In the spot-welding process, materials are joined at a localised area by electrical resistance
heating under a forging pressure. The heating of the material creates a molten pool at the
interface between the sheets and when cooled, the fused area solidifies to produce a weld

nugget. Figure 2.10 shows a schematic representation of the spot-welding process.

!

Hiéh welding current Is

Weld nugget
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Figure 2.10 Schematic of the principles of resistance spot-welding process

The géometry of the welded area depends on the shape'and diameter of the electrode and
the process parameters. This contact area produced by the weld is critical since this is
where the greatest stress concentration will occur. A resistance spot-welded joint is
uSuaIly considered to be approximately 20% less stiff than a continuous joint [Lucas

(1995)].

Spot-welding is suitable to join relatively thin sheets, typically within the range 0.5 to 5
mm thickness. In general, the welding time is short, nornihally 0.2 seconds, to minimise
heat loss into the electrode and into the bulk of the material being joined [Lucas (1995)].

Hence, the advantagés of this process include the high application Speed and the relatively .
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low costs. Spot-welding can be used for a limited range of materials and in the automotive
- industry these include low alloy steels, mild steel and zinc-coated steel. Figure 2.11 shows

the resistance spot-welding process in a vehicle body.

Figure 2.11 Resistance spot-welding of a full véhicle body [Anon (1994d)]

One disadvantage with resistance spot-welding is the fact that the process requires access
to both sides of the joint and thus restricts a number of joint designs; tubular sections, for
. €xample, cannot be joined. Therefore, spot-welding is generally limited to lap and flange
type joints which are typically 12 to 15 mm wide. Also, the spacing between the welds
should be at least eight to ten times greater than the combined sheet thickness; if not the
nugget size will normally decrease due to current shunting. Another problem that arises
from the welding method is the surface damage of the sheet. This tends to be more of a

problem particularly in those areas where aesthetics is required.

Arc Welding

The arc welding processes involve the use of a high energy heat source generated by an
electric arc to melt the edge of the base material thus forming a weld pool which when
solidifies, creates a weld. The high heét input may however, cause distortions in the
components and this may affect the properties of the joint. The advantages associated

with most arc welcﬁng processes include the high productivity rate for both manual and -
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mechanised operations. For manual welding, it is necessary to have a highly skilled
welder but for readily automated processes, welding is carried out robotically.
Maintenance and monitoring of the welding equipment are essential factors in order to
avoid defects and to obtain consistent welding quality. Most modern techniques

associated with vehicle fabrication are based on gas shielded arc processes.

() Metal Inert Gas (MIG)/Metal Active Gas (MAG)

Gas-shielded arc welding was first introduced in the early 1950s and is a commonly used
process for the joining of ferrous sheet, plates and tubular sections [Lancaster (1992)].
The two primary gas shielded processes are MIG and MAG, depending whether the gases
used during the process are inert e.g. argon/helium, or active e.g. carbon dioxide gases; |
generally MAG welding is commonly used for welding steel. The main advantage of
shielded gas metal arc welding is that the equipment requirements are simple and the
operating efficiency is high. However, some of the disadvantages include the. fact that the

process is often labour intensive and problems of thermal distortions have to be controlled.

(ii) Tungsten Inert Gas (TIG) Process .

TIG is commonly used to produce high qﬁality and precision welding, especially in areas
of a workpiece where access is restricted. The arc is formed between a pointed tip of a
non-consumable tungsten electrode and the base material to fuse the joint area. The arc is
sustained by an inert gas, such as argon and helium, which is used to protect the weld pool
and the electrode from atmospheric contaminations [Norrish (1992)]. The main advantage
- with TIG welding is that the process is very controllable and the joint quality is usually
high. Generally, the process is commonly used for welding thin sheets; for thicker base
- materials, a separate filler material may be required. TIG welding is specifically suitable

for aluminium alloys and has been applied in the fabrication of the Audi A8 body shell.

(i1i) Plasma Arc Welding (PAW)

The plasma arc welding process was derived from the TIG process, where the arc is
formed between the tip of a non-consumable tungsten electrode and the base material.
The difference with TIG welding is that for PAW processes a range of shielding and
cutting gases are used, depending on the applicatioh requiréd for. The convergence of the
sh1e1d gas and plasma gases at the orifice through a nozzle constricts the arc thus, giving

1mproved arc stab111ty and better quality with less contaminated welds. Other features of -
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the plasma arc welding process are the higher energy density and heat content, deeper

penetration capabilities and that higher welding speeds can be obtained [Messler (1993)].

24.3 Adhesive Bonding

There has been an increasing interest in the use of adhesive bonding in the assembly of
~ automotive structures in recent years, particularly with the demand for light-weight
vehicles. Adhesive bonding offers many advantages compared with other joining methods |
such as welding and mechanical fasteners. Firstly, with adhesive bonding it is possible to
join dissimilar materials such as plastics with metals and/or aluminium and steel, all of
which are considered for light-weight construction. Secondly, adhesive bonds are made
over larger joint areas than other conventional joining methods and consequently, the load
is distributed over the bondline providing a more uniform stress distribution and
potentially giving strength advantages. In addition to their use as a joining medium,
adhesives can also be used as insulation materials to improve vibration dami)ing, reduce
noises, or they can be used as a sealant to form leak-proof seals. Adhesives can also act as

excellent electrical and thermal insulators.

Another advantage associated with adhesi;/e bonding 1s that no additional holes are made
to the components and therefore, smooth external surfaces are created which are
aesthetically pleasing and improve aerodynamic performances. The ability to join more “
complex shapes is also a benefit when using adhesive bonding and therefore, the overall
number of parts in a car body can be reduced significantly, as well as the overall
manufacturing costs. Bonded structures are generally more torsionally rigid than
structures joined through spot-welding methods, for example. This is primarily due to the

even distribution of the loads from one surface to the other, through the glue-line.

 One of the main advantages of adhesive bonding, and of prime interest to the automotive
industry, is the fact that thinner gauge, low alloy steel materials can be joined together,
while maintaining the structural stiffness and integrity of the joint. Adhesive bonding
offers the best potential compared to other joining techniques and is applicable to a
number of materials such as steel as well as light-weight materials e.g. aluminium.
Various studies showed that it was possible to reduce the thickness of an aluminium sheet
in typ1ca1 model structures from approximately 1.3 to 0.51 mm with adhesive joints and

stlll maintain the same characteristics and mechanical behaviour [Anon (1994a)].
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However there are some disadvantages in the adhesive bonding process. For example, one
of them is the need for good process control during the joint fabrication and hence, the
lengthy time associated to obtain a required bond strength. Also, both the quality and the
strength of the bond will depend on the adherend geometry and on the bonding
procedures, i.e. surface preparation, mixing of constituent material, wetting of surface,
service temperature, humidity and other environmental conditions. Another weak point in
the joining process is the fact that bonded components are difficult to disassemble or
dismantle for in-service repairs. Manufacturers are continually developing new and
improved materials to overcome some of these limitations, and adhesive bonding is
becoming more widely accepted by the automotive industry for vehicle body assembly. A
more detailed description of the adhesive bonding process, materials and joint

characteristics are presented and discussed in Chapter 3.

2.4.4 Hybrid Joining

The combination of different Jommg techniques, such as adhesive bonding with spot-
welding or mechanical fasteners can provide improved effectiveness of joint
characteristics. The advantages of the individual processes seem to compensate for the
weaknesses of the other process, resultmg in a stronger joint. For example the welds
- confer the peel strength that the adhesives lack and in turn, the adhesive protects the spot-.
welds from fatigue failure. The combination of these two techniques has been shown to

-improve torsional strength and rigidity of the completed structure [Anon (1995b)].

Weld-Bonding N

This joining process consists in a combination of adhesive bonding and welding, usually
spot-welding, to create a strong bond. The main advantage of hybrid bonding is the
resultant improvements in fatigue life, durability, stress distributions, rigidity, sealing,
stiffening and generally a better performance of the joint strength both statically and
dynamically. The presence of adhesive also helps dampen noises and vibrations as well as
minimise corrosion. The overall energy absorption of weld-bonded joints is greater due to

the syhergistic effects of the combined processes.

The weld-bonding process is fairly simple. Initially, the surfaces of the components to be
joined should be cleaned and pre-treated as required, then the adhesive can be applied.

After the componeﬁts have been assembled, they can be spot—welded and then depending .
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on the type of adhesive used, they can be cured. Figure 2.12 shows a single lap joint

which has been joined through the weld-bonding process.

Weld Nugget

Adhesive

Transition Diameter

Electrode Mark

Figure 2.12 Schematic representation of the weld-bonding process

The inner circle represents the diameter of the weld nugget while the area between the two
circles is referred to as the halo. The area outside the halo region is uniformly bonded
with adhesive. However, the area enclosed v&;ithin the halo represents the region where the
two sheet components are not actually bonded together due to the displacement of the
adhesive and the heating effects which result from the spot-weld. The selection of
appropriate adhesives is fundaméntal for weld-bonding. The most commonly used
adhesives are those with a low viscosity; this is so any excess adhesive can squeeze out
between the sheets when the electrode force is applied. The weld-bonding process does
limit the types of joints that can be joined to lap and flange type structures. Ideally to
obtain a better performance from a weld-bonded joint, surfaces should be treated prior to
the application of the adhesive. However, in the automotive industry for example, where
weld-bonding is‘ widely used, surface preparations are not used and the adhesive is simply

applied to the sheets.

The use of adhesive bonding and spot-welding is being widely investigated in the

automotive industry as a solution to increase the torsional stiffness and rigidity of vehicles
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while reducing material gauge, the number of welds required and consequently the overall
weight. Another advantage with weld-bonding, particularly related to the automotive
industry, is the impact resistance. The body of a vehicle must be strong enough to
withstand crash/impact and hence, have sufficient energy absorption capacity. In the
weld-bonding process, the adhesive allows the transfer of loads from sheet to sheet, while
~ spot-welds provide strength; thus making the process ideal for impact. Typical
applications of weld-bonding in vehicle structures include joining stiffeners to boot lids,

bonnets and roofs to increase rigidity and reduce vibrations.

Adhesives with Mechanical Fasteners

Adhesives are sometimes combined with mechanical fastening methods, such as self—
pierce riveting or clinching, for improved performance. The main advantage is that both
- adhesive bonding and fasteners are potential methods of joining dissimilar materials.
Additionally, the mechanical fastener will provide additional strength to the bonded joint.
Adhesives, such as epoxies and PVC plastisols, combined with mechanical fasteners are
often used in the automotive industr);. For example, a representative application of clinch- -
bonding is the joint around the door window aperture between the aluminium outer skin -
and a steel inner shell [Lucas (1995)].

£

2.5  Summary

The evolution of the design of the vehicle has been driven primarily by the demand for
light-weight vehicles. The production of light-weight vehicles will result in less fuel
consumption and hence, exhaust emissions and pollution. As a consequence, light-weight

vehicles will not only be more economical, but also more environmentally friendly.

Because of the high customer demands for improved passenger safety, larger vehicle sizes
- and possibly even because of the demand for more luxuries and technologies within a car,
it has been difficult to reduce the weight of vehicles. However, with today’s new and
advanced technologies it is possible to construct a vehicle meeting both customer demands
and manufacturer requirements. Light-weight vehicles can be produced through various
design concepts which involve new developments in materials, construction techniques
and joining technologies. Each of these areas has its own advantages and the combination

of all three has prov”ided a valuable route to light-weight vehicle construction.
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* Materials

Many ‘hew’ and ‘old’ materials are being looked at as potential for light-weight vehicle
construction. For example, aluminium is considered a ‘new’ material for applications in

vehicle bodies and has proved to be suitable for the construction of lighter vehicle bodies.

Typical aluminium vehicles currently in production show weight reductions of

approximately 45% than that of a conventional steel vehicle body. waever, even though

aluminium is considered one of the more suitable materials for light-weight construction,
the cost of the material is high compared to that of say, steel. Furthermore because of its

relative novelty for vehicle bodies, new knowledge and understanding of the behaviour .
and applicability of aluminium is required. New and advanced technologies must be

adopted since some of the existing manufacturing and joining processes are not applicable |

to aluminium; consequently, the overall cost of aluminium vehicles is high.

On the other hand, steel represents an ‘old’ material since it has been used in vehicles
since the early 1920s. Not only is steel a relatively low cost material but its manufacturing
techniques are very well known, makmg both the joining and processing of steel, also
cheap. The material properties and characteristics of steel have proven to be suitable for
strong structures; however, it has a densitSI three time$ heavier than aluminium. Because
of the wide experience and knowledge in steel, novel design concepts and joiningu
technologies are being pursued to reduce the gauge of steel in vehicles, and recent
developments have demonstrated the potential for a 25% weight reduction and a 75%

improvement in stiffness on steel body constructions.

»  Construction Techniques ‘

New construction techniques have been developed to meet the requirements for light-
weight vehicles and the use of new materials. Space-frame, hydroforming, extrusion and
tailored-blank constructions are some of the novel manufacturing techniques for
automotive applications and which offer advantages in the reduction of body weight. For
example, the space-franﬁe technique fdr example, has been used in many new vehicle
| désigns pérticularly in the Audi A8, as it pfovides rigidity for the frame structure through
hollow sections. ' The overall number of parts required is reduced as is the weight of the
- vehicle body. The extrusion process is also important for the manufacture of components

for space-frame constructions. In the extrusion process, beams of thin-walled sections can
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be formed and the process is particularly suitable for aluminium alloys. The hydroforming
process also reduces the overall number of parts in the vehicle body by producing a single“.

structure of high strength and with excellent surface quality.

Tailored blanks have been used particularly in areas of the vehicle where different
: strengths are required and where reinforcements may have been needed previously.
Traditional panels, for example, are made with uniform sheet thicknesses and additional
reinforcements are placed in those areas which are most critical. One of the main
advantages with tailored blanks is that different grades and thicknesses of materials can be

placed efficiently to create a light-weight structure of high strength.

o Joining Methods
Spot-welding has been the main joining technique in vehicle body constructions.
~ However, with the requirements for lighter vehicles, new materials are beir;g used and
- spot-welding is often not suitable to join such materials. The use of adhesive bonding in
‘ the automotive industry is increasing“rapidly, primarily due to the need to join new and/or
dissimilar materials for light-weight construction. The main advantages of adhesive
| bonding are that dissimilar materials can l;e joined and that bonded joints can provide an
- increase in stiffness and rigidity. Because of the enhancement in joint stiffness it is )
possible to reduce the gauge thickness of the material resulting in ylight-wreight
construction. When used in combination with point joining methods such as fastehing,
clinching or spot-welding, the joints have greater peel strength, impact resistance and
energy absorption. These hybrid processes are often preferred because of the additional
| joint integrity and are likely to be most widely adopted in light-weight vehicle

construction.

-With the combination of material selection, new construction techniques and joining
methods, there have been many novel vehicle designs which give significant weight
reductions. Aluminium has proven to be an excellent material for light-weight vehicle
manufactufing however, it is still quite expensive. Adhesive bonding offers considerable
potential for future light-weight vehicles as it allows the bonding of different and light-
weight materials to each other and at the same time increases significantly the stiffness.

The application of adhesives in steel bodies also offers potential for weight reduction,
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L through the possible use of thinner materials, and enhanced joint characteristics which can

~ lead to improved stiffness.



3.  ADHESIVE TECHNOLOGY

3.1 Introduction

Adhesive joints are typically formed by placing a pasty or liquid ‘adhesive material
between the surface components to be joined (adherends), so that they wet the surfaces.
Solidification of the adhesive then provides cohesive strength to form a structural
connection between the adherends. Compared with most other joining methods, adhesive
~ bonding allows the joining of component pieces over a larger surface area where the loads

are evenly distributed and hence, stress concentrations are reduced.

Adhesives and adhesive joints are commonly sub-divided into two distinct classes -
structural and non-structural. In non-structural applications, the adhesive is used for
purposes other than that of structural strength, e.g. dampening, sealing, insulation, noise
reduction, packaging and labelling. However, in engineering assembly most joints are
load—bearmg and if adhesives are to be used, they must have a structural capability.
Structural adhesives are used to assemble load-carrying components and structures so they
must have sufficient strength to transmit any applied loads and stresses from one surface to
_ the other, without losing integrity within the desired design limits. The following sections

describe various aspects of structural adhesives and their use in engineering applications.
3.2  Principles and Mechanisms of Adhesion

'As adhesive bonding relies on interfacial attachment, it is evident that surface properties of
the adherends have an important effect on the structural behaviour of the joined
components Surface preparat1on of the adherend is therefore very important when dealing
with maJor load-beanng structures wh1ch rmght be subJected to severe environmental

conditions. -
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Surface analysis and characterisation has become a major area of research to explain the
behaviour of adhesive joints. However, the theory behind the nature of adbesion and the
mechanism of the formation of the bond, between the substance of the adhesive and the

 material of the adherends, is still not well defined. Various theories have been suggested

~ throughout the years and are described in the section below.

Mechanical Theary

~ The mechanical theory is the oldest and simplest explanation for the adhesion between two
surfaces by suggesting mechanical interlocking. In most cases, the adhesive is applied in a |
liquidy state so that it can penetrate into the pores of the surface of the substrate;
mechanical interlocking will result as the adhesive solidifies. It is generally observed that
- rougher and porous surfaces may provide better adhesion and enhdncement in joint

strengths, through the embedding of fibres with the adhesive.

Diffusion Theory ‘ o |
The diffusion theory, proposed by Russian chemists Voyutskii and Vasenin, states that one
end of the polymer molecule chain from one surface diffuses into the structure of the

second surface, resulting in the formation of a strong bond across the interface. The theory

proves to be quite valid for adhesion between two similar polymers to themselves -

(autohesion) or to each other, as it is based on the theory of diffusion and polymer
structures where chain structures of molecules are capable of micro-Brownian movement
[Lees (1984), Semerdjiev (1970), Allen (1992a)].. However, the theory is not applicable
when considering adhesron between smooth and rigid materials Wherelthe molecules are in

practice fixed and not mobile [Allen (1992b)]. |

Electrostatic Theory

The Russian Deryaguin proposed the concept of electrostatrc theory in 1969. The theory
suggested the ex1stence of an electncal layer between the adhesive and adherend interface.

This contact at the mterface is developed by the attractive forces between the molecules of

the surfaces, which contribute to the adhesive bond strength.
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i Adsorption Theory

:'“i; The adsorption theory explains the theory of adhesion between two surfaces due to inter-

' molecular attractions known as Van der Waal’s forces and London dispersion forces .

o [Semerdjiev (1970)]. In practice, if the molecules of the adhesive and adherend are

i brought close enough to each other then the Van der Waals forces will give rise to physrcal s ,

; ‘ adsorpt1on [Lees (1984)). This is usually observed as wetting, which is dependent on the

B Surface tensron of the liquid (adhesive) and the surface energy of the solid (adherend) o

) Wettmg 1s a prerequisite for good adhesion and can only occur if the surface tension of the

35 adhesrve is lower than the surface energy of the adherend. Some polymers partrcularly S

o polyoleﬁns and PTFE, have relatively low surface energies and because of thrs are qurte :

. difficult to bond.

. The only requirement to the theory of adsorption is that the surfaces of the two materials to

. be bonded are in sufficiently close and intimate contact so that Van der Waal’s forces may

be established across the interface. The dispersion forces are probably the most srgmﬁcant o

in providing the necessary strength and durability to the joint.

- Chemical Bonding

i U is sometimes speculated that chemical reactions occur across the interface to form.

S >Chemica1 links between the adhesive and the adherend. In principle, chemical bonds

: should be much stronger and more durable than the physical‘ adhesion mechanisms
dISClesed previously. Coupling agents and adheswe promoters are sometrmes used to

‘Stlmulate chemical bondmg For example silanes have been demonstrated to be very

| effect1ve in enhancing joint durab1hty

There is some evidence to suggest that, in certain crrcumstances each of the above

S theorres of adhesmn may be valid and in typrcal apphcatrons more than one mechanism

: may ex1st However for most metal- to metal structural adhesrve bondmg, it is believed
that physrcal adhesron based on the adsorpuon theory 1s the main provider of joint

. strength
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3.3  Generic Types of Adhesives

From the physical mechanisms of adhesion, it is clear that the bonding process requires the
adhesive to be liquid at some stage during application to wet the substrates and then
subsequently, to solidify to provide the strength or cohesion across the joint. Adhesives
are sometimes classified by the solidification mechanisms for example, by solvent
evaporation, or by cooling from above the melting point (hot melts) or by a chemical
Curing reaction (thermosetting). For engineering applications in which joints with high
: Structural integrity between metal components are required, the thermosetting adhesive
groups are most widely developed and applied. In the automotive industry the
thermosetting adhesive types include acrylics, epoxies, phenolics, plastisols and
polyurethanes. In the following section, these adhesives will be briefly described stating
the advantages and disédvantages of each and their common uses in automotive

applications.

33.1 Acrylics

A{:rylics are generally cold-curing adhesives which arsapplied in thin-film forms and are
‘ classified according to the curing mechanisms. The three main types of acrylics are: - -
| anaerobics which cure with the absence of oxygen, cyanoacrylates which cure only when
applied as a thin-film and when in contact with moisture/water, and toughened acrylics,

which need some agent/hardener in order to cure.

Anaerobic

Anaerobic adhesives are acrylic-based adhesives which set only in the presence of metal
ions and in the absence of atmospheric oxygen. Hence, anaerobics remain in a liquid state
in the presence of oxygen but automatically cure once enclosed in a joint [Watson
(1992a)]. - One of the main advantages with anaerobic adhe’sives is that there is greater
joint manipulation prior to curing; as curing only occurs with the lack of oxygen, i.e. when
the joint is closed. Anaerobic adhesives come in a wide range of strength and viscosity
variations.  They are cbmmonly used in the automotive industry for assembling
components and for seaiing, locking, threadéd parts, gaskets, fasteners and any other fitted

mechanical components.



g i\} ‘f  Cyanoacrylates

it Cyanoacrylates are highly reactive, one-part acrylic resin-based adhesives of very low

. - viscosity. Commonly known as ‘superglues’, these adhesives can cure at very high speeds

Yl and provide high bond strengths. However, in order to obtain rapid curing of

k‘jCyanoacrylates, the adhesives must be applied in thin-film form, so that they come in

. Contact with residual surface moisture and as a result, may cure within seconds. Some of - .

i ‘;’it‘he disadvantages with cyanoacrylates include the fact that they have poor gap ﬁlling e

, ‘capabilities poor thermal resistance and they are very susceptible to moisture. Typical -

e . applications of cyanoacrylates in automotive assembly are to bond small plastic and mbberk o

o : "3‘ :7; components which require high speed assembly [Watson ( 1992b)]

- Toughened Reactive Acrylics

Toughened reactive acryhcs are two-part systems which are formed by a combrnatlon of a

i resrn/adhesrve mixture which is applied to one surface, and a liquid initiator applied to the o

25 Other Curing time depends primarily on the hardener and the initiator used however in
. practrce a completely cured joint can be obtained within minutes. The main advantages 1nv'
toughened reactive acrylics are that they offer excellent peel and impact resrstances, and -
are also tolerant to oily surfaces. These adhesives are primarily used in large structures -
if v‘Where surface treatment is minimal and in bonding plastics, rubbers, sheet metal coatmgs g

and thus, ‘provide some potential for vehicle bodies.

 3.3.2 Epoxies s
: Epox1es are probably one of the most popular adhesive groups used today in engrneenng t
" apphcatrons Because of the high strength of these adhesives, epoxres are usually used i in '

: the bondmg of larger structures and components.

. Epoxies are reaetion products of acetone and phenol They can be either cured with heat
‘(In one-part systems) or through the addition of a hardener (m two—par’t systems), or |

: Sometrmes with a comb1nat10n of the two.. A whole range of hardeners can be used to give
Tise to a w1de and versatlle variety of epoxy adhesives with different propertres The

- adhesive modulus of epoxy adhesives can range typlcally from 10 MPa - 5 GPa. High
Strength epoxy adheswes can grve ultimate shear strengths in excess of 50 MPa but in

‘ general, they have ‘relatively low peel and impact strengths. Newer epoxy formulations
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have been developed to improve peel and impact characteristics for example, through

rubber toughening.

| 3.3.3 Phenolics
" Phenolics were one of the first structural adhesives to have been developed. The
combination of phenolic resins with natural or synthetic rubbers offers a large variety of
adhesives with good flexibility and vibration absorption [Semerdjiev (1970)], yet prove to
be complicéted to use. This is primarily due to the water release during curing Which |
| 'requires high pressure and elevated temperatures in order to maintain contact between the
two surfaces being bonded [Lees (1984)].4 The main advantage with these adhesives is
their excellent durability to moisture and their performance in severe environments.
| Phenolics also have major benefits due to their high strength and adhesion properties.
- Phenolics are widely used in the aircraft industry and in the autoxhotive"industry for

friction and clutch linings.

3.3.4 Plastisols

Plastisols' are viscous adhesives made from PVC part;;eles suspended in a combination of
‘quuids known as plasticizers. Plastisols are usually applied in paste-like form onto the
component to be bonded. When heat is applied, the solubility of the polymer within the
plasticizer begins to increase thus, increasing the viscosity. With elevated temperatures,
ie. 140°C, most of the plasticizer will be absorbed into the particles and which will
toughen this is when the adhesive is fully cured. The toughness and good ageing
characteristics of plastisols make them suitable for use in bodies such as for underbody
protection and sealing; Other typical applications are in bonding large metal components,

such as lightly stresses panels in vehicles, e.g. bonnets, boot lids.

335 Polyurethanes

Polyurethanes are very versatile adhesives and can be formulated to meet a wide range of
requirements. ~ The main advantages associated with polyurethanes are their
ductlhty/toughness and their fast curing. However, because of their fast curing rate,
polyurethanes prove to be dxfﬁcult to handle and usually demand special equipment to
manage. They are also very sensitive to moisture during curing, have poor durability and

give low strengths at elevated temperatures. Polyurethanes are used widely in load-bearing
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applications in particular in dry conditions as they are easily affected by moisture. They
. are also typically used in the bonding of sandwich panel sections, as gap fillers (as foam),’

in bonding door trims and head linings in vehicles.

& 3.3.6 Polybutidienes
Polybutidienes are low modulus adhesives made from synthetic rubber. Generally rubber
based adhesives are more flexible and have higher impact strengths than other structural
adhesives such as epoxies and phenolics, although their specific strengths are much lower
[Watts (1992)]. Polybutidienes are typically used both to join component pieces and as a

* method to improve noise/vibration absorptibn within vehicle bodies.
- 3.4 Adhesive Joint Stress States

- The use of adhesives for structural assembly requires a careful consideration of joint
~ configuration and design. Depending on the components’ geometries and directions of
applied forces, adhesive joints may be subjected to a number of different modes of -
loading. These are usually described as peel, cleavage; | shear and tension/compression, and

are shan schematically in Figure 3.1.

L ) %:
SHEAR ‘ CLEAVAGE
TENSION / COMPRESSION
< J—p
PEEL

Figure 3.1 Typical loads found in adhesive bonded joints

Typically, adhesive joints subjected to tensile and shear loading provide the strongest
joints and those most resistant to bond failure; this is because of the more uniform
distributions of the stresses over the total bonded area. However, if misalignments or

eccentricities are introduced into the load path, high peel and/or cleavage stresses are



developed. The stress concentrations resulting from peel and cleavage forces may be

- reduced by using lower modulus adhesives.

. The resistance of adhesive bonded joints to peel/cleavage loads is still a major limitation.

Particular attention should therefore be made during joint design to avoid or minimise peel
stresses. In practice however, this design guideline is not always applied as peel joint
configurations are still widely used in the form of flange joints, especially in the
automotive industry. This is due to the fact that the flanges in coach joints are most
suitable for manufacturing processes such as spot-welding and fastening techniques. With
the more recent advent of adhesives, manufacturers continue to employ the same joint

configurations for adhesive assembly as the joints are usually supplemented by spot-welds.

34.1 Joint Strength .
The mechanical strength of an adhesively bonded joint depends on a number of factors
including joint configuration, geometry, bond area, materials and the sheet/bondline
thicknesses. By appropriate design, it is possible to obtain adhesive joints which are
~ Stronger than the components themselves. , For examplme, increasing the overlap length of 2 -
lap joint to a certain extent can result in an increase in joint strength. On the other hand .-
for peel joints, joint strength is more dependent on configurations and dimensions such as
the sheet thickness, forming bend radius, adhesive fillet and substrate flexibility. Adbesive
joint strength may be also sensitive to the bondline thickness even if failure occurs
cohesively through the adhesive. This sensitivity arises from complex interactive effects
of stress distribution, bending moments and in the case of dynamic loading, the ability of
the adhesive to absorB impact energy. In general thicker bondlines will lead to less stiff

joints,

Other factors which afe often considered in joint design and analysis include the modulus
of the adhesive, tapering of the joint edges, the thickness of tﬁe bondline and the presence
of adhesive fillet. In the case of T-peel joints as used in car bodies, the flange bend radius
is also an important parameter which has a critical interaction with the adhesive fillet. In
‘ addition' to the géometfié design details, the characteristics and behaviour of the joint

clearly depends on the adhesive type and it is essential to specify an appropriate adhesive
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;tO meet the design requirements. These aspects are discussed in more detail in Chapters 4 -

 ands.

i | :’3‘5 Bonding in Vehicle Structures

- Adhesives have been used in car bodies for many years but most applications have been

& {'non—structural to provide sealing and damping properties. More recently the potenual for, S

- Structural adheswe joints has been recognised in novel forms of construcuon and m'

S Conventlonal body structures. In most current. applications adhesives are used m. :

i Conjuncnon with spot-welding or mechanical fasteners, e.g. clinching, to form hybnd

~ joints. This effectively determines the joint configurations as traditional monocoque L

bod1es are fabricated with lap and flange/coach joints. Major research programmes have £

' addressed various aspects of adhesive bonding in vehicle structures partxcularly in areas

- such as durability, impact behaviour and process tolerances. Another primary area of

‘ Study is the effectiveness of adhesives on structural stiffness of car bodies.

3 5 1 - Prediction of Behaviour of Vehicle Structures

8

. Thc capability to predict the structural behaviour of vehicle body parts is poss1ble

L | Prlmanly due to the advances in numerical modelling. Theoretxcal calculations are also_,.

:; Commonly used however, for larger and more complex shapes, such as vehlcle body

Structures the calculauons may require a number of approx1mat1ons  These

‘ f,: approx1mat10ns may g1ve a general estimate of the behav1our of a structure neglectmg‘

‘geometnc details and spec1ﬁc matenal propernes In general most modelhng methods
: rely on addmonal expenmental testmg to vahdate the accuracy of the theoret1ca1 .

: pred1ctlons

‘Testmg of structures through expenmental prOCedures represents the actual behav1our
Wlthout approx1matlons and although ﬁmte element models can also represent real
. COnd1t1ons, there are some hrmtauons ‘Nevertheless, ﬁmte element methods are being
lncreasmgly used in the development of structures w1th enhanced behaviour. One of the
main advantages thh numerical modelhng methods is that it is poss1ble todes1gn new
 structures and predict their behaviour without actually manufacturing the structure.

‘ Cyo‘nsequently, both ‘fcosts and manufacturing time are significantly reduced.

46



3.5.2 Automotive Requirements for Stiffness

There are many design criteria that must be satisfied in order to produce a light, yet
structurally safe vehicle. In addition to joint strength and integrity, required to ensure
driver and passenger safety, rigidity and stiffness of the body frame is essential to maintain
accurate handling as well as to reduce noise and vibrations from the motor and the ground
surfaces. The overall stiffness of the body frame will contribute to the overall performance
of the vehicle and therefore, is an important factor in the design for light-weight vehicles.
While hght-welght materials, new joining technologies and new design concepts for the
' construction of the main body frame are being developed to meet objectives of werght
reduction and efficiency, it is essential that mechanical characteristics of the body,

particularly stiffness, are not compromised.
3.6 - Joint Durability

It is relatively easy to obtain good initial strength of a joint however, it is more difficult to
obtain a good durability of a bonded joint. There are many factors which influence the
o durabrlrty of a joint. Most significantly, adhesive bonded joints may degrade prlmarlly due
" to their sensitivity/susceptibility to their operating env1ronment Operating conditions for
~ cars can be very demanding as they include extreme temperature ranges, humidity and
wetness, and other aspects such as the presence of aggressive chemicals. These have a
damaging effect on the joint which when combined with dynamic loading, can lead to

| rapid degradation.

Many methods have heen investigated to improve joint durability through the selection of
different adhesives and through attentive surface preparation. For example, if the
Operatmg conditions of the joint are known, then a suitable adhesive that can withstand
such temperatures might be used. Similarly, the surface pre-treatment of the joint through

methods such as the application of primers, might be used to improve durability.

Nevertheless in the fabrication of joints for car structures, joint durability is only partly
-+ considered. Whrle ideally surface treatments such as degreasing, abrasion and the

application of silanes, would improve the strength of adhesive joints, the automotive



Bl industry do not use such treatments primarily because of the nature and limitations of their -

- manufacturing processes.

il 37 Summary

| * Adhesive bonding offers considerable potential for light-weight vehicle construction,’ =
' : ‘ Partlcularly as it allows joining of many and dissimilar materials. c ,
 ‘ ‘ The selection of the appropriate adhesive is important and depends on the
specifications of the joint design. i '
: . ’:;A number of adheswe systems can be used for structural assembly. The most .
‘ ~  commonly used structural adhesives mclude epoxies, phenolics, acryhcs plastlsols
i polyurethanes and polybutidienes. - | v
‘°, - There are several design parameters which can be altered in order to improve the L
| ‘kixkj; strength of an adhesive joint; these include geometric parameters such as sheet :
. thickness, type of adhesive, bondline thickness, sheet bend radius, overlap length, etc. .
i ‘:t . - Although there are preferred joint configurations for adhesively bonded joints, ey.g. lap
shear, rather than T-peel, their application in the automotive industry is ylimited by
, e manufacturmg and production constraints. | : |
: ;i' ° : ’ Degradat1on 1s usually caused by environmental and operatmg condmons to Wthh the -
‘ adheswe _]omt is exposed. " These conditions might include elevated temperatures
. m01sture, wetness, aggressive chemical, etc. Such factors should be knewn pnor to the :

 design of a bonded structure so that an appropriate adhesive system can be specified. e



4. REVIEW OF ANALYSES OF BONDED JOINTS

41 Introduction

e L The analyses of bonded joints and the prediction of joint characteristics have been subjects S

- of research effort for many years and many theories and equations have been derived to

.";-,: calculate the behaviour of joints. Experimental testing has also been widely used to

| ‘compare with results obtained from theoretical calculations. The development of finite

4 element methods provided a powerful tool for the prediction of joint behaviour and in -

 early applications, simple FE models of joints gave comparable results to experimental

~ and theoretical analyses. As a result of continuing refinements and better understanding,

- FE methods are now most widely used in the analyses of joint behaviour.

. Most of the analytical, experimental and numerical studies have been developed for the :
- Stress analysis of adhesive joints. However, the main jntent of this thesis is to study and

g understand the stiffness characteristics of adhesive joints. In sectron 4.2-4.4 an overview

e - on the work carried out on stress analyses of lap and coach ]omts 1s revrewed ThlS will-

s prov1de a better understanding of the behav1our of adheswe Jomts and an 1ns1ght to how
V'the performance of the Jomt is influenced by changes in geometrlc desrgn parameters In
o ‘sectron 4. 5 typ1cal finite element modelhno techmques used by the automotrve industry
to pred1ct vehlcle behav1our 1nc1ud1ng stiffness, are drscussed in detarl Fmally, the' :
"‘hrmted publ1shed work on pred1ct1ng the stlffness behav1our of structural Jomts, 3

representatlve of vehlcle structures 1s also reviewed.
i 4,2 Analytical Approaches ,

4. 2 1 Lmear-Elastrc Approach ‘ ,
The closed form approach is based on fundamental contmuum mechamcs This method
1nvolves solvmg equat1ons of force stress . and d1splacernents for given boundary
condmons The approach isa valuable way to understand the mechanics of Jomts such as

k smgle lap joints, in partrcular usmg simple, linear elastic analysis. However, the analysis
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becomes quite complex when non-linearities and/or complicated geometries - are

i 1ntroduced

o ’ :The simplest analysis on single lap joints, shown in Figure 4.1, assumes that the adherends
b are perfectly rigid and that the adhesive layer deforms only in shear. For rigid adherends,

the adherend tensile stress will decrease linearly to zero over the joint length from A toB.

A B .
P<—1 ill

Xo

-

 Figure 4.1 Deformation of single lap joint with the assumption that the adherends are rigid
» Consequently, the average shear stress (7) is given by the equation,
#

t1=P/bl o @n

Where P is the applied load, b is the width and I is the overlap length of the joint.

e In Flgure 4.2 a similar joint is con51dered however in thlS case, the adherends are assumed )

s ‘: to be elastic. . Consequently there will be deformatmn in the adherends such that in the

upper adherend the maximum tensile stresses occur at A and tends to zero at point B; the

B 1nverse holds true for the lower adherend. The adhes1ve is assumed to act only in shearr

‘and because of the differential strains in the adherends the deformatlon in the elements of

: the bondhne results ina shear stress d1str1but10n as shown in F1gure 4.2.

>
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- Figure 4.2 Deformation of single lap joiht with the assumption that the adherends are elastic

© o 50



~ The analysis of adhesively bonded lap shear joints has been studied for over 60 years with
 the first major investigation being carried out by Volkersen in 1938. Volkersen (1938)
developed an equation to describe the distribution of stresses in the adhesive layer based
on the assumption that the adhesive deforms only in shear while the adherends deform

only in tension, as illustrated in Figure 4.3.

X
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- Figure 4.3 Volkersen’s shear lag analysis (1938) showing (a) undeformed lap joint and (b) section through
deformed joint with the assumed forces

~ The principal observation from Volkersen’s shear lag analysis study was that the shear
stresses along the bondline were distributed non-uniformly, with sharp peaks at the ends of
the bondline; this phenomenon is known as differential shear. The theoretical longitudinal

and transverse shear-stress distributions (¥) in the adhesive layer were given by the

v expression,
T= o coshaX . [\U—I o sinh ®X “2)
2 sinh /2 v+ 1J2 cosh w/2
Where, o= (1+Yo
v = t1/t
6 = G
Etits

X = x/1

And where t; and t, are the adherend thicknesses, t; is the adhesive thickness, G is the
adhesive shear modulus, E is the adherend Young’s (tensile) modulus, I is the overlap

length and x, is the distance along the overlap.

For cases where the adherends are of equal thickness i.e. t; =tp, then =1 and ® =\/2¢



~ The maximum adhesive shear stress occurs at the ends of the joint and is given by,

Twax = |$_coth [¢ @y
2 2 ‘

| “‘Volkersen predicted that the stress concentration factor (S.F.) of an adhesively bonded

: Jomt with equal thickness adherends was given by the expression,

SF.« [ GI T @y
\2Et1t3 b

,.7" ‘Where G is the shear modulus of the adhesive, 1 the overlap length, E is the adherend

e ‘;Young’s modulus, and t; and t, are the adhesive and adherend sheet thicknesses,

. respectively.

Volkersen s theory suggested that the shear-stress concentration factor in the adhesrve

& layer of a lap joint could be mrmnnsed through appropriate choice of design varlables the

‘ _-;’:‘VStress concentration factor could be reduced by changing the overlap length the shear '
’ i modulus or the bondline thickness, sheet thickness and its modulus. The theory predlcted
~ that the maximum shear stresses in the adhesive would occur at the ends of the overlap,

S Where in fact the shear stresses should be zero due to the free surfaces at the ends of the =

. - Overlap [K1n10ch(1986) Zhao (1991) Adams et al. (1997)]

¢ Volkersen did not take into account two important factors in his theory. The first arises
: : from the fact that the applied loads are actually not collinear and the eccentrlmty results in
: rotatlonal effects within the joint. These bendmg moments will cause high peel stresses -
and the effects of these were included in later studres [Goland & Rerssner (1944), Zhao
(1991)] The second factor that was not accounted for in the analy51s was that adherends

-~ will actually bend When a load is applied. Thus the Jomt will distort and as a result, the

. Joint dlsplacements are not proportlonal to the apphed loads giving rise to geometnc non-

linear problems Although Volkersen s ‘work was based on very general and s1mple

‘ concepts it prov1ded a foundatron for many further analyses

Goland and RCISSI‘ICI' (1944) 1mproved the theory suggested by Volkersen by providing a
solutron for peel and shear stresses by including the rotational effects of the load path. In

the analysrs they used a bendlng moment factor k which related the bending moment on -
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H':'_:the adherend at the end of the overlap M, to the in-plane loading. Once the bending'
i moments were calculated, these were used as boundary conditions to analyse the overlap '
| ;iregion. Two solutions were suggested to determine the stresses within the adhesive and
| - both were applicable only to equal thickness adherends; the first solution was for very stiff -
‘ adhesives while the second for flexible adhesives. For stiffer adhesives, the stiffness of ,
e the adhesive was assumed to be the same as that of the adherends. For flexible adhesives
| -on the other hand, the adherends were assurned as plates and the adhesive as tension-shear‘ s
) f“ springs, hence neglecting the bondline thickness. Results from their analyses shovved that
| the maximum shear stresses occurred at the edges of the adhesive layer and large peel
o stresses occurred within the adhesive layer. Figure 4.4 shows the schematic representatron -

o ‘”’ ‘ 'of Goland and Re1ssner s proposed deformation.

P — ] ,
| —_—— o

- (a)

) T C®

Figure 4.4 Schematic representation of Goland and Reissner’s bending moment factor theory

In practice, if the applied loads are small then it is assumed that no rotation occurs in the"

o overlaps thus the line of action of the load wﬂl be as in Frgure 4.4 (a) where 1t passes

i through the edges of the overlap and adherend In this case, the bendmg moment factor k

s approx1mately equal to unity and hence the bendmg moment on the adherend is grven o

‘ “Where P is the applied load and t is the édherend thickness.

| However if the magmtude of the applied load 1ncreases, the rotation of the overlap will
also i mcrease as 1llustrated in Frgure 44 (b) In this case, the line of action of the load will
_act closer to the centre 11ne of the adherends and thus the value of the bendmg moment

factor w1ll be reduced and the bendmg moment wrll be glven by equatton 4, 6

_Mo=k‘GRP‘t/‘2 S #6)

N e

My~ Pt/2 | SRR N )



Where keg is the bending moment factor suggested by Goland and Reissner and is given
by,
ker = [ 1+2y2 tanh (68/2{2) 1" 4.7

= 1-v?
8 1’3Pb(Et v?)

Most of the earlier work by Volkersen and Goland and Reissner was of limited accuracy
: due to the restricted boundary conditions used. In their solutions, they assumed that the
peel and shear stresses across the adhesive thickness were constant, that the maximum
shear stresses occurred at the end of the overlap and neglected any shear deformations of
- the adherends [Adams et al. (1997)]. However, because the ends of the adhesive are free
surfaces, there cannot be any shear stresses and consequently the shear stresses at the ends
of the joint must be zero. Most of the later work looked at improving the analyses of

stresses within the adhesive while still following Goland and Reissner’s method for

And where,

calculating the bending moments at the overlap. Some of the more significant
developments were investigated by Sneddon (1961) Hart-Smith (1973), Renton and
~ Vinson (1975) Allman (1977).

Hart-Smith (1973) improved on Goland and Reissner’s method by developing a new
bending moment factor which however, involved complicated mathematics. Hart-Smith
- believed that Goland and Reissner’s predictions overestimated the bending moment at the
- edges of the overlap and hence, his theory took into account the effects of large
deformations in the adhesive but disregarded any large deformations in the overlap.
Equation 4.8 shows Hart-Smith’s solution for predicting the bending factor moment, for

eQual thickness adherends.
L kas = [ 146 +(6%6) ] “.8)

Hart Smith’s solution proiled limited as it was only applicable to joints with similar
adherends Eventually, Bigwood and Crocombe (1989, 1990) investigated adhesive
bonded structures formed by two different adherends and developed an analytical solution
for these. Finite element methods were also used to compare with the theoretical

calculations. The generalised closed-form solution was derived for a simplified elastic



‘analysis of the adhesive/adherend sandwich subject to a combination of loads: shear,
tensile and moment loads which were applied to the ends of the adherends. Equations to
calculate peak stresses due to shear, tensile and bending loads (Figure 4.5) were derived

~and are given in equations 4.9-4.10 and 4.11-4.13 for simpliﬁe‘d peel and shear analyses.

The solutions for the simplified peel analysis are given in equations 4.9 and 4.10. For a

shear force per unit w1dth the compressive transverse stress is given by,

S 22B V. L @49
B1+B™

Oy =

For a bending moment, the transverse stress is given by,

. |31 | ' -
c 4.10)
MEB AR . A

Where the peel compliance factors for adherend 1 and 2 are given by B, and B

respectively; -
CREd-pd) 2B (1-p)
Pr=""E o1 BT

The solutiohs to the ‘simpliﬁed‘she‘ar stress énalysis are defined in equations 4.11-4.13 for
~tensile loads, shear loads and bending moments. For a tensile force load, the shear stress

is given by,

CaT
= — - 4.11
T 2 (o +02) @10

For é‘unit width shear load, the shear stress is defined as,

3V
= —— ‘ 4.12
Tv 4h] ( )

And for a unit width Béhding moment, the shear stress is calculated liSing,



30, M .‘
R @13) "

™M = —————
h; (o + o2)

Where the shear compliance factors o and o, are a measure the relative shear stiffness of

- the adhesive and of the adherends and is given by,

‘2
o Sal-w) o= Sell b))
1= E bt E; hs t"

These solutions can be applied to joints with different or similar adherends where in the

latter case; E; = E,, o) = az, B1 = P2 and hy = h,.

Zhao (1991) developed a simpler solution to that suggested by Hart-Smith, for the bending
' moment factor and is given in equation 4.14. He also proposed a solution for both
different adherends and identical adherends and assumed that the overlap area did not
~deform during loading and hence, was r1g1d thus only the adherends were analysed (Hart-
Smith’s solution included the adheswe) The solution was proved accurate for predicting
Stresses in single lap joints provided that the overlaps were greater than 6 mm. The

method gave good solutions for stiffer and thicker adherends and was simple to use.

kz=[1+6]" : (4.14)

- Adams and Peppiat (1973) studied the Poisson strain effects on shear stresses in the
adhesive layer, and the longitudinal stresses in the adherends acting at right angles to the
‘applied load. The results from their investigation showed that the maximum long1tud1nal
shear stresses occurred at the edges of the overlap and that Poisson’s ratio did have a
significant effect on the stresses in the adhesive. Although their analyses was intended for
lap joints, it neglccted any effects due to bendmg and hence, was more applicable to
double lap joints. They also treated the adhesive as an infinite number of springs and thus
peel and normal stresses within the adhesive were 1gnored. However, their analysis did
take into account shear stresses in the adherend by using Demarkles’ approach (1955); the
latter hdwever neglected bending moments which - caused peel stresses within the
adhesive. Adams and Peppiat’s prov1ded an analytical solution which could be used to
calculate tensile stresses in the adherends and the shear stresses in the adhesive caused by

Poisson strain effects.



'Probably some of the most significant analytical work was carried out by Renton and .-

; Yinson (1975) and Allman (1977), who took into account the effects of bending, shear and *

i . Dormal stresses of the adherend to provide more accurate solutions. In both studies, they

assumed that the adhesive shear stress was zero at the overlap ends. Allman’s analysis is

i thought to be one of the most detailed and thorough solutions as it included bendmg,

Sheanng and stretching of the adherend and also accounted for shearing and peeling in the

L adheswe He assumed a linear variation of the peel stress across the adhesive thickness,

‘ ;‘and accounted for shear stresses at the free ends however, the shear stresses across the

 adhesive thickness remained constant. Allman’s study investigated joint behaviour using

. Stress functions in an approximate numerical method which is similar to the known finite :

W element method.

| Mallick (1989) extended the work carried out by Allman to accommodate thermal stresses

andto account for longitudinal stresses along the overlap. His analysis was apphcable to a,

: large range of material propertxes 1ncludm0 isotropic and anisotropic adherends as well as .

: elasto -plastic adhesives.

VOJalvo and Eidinoff (1978) studied the 1nﬂuence of bondline thlckness on the stress

e ‘dtstnbutmn in lap joints based on Goland and Relssner s work. Most prevxous studles

. jjjlgnored the bondline in their stress analyses solutions and hence, OJalvo and Eldlnoff B

Proposed a solution which would allow the prediction of the shear stress vananon across

‘; the ”bondhne thickness. By 1nclud1ng the effects of the bondline thickness in the analyses,

- results showed an increase in the. predicted shear stresses and a reduction in the peel

S StresSes Greater effects would exist for joints w1th shorter overlaps tthkCI’ adherends

and st1ffer adhes1ves

Oplinger (1994) studied the effects of adherend deflection inlap joints based on Goland
| and Reissner’s earlier solutions. The aim was to de\}elop an analytical solution that would
: decouple the adherends 'and‘treat them as two separatebear‘nS' this allowed individual
boundary condmons to be apphed to each adherend as requ1red and at the same time
‘ prov1de bendmg deﬂectlons of the Jomt The study gave a general overv1ew on Goland -
| -and Rexssner S and Hart- Snuth’s solut1ons and aimed toward developing an analytical

rnethod by ma1nta1n1ng the SIInpllClty of Goland and Relssner s solution but taking into



i account additional details such as adhesive fillet and shear deformations w1th1n the -

- ,,adherend which were previously unaccounted for.

! "Tr "4 2.2 Non-Linear Approach
3 chkson et al. (1972) included material non-linearities in the study of single lap Jomts by, :
using a two-stage approach. In the analysis the bondline area was divided into elastrc and
i plastic zones, each of which were then analysed separately. The stresses within the plastic _
P ZkOIVIes, which were calculated based on a von Mises criterion, were assumed constant and‘

- €qualled to the maximum stress obtained from a uniaxial stress-strain curve. The stress-

"

: ~ Strain relationship of the adhesive within the elastic area was assumed to be perfectly

| zones of the adhesive layer.

-Grant and Taig (1976) introduced material non-linearities into Volkersen’s ('1938) shear

lag solution. Although a more reahstrc stress-strain curve was used in the approach it

' "double lap joints, where bendmo is restricted.

Hart-Srnith (1981) also included non-linear adhesive properties and took full account of

‘ the effects of bending moments into his analytical solution.’ In the approach he assumed a
. degree of adhesrve plasticity in the shear component of stress based on b1-hnear elasto-
‘ plastlc characteristics. ‘The adhesrve layer was divided into three regions; the outer two
| represented the plastic reglon whrle the central zone the elastrc region. The pr1n01ple
* behind an elasto-plasnc model is that the adhesrve behaves clastrcally until the yleld point

- where 1t bccomcs plastic at the same stress untll farlure A bi-linear model will give a

closer representatron to the true adhesive charactenstlc over the entire load range.

However 1n both models the areas under the stress-strain curves are equal to that under

the true stress stram curve; “and the farlure stresses and strains are equlvalent for the
curves It must be noted that Hart Smith’s solutlon assumed only the elasto-plastlc shear

“propertres of the adhesrve whﬂe the adherends are st111 consrdered elastic.:

eyl Iinear. An iterative method was then used to calculate the stresses in the elastic and plastic

‘ i proved limited as it only accounted for shear stresses and strains caused by tensxle loadmo o
: of the adherend; thus, it neglected peel stresses ' due - to bendmg of the adherends '

_ Therefore, although the analysis was derived for lap Jornts it was actually apphcable to '



| Bigwood and Crocombe (1990) assumed that the adhesive layer behaved as a non-linear .
; rlayer between the linear elastic adherends. The approach was similar to that used in their -

| Pfevious linear analysis study [Bigwood & Crocombe (1989)] where an adhesive/adherend
sandwich panel was used; thus making the analysis applicable to a number of joint
configurations. While previous work divided the adhesive layer into elastic and plastic
zones for the analysis, Bigwood and Crocombe considered the adhesive as a continuous
layer. Stress-strain curves for the adhesive layer were calculated, basefd on a von Mises

Criterion, over the entire overlap length giving more accurate results.
4.3 Experimental Visualisation Methods -

To further understand the behaviour of adhesive joints, work was carried out, not only

using analytical and numerical solutions but also through experimental visualisation

- methods. A brief review of some significant works is discussed in this section.”™

‘Demarkles (1955) studied rubber lap joints through an analogue photoelastic technique by
using foam rubber as the adherends and an adhesive layer of similar mechanical properties
- as the rubber.  The study showed that because of the similarity between the adherend and
the adhesive properties,‘the strain distributions were quite similar to those obtained in their
- Study of welded joints. The photoelastic analysis was used by others and proved a
* valuable approach in determining the areas of highest stresses such as those measured at
the e ends of the overlap. However, the method proved limited in measurmg quantitatively

the stresses and strains within the adheswe

Adams et al. (1973) studied the behaviour of models of .adhesive joints by using a hard
rubber as the adherends and a relatively soft foam rubber as the adhesive. The results
- from the study gave more realistic stress-strain distribution curves for the adhesive layer
than those indicated by Demarkles. Two of the more significant observations from the
~ investigation were the hlgh stress concentrations at the adherend corners and that the
directions of maximum principal stresses were about 45° to the applied load.
Experimental results gave good aoreement with finite element (FE) models representing
similar joints. Theoretical calculations usmg Volkersen’s approach were also detemined;

however, because the theoretical calculations do not take into account the shear strains in



i ‘;the adherend, the maximum shear stresses predicted in the adhesive layer at the ends of the

~ joints were higher than those obtained experimentally.

; After the attempt to calculate stresses within the adhesive using photoelastic methods,

another optical technique called Moiré interferometry was developed. The Moir¢ E
It technique is used to obtain surface deformations in the adherend and adhesive by means of.

e | gratings. Although this method allows the entire bondline to be studied, one of its main

~ limitations is that the measurements can be made only at the faces of the joint surfaces. |

. More recent approaches to this method have been devised. Tsai et al. (1995), for example,

. investigated geometric non-linear deformations and adhesive stress distributions in single =

' lap joints using Moiré interferometry. Results were compared with non-linear two-’,

~ dimensional finite element modelhng methods and theoretical calculations. - The

;measurements of longitudinal strain in the tested Jornts gave s1mtlar values to those

calculated from numerical models. However, because of the three- d1mens1onal effects

e caused by bendrng -twisting and by the free edges, FE models using a three- dimensional

| ’~kanalys1s would be more appropriate. Also the Moiré technique limits the analysrs to only‘
r the faces of the joints. Measured shear stresses proved very similar to those found using

L numerical analysis when the adhesive spew fillet was taken into account. -
. 4.4 Numerical Methods - Modelling of Adhesive Bonding Joints .

: :‘b“JOne of the most srgmﬁcant methods for the predrctron of Jornt behaviour is through -
 numerical modellmg techmques Although contmuum ‘mechanics and basic analytrcal
‘ approaches grve a foundation for the general understandmg of the behaviour of adhesive
8 bonded Jomts there i isa lmutatron to the amount of accuracy that can be achieved. In

‘ partrcular complex shapes and geometrrc detarls such as adhesive fillets for example,
ki cannot be accounted for 1n closed form solutrons Numerrcal methods have been
developed to provrde a- versatrle analytrcal tool for a wrde range of engineering
apphcatrons F1n1te element analysrs allows hypothetrcal joint designs to be analysed and
| : the behavrour to be predlcted W1th numencal methods it is possible to predrct the joint

behaviour and if necessary, 1mprove the joint design prior to joint fabrication.

The hrmtatlons brought through theoretrcal methods are rmmrmsed through numerical

modelhng and the accuracy of the Jomt model is s1gn1ﬁcantly improved. Through finite

‘ it B ; - 60 .



i‘ ;  element modelling the stress distributions, not only in the adhesive layer but also in the L
5 - adherends, can be determined for a number of different loading conditions. In the

a.'%;,‘following sections, significant findings using numerical techniques are discussed for two

' typical adhesive joint configurations; the single lap joint and the T-peel or coach joint.

Background |
| «‘;f:‘Many computer codes have been developed to implement the finite element method -

- proposed over 60 years ago for the solution of engineering problems. The concept behind T

. finite element methods is based on the analysis of a body, or a continuum, which is

- divided into smaller bodies or units; the solutions are then obtained for each unit rather g

- g than of the entire body. The subdivisions of a structure are also known as finite elements I

these elements are interconnected at the joints by nodes. By minimising the total energy

- of the system, displacements could be calculated in various regions in the structure and L

o ; from these, the stresses and strains could be derived [Zienkiewicz (1971), Crocombe &

L Moult (1988)]

In the late 19505 the aircraft industry was the primary user of the 1n1t1a1 ﬁmte element

; ,codes to solve structural problems. Extensive research was carried out by Turner et al.

‘ “-“‘(1956) to improve and expand the boundarres of finite element methods Bendrng ,

| elements, curved shell elements and the 1soparametr1c concept were also rntroduced soon

after

In 1971 Zrenkrewrcz used the ﬁmte element concept. to determine the stresses in a w1de

- Varrety of structures w1th drfferent geometric shapes and loadrng condmons “The finite

fyelement method was recognrsed as a general method of problems norrnally formulated as
‘ partial d1fferent1al equatrons and gave more accurate solutrons than previously used
: ‘closed forrn theories whrch were denved by Volkersen (1938) and Goland & Reissner
g j‘( 1944). Frnrte element methods were used extensrvely in the analyses of non- linear and
dynarmc structural problems in many drfferent ﬁelds e.g. soil and fluid mechanics,

‘ thermodynam1cs etc.

Later in the 1970s, ﬁnrte element methods were adopted by Japanese car manufacturers

who used the technrques to predrct the behav1our of concept vehicles. They believed it



was safer and more economic to analyse a numerical model of the vehicle before actually

building it.

4.4.1 Finite Element Analysis of Single Lap Joints |
The single lap joint represents one of the simplest joint configurations and because of the
understanding of the behaviour from theoretical methods, single lap shear joints were the
first adhesive bonded joint geometries to be studied using finite element methods. Much
work has been done to predict the stresses within adhesive bonded lap joints and how
different design parameters, such as the joint geometry and adherend/adhesive material
properties, influence the stresses in joints. In this section, only some aspects on the stress ,
| prediction of lap joints are reviewed using numerical methods. It is hoped that this will

give a general understanding of the effectiveness of modelling methods.

As early as 1971, Wooley and Carver (1971) were among the first to apply finite element
methods for predicting stresses m single lap joints. ~ Their research considered
geometrxcally linear analysis and the effect of a range of design parameters such as
adhesive modulus, bondline thickness and overlap lengths with adhesive square-ends. The
modelling work was carried out using pla’ne-.stress andlysis and succeeded in obtaining
similar results to those obtained by Goland and Reissner in their theoretical study of lap
‘joints. However, no attempt was made in refining the mesh distributions in the model at

the most critical areas within the joint, i.e. overlap ends.

Waxlg et al. (1976) carried out a parametric study on single lap joints similar to Wooley
~and Carver’s study, but refined the mesh at the edges of the bondline and the interface
with the adherend sheet. The results from their siugiies showed how such mesh
refinements could allow one to observe the variation of stresses across the bondline
thickness, which previously were not noticeable with a coarse mesh. Wang also included
a spew ﬁllet in his joint analyses, however, the size of the spew was restricted to the

thickness of the adhesive layer.

Cooper and Sawyer (1979) studied lap joints using both linear and non-linear finite
element analyses. Results from their study showed that the maximum shear stress
occurred at the edges of the overlap Experimental tests were also carried out on similar

Jomts usmg photo-elasnc methods and results proved comparable with FE results and
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theoretical calculations based on Goland and Reissner’s method; which fromﬂ the

investigation, proved to be sufficient in predicting mid-surface stresses.

Adams and Peppiatt (1973) used a two-dimensional analysis, using plane-strain, triangular
‘elements, to calculate the shear stresses in the adhesive layer and the stresses in the
adherends acting at right angles to the direction of the applied load. Although their
method was initially designed for lap joints, it was actually only valid for double lap
joints, as they did not consider the large rotations involved in single lap joints.  The |
‘method was one of the first to consider transverse shear stresses and proved valid in
predicting tensile stresses in the adherends along the overlap for both single and double

lap joints; where stresses are calculated at the centre-line across the adherend thickness. -

Wang and Rose (1997) expanded on earlier work carried out by Adams and Peppiatt
(1973) by 1nvest1gat1ng triaxial stresses of a thin adhesive bondline, i.e. shear peel and
transverse shear. Wang and Rose based their 1nvest1gat10n on Adam and Pepplatt s work
and developed an analytical solutlon to include such stresses; the analytical work was also
validated through finite element methods. Results from the analysis showed the
- importance of taking into account longitudinal and lateral stresses as well as peel stresses
in adhesive bonded joints. By taking into account these triaxial stress effects, peel stresses

will be higher than the previous predictions.

Adams et al. (1978) were ainong the ﬁrstk to study the effect of adhesive spew on stresses

in lap joints. " In their investigation, they compared the effect of square-edges in the

adhesive w1th spew adhesive fillets and how these affected the stresses. Hildebrand
‘ (1994a/b) was one of many workers to pursue the 1nvest1gat10ns carried out earlier by
- Adams et al. He studied the design and shape of the adhesive in lap and T-peel joints
particularly for composite/metal structure using non-linear finite element methods. In his
analysis, both lap and peel joints were optimised by rnodifying the geometry of the joint
ends to give improved joint strength. Results from the study showed that composite/metal
joint strength can be increased by 90-250% for lap and 200% for peel joints, with careful
~ design of the joint end,e.g. tapering of the adherend/adhesive fillet.

Harns and Adams (1984) and Hart-Smlth (1985) studied the effect of non-linear material

propemes using ﬁmte element analyses of adhesive Jomts Harris and Adams’ approach
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‘tOOk into account large displacements occurring in the joint and modelled both adhesive
and adherends with elasto-plastic properties. The work was valuable as it showed the *
capability of finite element methods in predicting joint strength. Hart-Smith (1985)
déveloped a numerical model which allowed for parametric investigations such as the
i effects of bondline thickness, joint length and adherend/adhesive material properties in

order to reduce peel stresses within bonded joints.

 Adams and Harris (1987) found that the fracture load was virtually unaffected by the
presence of an adhesive fillet at the ends of the bondline if the adhesive layer was less than
aPprox1mately 0.5 mm thick. The explanation to this concept was based on the fact that
¥ the fracture mechanism of adhesive joints often occurs due to the development and

Pr0pagat10n of a ‘damage zone’. This ‘damage zone’ may contain micro-cracks and hence

~ does not fracture due to one single sharp crack but due to a collective number of cracks.

- Aivazzedeh et al. (1987) carried out stress analyses on lap joints using dlfferent types of
finite elements. The three finite elements included: 4-noded displacement elements (With
8 degrees of freedom and with 2 dlsplacements at each node), 4-noded complete elements
‘ (Wlth 20 degrees of freedom and with 2 dlsplacemems 3 stresses at each node) and a
mixed interface element (with 14 degrees of freedom and 2 displacements and 2 transverse
stresses at each interface nodes). Results from the study showed that the more accurate '
‘afvlaly’sis was carried out when mixed elerhents were used, and the displacement elements

also gave good results as long as the model was refined.

Crocombe and Moult (1988) used finite element methods to mvesugate the effects of
changes in bondline thickness on the strength of lap Jomts " Experimental and theoretical
Methods were also carried out for comparison with the numerical analyses. Results
showed that failure occurred within the joint and that it was influenced by the adhesive
thickness. Experimental tests showed that thi‘nner“ bondlines would give higher joint
strength, thus failure load. However, results from the finite element elastic analysis
predicted increases in stresses and thus, a decrease in the joint strength. Non-linear plastic
’analyses would provide more realistic pred1ct10ns of jbint strength. . Later, Crocombe
(1989) developed further his prev1ous study by predicting failure of bonded joints through
a global yielding criterion. Crocombe postulated that the lap joint would fail when the

adhesive has ylelded through the thlckness of the joint, ie. the whole overlap. His
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Criterion was applicable to lap joints when very ductile adhesives were used; however, the

Criterion was not accurate in predicting failure of other joint geometries.

Adams and Davies (1995) studied the effect of temperature on the behaviour of lap joints
using a three-dimensional non-linear analysis. Different adhesive and adherend materials
Were used in the analysis to determine how variations in temperature would affect each
‘One of them. Results from the analysis gave good comparison with actual joints and
theoretical calculations. They also showed the importance of modellir{g the joint using a
three-dimensional analysis, as the stresses were non-uniform across the joint width; this
Was partly attributed to transverse shrinkage and bending effects which will increase at

elevated temperatures.

Work by Clark and McGregor (1993) suggested that joint strength could be predicted by
evaluating the average stress over a finite area. This ﬁovel failure criterion was called
‘Ultimate tensile stress over a zome’. The main concept of the criterion is that the
Maximum principal stress must exéeed the ultimate tensile stresses of the adhesive =
Material over a finite zone normal to the direction of the maximum principal stresses |
[Clark & McGregor (1993)] and is indepéhdént of joirit geometry. The size of the zone
could be determined through a calibration process combining experimental and numerical

analyses of joints.

| zhao (1991) proposed a two-step method for accurate stress analysis of a single lap joint
and this was compared to initial theoretical work on bending moments. Hybrid elements
Were used in the analysis as these proved to be most suitable for bending problems; hybrid
elements combine the displacement and stress elements giving a more accurate solution, in
Tnost cases. The method was proposed for non-linear stress analysis problems as it takes

- Into account non-linear material properties.

Richardson et al. (1993) investigated the validity of modelling adhesive bonded joints
using a two—difnensional and a three-dimensional finite élement analyses. One of the main
Observations from their study was that the average load applied in the two-dimensional
analysis did not simulate the loading conditions in the three-dimensional analysis. They
Observgd. that in ordf.:r to correct the loading applied to the two-dimensional model, it was

Decessary to understand the load transfer between adherend/adhesive in the three-
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dimensional analysis. In doing so, appropriate corrections could be done to reproduce the

conditions of the three-dimensional joints at various positions across the joint width

Tsai and Morton (1994a) studied 2D geometrically non-linear finite element models of a
Single lap joint and compared their results to an improved theoretical analysis. They also
investigated the three-dimensional state of deformation of single lap joints in linear elastic
models allowing however, geometric non-linear effects in the boqndary conditions.
~ Results showed that 2D plane strain FE models are accurate for predicting the stress-state
in areas away from the free surface. They also found that the introduction of small spew

fillets reduces the maximum peel and shear stresses in the 2D and 3D models.

Sheppard et al. (1998) investigated the effects of singularities at the ends of adhesive joint
by proposing a damage zone version based on a critical damage zone size; a mpdiﬁed
 version of the failure criterion was also proposed to predict failure load of the joint. The
- modified damage zone model was applicable to a number of various joint configurations

and loading conditions.

L ‘Chlu and Jones (1992) studied the effect of stress distributions on lap and double lap joints

by varymg adherend and adhesive thickness. Results from their linear elastic analysis
indicated that the shear stress distributions along the bondline were evenly distributed with
higher stresses at the comners; these stresses could be reduced by increasing the thickness
of the adherends. The normal (peel) stress dxsmbutlon gave large peak stresses at the
| Comers and these will bave a 31gn1ﬁcant influence on the failure of the Jomt The region
of hlgh stress was noted to be less than 1.5 times the thickness of the adhesive. The peak
stresses in the adhesive could also be reduced by mcreasmg the adherend thickness;

altematively, different adhesives could be used.

Lang and Malhck (1998) studied adhes1ve spew usmg finite element methods and
particularly, how spew geometry affected the peak stresses and stress distributions in
single lap joints. Results from their study showed that by increasing the size of the spew,
the peak stress concentratlon would be reduced when compared to square-end fillets (no
Spew) a sumlar charactenstlc was found by shaping the spew so that a smoother

transformation between adhesive-adherend interface was obtained.



i Lang and Mallick (1999) investigated the effects of adhesive voids on stresses in s1ngle

; lap joints using a linear plane strain numerical analysis. To simulate the voids, the rmddle ;

region of adhesive within the overlap was removed. Lang and Mallick 100ked at the

o effects of various sizes of voids and compared these to joint with no adhesive defects

“.'gStresses were measured in high stress concentration regions and therefore, the mesh

definition around these singularity points was intensified. Results showed that larger , ’;

fa voids did not increase the maximum stresses near the spew ends however, it created large

®

o locahsed stresses near the edges of the voids.

. Wang and Rose (2000) studied corner smgular1t1es at the adhesive-adherend mterface in

bonded lap joints using finite element methods and developed an empirical equauon for‘

the distribution of stresses. Their main areas of interest were the adheswe corners

Partlcularly, whether the adhesive ends were square or had a spew fillet. The outcome Of
thelr study was an equation which gave a good representation of the strésses at the :

adheswe-adherend interfaces, for adheswes with square edge corners and spew f111et

COI'IICI‘S

A Summary of work on lap Jomts using finite element-methods is rev1ewed above and is
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4-4.2 Finite Element Analysis of Coach Joints
:‘ The T-peel joint, known as the coach joint in the automotive industry, is one of the
€ommon and most typically used joints found in a vehicle body structure. Most of the
analytical studies of T-peel joints have been based on a stress analysis and in this section

- the literature is reviewed on modelling work carried out on coach joint configurations.

Crocombe and Adams (1981) used large elastic displacements in-their finite element
- Models to model rotations in peel joints. Such rotations proved to increase the stress
Concentrations within the adhesive and consequently resulted in a reduction of joint
Strength.  The study showed the capability of finite element methods in pred1ct1ng joint

Strength.

Work carried out by Ford Motor Company [Grant (1994)] studied the effect of adhesive
fillet size, shearing burrs, substrate thickness, bondline thickness and bend radii on the
Strength of adherend lap shear and T-peel joints. The results from her study indicated that
the shape of the spew fillet Was veryrsigniﬁcant on the strength of the T-peel joint. The
effect of bondline thickness on joint strength was not so significant except when there was
Do fillet. The effect of sheet bend radius was s1gmﬂcant as it was increased it caused a

decrease in bond strength

Gllchnst and Smith (1993) studied the behaviour of defects within the bondhne on the
joint strength for adhesive and spot-welded coach joints. Modelling was carried out based
On a two- and three- dlmensmnal.plane strain analysis. Results showed that defects
8enerally initiate within the adhesive fillet region and then pfdpagate throughout the
I'emaining bondlin_e. Ideally, the maximum amount of édhesive should be used withih the |

adhesiye fillet area in order to increase the stren gth of a joint.

Fernlund et al. (1995) studied T-peel joints subjected to both tensile and three-point
bending loads. The objective of the study was to predict the fracture load of adhesive
bonded joints using FE models. Good agreement was found between the predicted loads

and the actual loads obtained through numerical and experimental methods, respectively.

Many numerical studies have been carried out on the effect of design parameters on

stresses. Apalak and Davies (1993) for example, studied the effect of varying the bondline
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thickness on corner joints. Li et al. (1997) studied stresses in T-joints bonded to a rigid
Plate using linear elastic finite element analyses. The main aim of their study was to
, inVestigate the effect of different loading conditions; shown in Figure 4.6, and the effect of
different design parameters, e.g. overlap length, bondline and adherend thickness, for
 Similar loading conditions. Results from their analyses showed that when joints were
Subjected to a load in the negative x-direction (Py) or to a bending load (M), then the
Maximum stresses occurred on the inside corner of the plate; stresses in‘the adherend were
higher that those in the adhesive. For loading in the y-direction (Py) r;esults showed that
- the maximum stresses were concentrated at the left free end of the adhesive layer and this

Is where failure is expected to occur.

Py
i

T Px i | | | »—

. ‘ ‘ y o
* Figure 4.6 Schematic representation showing loading conditions used by Li, Blunt and Stout (1997)

The second investigation studied three design parameters for different loading conditions,
namely: the effect of bondline length and the adhesive/adherend thickness. Results
showed that increasing the overlap length of bondline Would result in an increase in joim
strength. Different loading conditions gave different effects genérally, the results showed
that j 1ncreasmg the bondline length would reduce the maximum stresses for a given load.
The study on the effect of adhesive thickness showed similar trends in that by increasing
the adhesive thickness would reduce the peak stresses along the adhesive layer for all
loading conditions but increased the stresses at the free ends. By increasing the adherend
thickness, the maximum stresses were also reduced, which for all load cases, occurred at
the left free end of the adhesive layer. All three parameters were shown to significantly
affect the stress distributions in adheswely bonded T-peel joints and emphasised the

lmportance of j Jomt de51gn detail.



it 4 4 3 Prediction of Stiffness

T The previous sections have reviewed the application of finite element methods to study, ?,

"*_gStress distributions in adhesive joints. However, one of the key design parameters of

Particular interest to the automotive industry is the stiffness behaviour of body

b Substructures and of the entire vehicle body. In this section, literature on the prediction of

~ Joint stiffness of bonded structures using finite element methods is reviewed.

. ‘: Work by Eichhorn and Schmitz (1984) studied various joining techniques such as :spotf :

| :Welding, adhesive bonding and weld-bonding, and their effect on stiffness and strength

‘Performances of this sheet box structures. Three different box sections were considered

i and experrmental tests were carried out to determine their performance to different Jormng' f

‘ methods It was found that weld-bonding methods gave enhanced stiffness behaviour

: ZCOmpared with equivalent spot-welded structures; to obtain an equally stiff structure, it

o Would be necessary to double the number of spot-welds, i.e. halve the spot-welding p1tch B

o in spot welded structures.

i _ sj,Beevers and Kho (1983, 1984) also studied the effect of different Jornmg methods on the ‘,
‘:(Stlffness of box structures. Various loading conditions were studied 1nclud1ng torsron |

‘ ﬂexure and - compressive modes.. Results indicated - that bonded ~structures were ‘
| significantly stiffer than beams formed by spot-welding and riveting. Also yarious types
of adhesives were used and stiffer structures were obtained When using a higher modulus |

, adhes1ve Numerical models were used to investigate the effect of adhesrve fillet size and
. forrnmg bend radius on the overall performance of the structure. Results showed that -
. ldeally the bend radius should be zero and that the adhesrve fillet size should be as large as.

- possrble for a stlffer structure.

Sakurai and Kamada (1988) investigated ’joi‘nt | stlffness of autornotive body structures
, USlng ﬁmte element techniques and compared the results with experlmental tests. The
_main objectrve of the study was to use FE methods to predrct the stiffness of structures as
~ accurately as pOSSlble ‘A parametnc study was carned out to investigate the effects of
Varlous desrgn parameters on the bendmg and torsional stlffness of a complex vehicle
| Structure e.g. the roeker to centre pillar. The parameters 1nvest1gated included the effects
of varlous srzed holes drfferent joining methods and changes in sheet thrckness Results

Showed that a reductlon in strffness was obtamed when the apertures were positioned
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Closer to the joints, while increasing the number of spot-welds within the structure would
 Increase the stiffness. One of the main outcomes of the study was that the modelling -

techniques used gave good predictions of stiffness.

. Lee et al. (1997) investigated the potential of aluminium as a light-weight solution in
vehicle bodies by means of finite element methods. The main purpose of the study was to
understand how design variables, such as sheet thickness and joining tecnniques, i.e. weld-
bonding, could influence the stiffness behaviour of aluminium structures to p;ovide
équivalent strength and stiffness to steel structures. Single lap and T-shaped joints were
used in a linear static analysis to understand the effect of such design parameters on joint
stiffness. Finite element models of weld-bonded joints were carried out using spring
elements to represent the adhesive layer and shell elements for the adherends. Results
Showed that weld-bonded lap joints gave significantly greater shear stiffness compared to
- spot- welded joints and that as the spot-weld pitch increased, the ‘enhancement ‘of stiffness
in weld-bonded joints is proporuonally greater. Experimental tests of lap joints showed
very similar results to the numerical models. Similar studies on T-shaped joints showed
that joint stiffness was more affected by change in sheet thickness than with spot-weld
. pitch. Weld-bonded joints gave stiffness values that wete approximately two times greater
than equivalent spot-Welded joints.  Experimental tests confirmed the numerical
predictions. A case study looked at investigating the stiffness behaviour of an actual *
vehicle substructure, i.e. the B-pillar. The sheet thickness and the spot-welding pitch were

Véried and the effects on stiffness were studied using FE analysis. Results confirmed the
| ‘Pre;}io'us ‘predictions from the analysis on typical joints, showing that weld-bonded
aluminium structures would give greater stiffness values for larger spot-pitch and thicker
sheets. The study showed that reinforcing sheets in needed areas could provide a lighter
solution and a stiff structure. Another outcome from the investigation was that weld-
bonding methods proved suitable for joining aluminium structures and provided structures

with enhanced structural stiffness. -

Pine et al. (1998, 1999) studied the torsional stiffness of box sections, commonly found in
vehicle structures, through experimental methods. Spot-welded and bonded structures
were analysed to explore how different d651gn parameters such as sheet thickness,
materials and sectional areas could be used to reduce the weight of structures while

enhancing stiffness. Results showed that improvements in torsional stiffness could be
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obtained through adhesive bonding methods without any significant increases in weight.
Further enhancement in torsional stiffness was obtained by increasing the sheet thickness
(from 0.8 to 1.16 mm) and the area of the box section (from 2500 to 3393 mm?). The
resultant weight increase was 45% and 16%, respectively; thus, increasing the area of the

~ section can enhance stiffness without significant weight gain.

Some of the latest finite element work on stiffness prediction was carried out by
Hinopoulos and Broughton (1999) on T-peel joints. Finite element analglses were carried
out to investigate the effects of environmental factors and geometric parameters on the -
performance of T-peel joints. Two-dimensional and ihree—dimensional numerical models
- were validated with experimental tests. The study showed that stress distributions and
stiffness behaviour of T-peel joints are sensitive to changes in geometric design details e.g.
adherend material properties, adhesive fillet, adherend thickness and the ﬂangé bend
radius, and to changes in adhesive modulus arising from experimental exposure. An
overall observation from the study was that results from the non-linear FE models gave
stiffness results that were generally h"igher than those measured from the experimental
tests. The departure between numerical results was mainly attributed to errors in the

experimental tests such as manufacturing inaccuracies of the adhesive fillet ratio.

Most of the analyses for the prediction of stiffness are made on smaller joints using
detailed numerical models. Because of the large sizes of vehicle models and the
associated computational costs, simplified finite element models are typically used rather
than detailéd models. These simplified models facilitate design changes if required, yet
they do restrict and iimit the accuracy of the models in particular when bonded joints are
being considered. Different modelling techniques have been used to represent these

simplified models and these are presented in section 4.5.

4.5 Extended Applications of Numerical Modelling

The foregoing sections have highlighted the fact that. finite element methods are now
widely used to study and predict adhesive joint characteristics. With the recent rapid

increase in éomputer capabilities, it is poSsible to develop joint models with large numbers

of elements and high mesh densities to give fine resolution of stress distributions.
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_Finite element techniques are also used for the analyses of the mechanical behaviour of
larger structures such as car bodies. However, because of the physical size of such
structures it is necessary to use relatively coarse mesh densities which inevitably results in
lower resolution of the analyses. The use of shell elements to represent the sheet panels in
body structures combined with solid elements, which are mainly used to represent the
~adhesive bondline layer, gives greater computational efficiency but even with current
computing capacity and sensible modelling, the size of these numerical models is limited.
It is therefore still necessary to use approximations which introduce Joss of accuracy in
some structural details such as the effects of adhesive joint details. A number of attempts
to reduce these inaccuracies have been considered By translating the characteristics of
micro-models into larger macro-models [Nardini et al. (1990), McGregor et al. (1992),

McGregor et al. (1993), Nardini & Hall (1995)]. |

4.5.1 Problems Associated with Micro to Macro Modelling

The main concern in macro models is the existent inaccuracy problems caused by
assumptions and approximations in joint modelling. Approximations are generally»made
on the geometry of the joint such as the forming bend radius, the type of elements used in
the model (shell-solid or solid element models) and modelling assumptions such as the

Inclusion or non-inclusion of geometric non-linearities.

Material property approximations are also made within the model due to the type of

analysis used to represent the materials, i.e. linear elastic, non-linear etc. In addition,
defects in the materials are usually neglected. ~Another important factor which
SIgmﬁcantly affects the accuracy of the FE model is the mesh density in large-scale

models; the coarser the mesh, the less accurate are the solutions. -

With the inclusion of adhesive bonding and weld-bonding methods in the vehicle bodies,
‘there has been some concern over the validify and accuracy of the macro modelling
techniques used, particularly in the combination of shell and solid elements. Some
solutions have been devised to overcome these problems in macro models based on
substitution elements, which can be inserted at appropriate points in the full model. The
introduction of substltutlon elements, such as sprmg elements and joint-line elements, into

the macro models has proved to be an effective technique to improve joint details and the
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- accuracy of large structure finite element models. Some of the existing solutions to macro

- modelling approximations are discussed in the following section.

Super-elements / Sub-structuring
Super-elements can be used as a solution to reduce inaccuracies of macro models. As
illustrated in Figure 4.7, super-element number 2 can be modelled to include precise

details of the joint and then coupled to the other super-elements 1 and 3.

[ M
_ 1

Actual lap joint

| | ‘ ]

Figure 4.7 Super-element representation ina lap joint

The main advantage with introducing ”super-elemen‘ts in large-scale models is that all =

geometric details can be accommodated and that localised redesign requires only partial

. re-analysis, consequently resulting in less proeessing time for large problems. One major .

disadvantage with this technique is the limitation of the total number of super-elements
which can be wrltten 1nto models in some FE packages They are also limited to linear

elastic analyses

Spririg Elements

Spring elements have been consxdered as a means of mcludmg Jomt details in jointed
structures [Nard1n1 et al. (1990)]. In the approach, spring elements are placed between the
nodes, creating a small separating distance between the nodes, as illustrated in Figure 4.8.

_Spring elements have six degrees of freedom; three in translation (ux, uy, u;) and three in

Figure 4.8 Spring-line element representation




The advantage with using spring elements is that these elements correct any geometrical
approximations that exist in larger structure models. There are however, some
disadvantages as there are no stress results and there are difficulties associated with

defining local co-ordinates for their implementation.

Joint-Line Elements

The joint-line element method [McGregor et al. (1992), Nardini & Hall (1995)] has been
developed as a method to overcome problems associated with large modéls or macro-
modelling methods. Joint-line elements contain all the geometric and material properties
of an actual joint; as for example, tensile and bending stiffnesses. These properties could
also be determined through micro models of joint which include all geometric details, i.e.
flange, bondline, etc. Figure 4.9 shows the actual joint configuration and the modified

mode] with the inclusion of joint-line elements.

Real Joint : Simplified Joint

I/J oint-line element

Figure 4.9 Inclusion of the joint-line element method in a coach joint

The joint-line element method is valid for equivalent orthotropic material models and
proves to be quite appropriate as it maintains the physical pfoperties of the structure to be
modelled. The advantages of introducing joint-line elements include the availability of
resultant stress outputs and the simplicity of the geometry to be modelled. One of the
main disadvantages howéver, includes the fact that the geometry and the loading effects

are still not accurately represented and a specialised pre-processing package is required.
4.5.2 Alcan Approaches to FE Modelling Methods of Car Body Structures

As a response to the motor industry’s intent to use aluminium in car construction, Alcan, a
P y

primary aluminium material supplier, established a major research initiative to support this
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~ new technology [Nardini et al. (1990), McGregor et al. (1994)]. A substantial group was
formed to address problems associated with the joining of aluminium sheet components.
The main scope of their work was to optimise joint design and performance through the

application of appropriate analytical methods.

Parametric Study of Adhesive Bonded Joints

: Initial work carried out by Alcan on adhesive bonding for joining alumini.um structures
was published in 1987 [Marwick & Sheasby (1987), Wheeler et al. (1987)]. The main
objective of their study was to understand the limitations associated with large-scale
modelling techniques, and to develop a modelling method that would incorporate

- adhesively bonded joint details for aluminium structures.

In the first stage, Alcan carried out an extensive parametric study of various adhesive joint
configurations to investigate how different design details and joining techniques would
affect the behaviour of aluminium joints. Some of geometric details studied in the
parametric investigation were the effects of material thickness, forming radius, spot-
Welding pitch and fillet size on joint behaviour. The study was aimed to provide a better
understanding of adhesive joint details and the need to compensate for their inadequate
represeniétion in large scale models; thus, better predictions of the joint behaviour could

be derived.

Detailed FE models of coach joints (T-peel joints) were designed using solid élementS to
provide accurate analyses. It should _bé noted that because of size limitations, solid
elements are not often used to represent lafge and complex structures. Also, Becausé of
the naturc:‘ of solid elements, they are only typically used in éases where a structure is least
subject to bending. Figure 4.10 shows a detailed model of a coach joint showing
‘geometric details such as the forming bend radius and the adhesive sﬁéw fillet size. Finite
element studies were carried out using a linear elastic analysis. The results from the
analysis indicated that points ‘A and B were the locations of the maximum principal
stresses in the adhesive and in the aluminium sheet, respectively. Various joint details
were then modelled with the aim to try to reduce the stress concentrations in the bondline.
All results from the parametric study were calculated in terms of a stress ratio, which was

the maximum stress per unit stress applied to the specimen.



This first study looked at the effect of the forming bend radius on stress. Results showed
that when the size of the bend radius increased, the adherend stress ratio increased.
However, the stress ratio within the adhesive bondline remained constant for various bend
radii. The reason for the increase in the stress ratio of the aluminium adherend is due to
the local bending occurring in the area of the forming radius; as the 51ze of the forming

radius increases so does the local bending resulting in higher stresses within the adherend.

The second parameter studied was the influence of the bondline thickness on the stress
ratio. Results from the finite element analyses showed that for thinner bondlines, i.e. O 2
mm, the stress ratios were high. As the thickness of the bondline 1ncreased to a value
greater than say 0.8 mm, the stress ratio was at a constant value of approximately 1. This
means that no further improvements in joint strength would be achieved by increasing the
bondline thickness to a value greater than 0.8 mm. This is pnmanly because coach joints
are subJected to peel stresses and hence 1ncreasmg the bondline thickness to a certain
extent will improve the performance of the joint. Similar studies on lap joints indicated a
reverse effect; as the bondline increased, the joint strength decreased. Thus thinner
bondlines in single lap joints will result in a stronger structure since the joint is primarily

subjected to shear stresses.

A third study looked at the effect of adhesive fillet size on joint behaviour. This Study is

of great importance because most FE models of vehicles ignore fillet size and simply



model a fully flanged adhesive. Before investigating the results from the parametric study,

it is first important to define fillet size. ALCAN defined adhesive fillet size as the

' distance from the start of the forming radius to the contact point between the adhesive

- fillet and adherend, as a percentage of the external forming radius [McGregor et al.
(1992)], and is represented schematically in Figure 4.11. Therefore, a 0% fillet ratio
represents the condition where there is no adhesive beyond the start of the forming radius;

- and with a 100% adhesive fillet, the whole forming radius is filled with adhqsive.

The study on the effect of adhesive fillet size (ratio) on the stress ratios and strengths of
‘differen‘t joint geometries of aluminium bonded joints gave significant results. The stress
ratio in both the adhesive and adherend was significantly reduced as the fillet size was
increased. By ‘e‘xamining the stress distribution along the bondline, shown in Figure 4.12,
it can be seeh that most of the load transfer and hence, greatest stress along the bondline
occurs ’il"l the regiqn of the fillet. A larger fillet will reduce the moment at the edges of the

adhesive and also provides a greater area to reduce the stress.

Results from the pararhetric study generally showed that the joint strength of T-peel joints
is Sighiﬁcéntly influenced by thé geometry of the structure such as the adhesive fillet ratio
and the geometry of the éheet bend radius. Ideally, to obtain stronger joints, a flange fully
- filled with adhesive, i.e. 100% fillet ratio should be ﬁsed. However, this is not always the

case in actual joints where fillet size is variable primarily due to manufacturing effects.
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Similar studies on lap joints do not show such a high sensitivity to fillets as in T-peel
joints. It should be noted that coach joints are more representative of joints typically used
- in vehicle structures primarily because of the flanges which allow access for spot-welding.

The general outcome from the investigation was the importance of including accurate

" geometric details of adhesive bonded joints in FE models in order to obtain more

representative predictions of joint behaviour. Experimental tests were carried out on

. similar joints to confirm the validity of the numerical models.

Representation of Adhesive Bonded Joints in Large-Scale Models

The initial parametric study of adhesive bonded joints sﬁowed that geometric details such
as the forming radius, the fillet size and the bondline thickness, have a significant (
' influence on the behaviour of a bonded structure. The second stage of the work [Nardini
et al. (1990), McGregor et al. (1992), Nardini & Hall (1995)] looked at improving current

modelling techniques of bonded structures, which lacked such geometric details.
 The study presented alternative ways of representing the bondline in finite element

models, shown in Figures 4.13 (a)-(c) and 4.14 (a)-(d), to compensate for structural details

such as forming bend radius, bondline thickness and adhesive fillet ratio.

(2) Thin plates & spring model  (b) Thin plates & solid model  (c) Thick plates & solid model

A0 LR

i

Figufe 4.13 Alternative methods for compensating joint details in FE models

In the first model (a), the sheet is represented by thin plates (shéll elements) and the
adhesive layer by springs. When usihg this modeliing technique, the stiffness of the joint
is calculated in three co-ordinate directions: Fy, Fy and F,. This model represents the
actual adhesfve joint quite weil, even though the stresses within the adHesive cannot be
determined. The second model (b) uses thin plates to represent the sheet, and solid
elements to represént the adhesive layef. This method is commonly used in industrial FE
~ models t.oday. To gccurately represent the bondline thickness and joint behaviour within

the model, the distance between the plates must be adjusted and the material properties
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modified. Another proposed method of modelling adhesive joints is to use thick plates
and solid elements as shown in (c). In this model there are no approximations in
- geometry, i.e. thickness however, it is essential that thick shell elements (and not 3D solid
elements) are used in order to represent flexural behaviour adequately; since solid

~ elements have three degrees of freedom and are less accurate for representing bending.

Figure 4.14 (a)-(d) shows similar modelling methods to Figure 4.13; however, now these

- are applied to flange-type joints.

The first technique (a) disregards the ﬂangés from the parts and thus represents a
continuous connection between the sheets. With this model, any stiffness that would
result from the presence of a flange is therefore neglected. As a result, the continuous
joint provides an overestimated stiffness, while the lack of the ﬂangé causes a lack of
stiffness. In effect the two counterbalance to some extent‘ thus, providing a reasonable
approximation of the overall structural stiffness even though this is just due to a
cancellation of stiffness errors. Variant (b) represents a model where the flanges are
included;‘ however, the method does not take into account the variation of thickhess of the
two flanges and does not model the offset between the two sheets for the adhesive layer.
Model (é) however, QCCOunts for Separaté flanges which are connected between each other
through nodes, but does not account for a bondline thickness. In figure (d) a model of a
ﬂaﬁge joint is‘represent‘ed shdwing indiVidﬁal ‘ﬂax‘lges which take into account sheet and

bondline thickness. This model is thought to be best representative of the actual joint.



- From the work carried out, it has been shown that the absence of flanges in FE models

significantly reduces the overall stiffness of the structure. Also, from the parametric work

~-on detailed joints, it was clear that the performance of adhesive structures was

significantly influenced by the geometric variables of the joint.  Alcan therefore,
developed a modelling methodology which could be used to provide a more accurate
prediction of adhesively bonded structures in vehicles [McGregor et al. (1992)]. The main
feature of their proposal was based on the joint-line element method, discussed earlier in
section 4.5.1. The function of joint-line elements is to accurately represer;t the stiffness
properties of the joints in order to enable accurate predictions of overall structural stiffness
and dynamic responses [Nardini & Hall (1995)].- The priﬁcipal stage in their methodology

was to model the joint-line areas within the full-scale FE models of the structure.

A NASTRAN based software called the Joint-Line Generator was developed to simplify
- the implementation of the joint-line elements in FE models of shell element type
structures. The code identifies the joints and connection lines between surfaces and inserts
Joint-line elements (shell elements) at the joint lines. The main loading conditions of each
structure is investigated, and the stiffness values at those loads are used to derive the
equivalent material properties for the joint-line elements; these properties approximate the
details of the forming radius and joining system so that the stiffness corresponds to the
actual stiffness of the real joint. The resultant FE structure is a model having original
geometry and properties, complemented with the additional elements from the joint-line
elements. Figure 4.15 shows an example of how the Joint-Line Generator creates joint-

~ line elements at the interfaces of the four components in the structure.
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The overall number of nodes and elements in the FE model will increase only slightly after
joint-line elements are inserted. However, if joint-line elements were not used and actual
joint geometries such as the flanges were modelled, then the total number of elements and

nodes would be significantly larger.

4.5.3 Other FE Modelling Approaches
‘Work carried out by Sharman and Al-Hammoud (1987) studied the effect of local details
on the stiffness of car body joints using FE modelling techniques and compéring them to
experimental tests. The main aim of this investigation was to determine the accuracy of
modelling techniques in the prediction of stiffness of veflicle structures. The study also
~aimed to show how joint details, which are inaccurately defined in vehicle models, would
affect the overall stiffness results. Three structures within the body frame, mainly the A -
- pillars, were considered in the investigation. Within each structure, various joints were
identified and modifications were carried out on each one in order to determine their
effects on stiffness. Figure 4.16 shows some of the modifications that were investigated in

the FE analysis. The position of the nodes'j}epresents the spot-weld connections.
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Results from the numerical analysis showed that increasing the spot-weld pitch in areas of
| high stresses would contribute to a significant loss in stiffness. The presence of the
- flanges had major contributions in stiffening the structure and this was dependent on the
position and pitch of the joint (nodal) connections. Results also showed that variations in
bondline thickness did not significantly affect the stiffness. One observation from the

study was that finite element predictions were generally stiffer, by approximately 13%,

than those measured from experimental tests of similar structures.

Wu and Crocombe (1996) used three different modelling techniques to analyse different
adhesive joints including lap and T-peel joints. The first method represented a simplified
model using different beam elements in the adherend and plane four-noded isoparametn'c
elements in the adhesive layer. Because of the different element used, the nodes‘ at
adherend-adhesive interface were connected through rigid couplmgs This simpliﬁed
model did not take into account local deformations of the adherend and the displacements
between the two different elements. - The second modelling approach, called the two-
dimensional continuum method, improved"i the simple first modelling approach. Both
‘adherend and adhesive were modelled using similar elements, ie. four-noded
isoparametric elements, and mesh patterns. In these models,t the adherend thickness was
represented with four elements while only one element was used across the adhesive
thickness. The third model, described as a hybrid version of the simplified modelling
method, used quadrilateral elements in the adhesive layer and in critical areas within the
adherends Which | gave high stresses,vsuch as the corners of T-peel joints; the remaining
adherend tegion was meshed using beam elements. The hybrid approach combined the
ﬁrstand second modelling techriiques together to prcvide a method for cbtaining reliable

stress results at reduced computational time.

Ktm et al. (1995) investigated the accuracy and applicability of current modelling
techmques to represent vehicle structures. Simphﬁed FE models of vehicle structures are
usually represented using shell elements for the sheets and spring elements (rotational and
translational) which have been primarily used to represent joints in vehicle structures as
they accommodate for joint flexibility. This study emphasised the need to represent joints
more carefully and accurately in FE models in order to correctly predict the static and
dynamic behaviour of structures. The method mcluded the use of short-beam elements

instead of the conventional spring elements for joint modelling. One of the main
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advantages in using short-beam elements is that sensitivity analyses can be carried out for -
- variety of commercial FE packages; such an analysis is not always available for non-
Structural elements such as spring elements. Preliminary results showed that the method

Was valid and applicable to vehicle structures.

- 4.6 Summary

The study of stresses in adhesive joints is an extensive area of research and much has been
already published. The applications of analytical methods, numerical modelling and
+ €xperimental techniques to typical adhesive joints preve valuable tools for providing an
understanding of joint behaviour. In automotive vehicle structures, joint stiffness is an
important characteristic as this determines the behaviour such as the drive, comfort and
life of a vehicle. A stiff body also leads to reductions in noise and vibrations and thus,
enhances passenger comfort. Because of the size and complexity of vehicle bodies,
closed-form solutions are difficult to apply and require unacceptable approximations and
assumptions. Numerical methods, such as finite element analyses, nave proved to be more
Practical and applicable for the study of stiffness behaviour of larger vehicle structures and

bodies. ' o .

The modelling of large structures, such as car bodies, involves many geometric -
approx1mat10ns because of the large-size of the model and the associated computational
costs, i.e. time, information, storage and staff. Finite element models are initially derived
from CAD models which are directly supplied from car manufacturers CAD models

lnclude a number of geometric approximations partrcularly when representmg joint details -
such as the flange corners; these are represented with sharp edges rather than with
 radiused corners. Consequently the FE models also include such approximations.
Another problem with FE models of large components is associated with the difficulties of
COrnbining | different modes of analyses such as static and instability analyses,
Simultaneously. To reduce the overall number of elements and hence reduce the size of
the model and the running time, geometric details such.as sheet bend radii are simplified
and represented using shell elements. Spot-welded joints are represented by rigid links
while adhesive bonded areas ean be either represented by rigid spring elements or by solid
elements.  As these ‘techniques still involve a number of approximations, some

uncertainties remain in the validity and accuracy of FE model predictions, and particularly
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that the global vehicle stiffness predictions may not accurately represent the actual vehicle

Structural performance.

, There is therefore, a need for efficient modelling techniques that will give more accurate
 Predictions of bonded vehicle characteristics without exceeding computer capabilities.
* Several research groups have approached this micro to macro modelling problem by using
- Various FE techniques. Most of these solutions accommodate corrections in full body
‘ analyses through the addition of substitute elements such as joint-line ‘elements, spring
~elements and super-elements to represent the characteristics of the joints. However, in
most cases the study of joint behaviour is initially carried out on small representative
joints which enable all the joint details to be analysed on a high resolution micro model.
* This is because the accuracy of the micro models is much higher than the macro models |
psed in larger FE analyses of structures. One of the problems remaining is the translation
of joint stiffness characteristics from micro models to macro models for the analysis of
 larger and more complex structures. Some of the existing solutions are able to provide
Iepresentative joint characteristics but they introduce problems ‘in large-scale models
Particularly in terms of ease of use, limitations in convenient FE packages and processing

o

time. l 0

The aim of the micro to macro modelling concept is to provide a tool for translating joint
Properties, such as geometric details and material properties, into larger models which lack
this accuracy. In Chapter 6, a novel concept has been devised to overcome these
difficulties. Instead of adding a modlﬁed element to compensate for existing errors, an
undercut element concept, which accounts for joint details often neglected in macro-

models, is introduced. . The concept and applicétion of the undercut element method will

be discussed in the following chapters.
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: 3. ANALYSES OF ADHESIVE JOINT BEHAVIOUR

5.1  Introduction

Itis necessary to study and understand joint characteristics and the beh.'fwiour of small-
scale joints before trying to predict the behaviour of larger structures. Particular emphasis
is made on predicting the stiffness of joints when subjected to various loading conditions,
such as tensile and flexural loading. The analysis of stiffness in smaller joints provides a
- better understanding of the behaviour of such joints in service and should enable a more
accurate prediction of the stiffness of larger structures such as car bodies, for exampié.
The stiffness characteristics of joints in vehicle bodies are important to the design as they
have a major influence on the noise, vibration, comfort and handling of the vehicle. In this
- chapter, various typical joint conﬁguranons are investigated through numerical modelhno

techniques and experimental testing methods.
8.2 Single Lap Joints

One of the most common types of adhesive joints is the single lap joint. Because of its
simple and symmetric shape, this type of joint is used frequently in experimental studies to
| _ compare the effect of different adhesives, surface treatments and processing methods on
joint properties. Lap joints are also used to compare adhesive bonded joint characteristics
Wlth other Jommg methods, such as spot weldmg, chnchmg and fastening. The lap joint is
also relatively amenable to finite element analysis for the pred1ct1on of joint behaviour. In
the automotive 1ndustry, Iap joints are widely used to provide data for selection and
Spec1ﬁcat10ns of adhesives and also, to 1nvest10ate a range of different loading conditions,

which may prove difficult to carry out on larger or more complex structures.

The main objective of the work described in this section was to develop finite element
- models of adhesively bonded lap joints, and to predict the behaviour of these joints in
terms of stiffness. The results from these numerical models were also compared with

other pyblished work on similar lap joints, to provide confidence in the FE modelling



techniques that are currently used. Further validation was also established through
_ eVXperimental tests carried out on similar joint configurations. An extended parametric
Study was then carried out through FE models and experimental testing; these were used to
| evaluate the effects of certain design paraméters including sheet thickness, bondline

thickness and overlap lengths, on the performance and the overall stiffness of the joints.

3.2.1 Joint Definition

The basic geometric configurations of the lap joints were chosen to enable accurate
€xperimental joints to be made and to provide the basis for the development of acceptable
Iiumerical models. Details of the lap joint conﬁguratidhs are illustrated in Figure 5.1 and

Wwith the following material properties (Table 5.1).

Material Tensile Modulus E (GPa) | Poisson's Ratio v
Adherend Mild Steel 207 : 0.29
Adhesi TEROSTAT 3218F 0.006 0.4
dhesive
CIBA XB5315 1.8 0.4

Table 5.1 Basic material properties of single lap joint configuration

Adherend T M

-L./ B / Adhesive Adherend
»le >4~ 20mm

15mm o0 65mm

Figure 5.1 Geometry of initial lap joint configuration

'

Only the design variables under inVestigation, such as adherend/adhesive thickness,
adhesive modulus and overlap length were changed to study their effects on joint stiffness.
Peel and shear stresses of adhesive lap joints were also studied initially, and how different

design parameters affected the stress distributions along the bondline.

The adhesives used 1n the experimental studies were 2 low modulus polybutidiene
(TEROSTAT 3218F) and a high modulus epoxy (CIBA XB5315). The tensile moduli of
the two adhesives were 0.‘006‘ GPa and 1.8 GPa, respectively. The bbndline thickness was
kept constant at 0.2 mm usiflg ballétini, or glass beads, to maintain the desired thickness.
The adherends were }nade out of mild steel sheets, ranging from 0.8 mm to 1.2 mm, with

an increment of 0.2 mm.
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322 Experimental Testing

Mild steel lap joints were prepared with TEROSTAT 3218F (polybutadiene) and CIBA
| XBS315 (epoxy) adhesives, for a range of overlap lengths and sheet thicknesses. Coupons
of 20 mm width were degreased with methyl ethyl ketone (MEK), gnt-blasted with 60-
alumma grit and then once again, degreased. The surface preparation was requlred to
ensure that the adherend surfaces were uniform and free from any oils or grease
- Contaminants. A small proportion of ballotini, approximately 1% of weight, was added to
the adhesive to control the bondline thickness. The adhesive was then spread along the
required bonded area on one of the adherend plates. Some initial problems were
encountered when trying to apply the lower modulus adhesive (TEROSTAT 3218F) to the
 Plates; this is associated with the high viscosity of the adhesive. Hence, it was necessary
~ to use a heated gun to warm the adhesive until it reached an almost liquid state suitable for

application.

* The overlap lengths were accurately controlled and formed by means of a steel jig, which
Wwas adjustable to produce specimens of different overlap lengths. Surplus adhesive was
Scraped from the edge of the joint overlaps to minimise the adhesive spew fillet. The
Specimens were clamped with bulldog clips to ensure accurate fixture prior to and during
the curing process, and the joints were then cured according to the adhesive specifications;
the conditions for both adhesives were speciﬁgd at 180°C for 30 minutes. Three joints

Wwere made for each parametric configuration investigated.

All lap joints were tested in a Testometrics 10 kN testing machine at an ;xtension rate of 2
mm/min, shown in Figure 5.2. Joint specimens were placed into the testing machine, and
10 mm at each end of the specimen were tightly secured through wedge grip jaws.

Packing pieces were included within the grip area to provide' uniform alignment.

A linear variable differential transformer (LVDT) extensometer with a 50 mm gauge
length was clipped symmetrically across the lap joints, as shown in Figure 5.3. The
extensometer was calibrated and fully integrated with the testing machine operation, so
that its signal could be digitally processed through an appropriate PC software package.
The associated analytical code enabled accurate load-displacement curves and stiffness

values to be generated automatically.
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Figure 5.3 LVDT extensometer

Figure 5.2 Testometric 10 kN testing machine
‘ of 50 mm gauge length

Representative outputs are illustrated in Figure 5.4 which shows the resultant load-
displacement curves of the extensometric measurements of lap joint specimen, with CIBA
XB35315 and TEROSTAT 3218F adheswes Stiffness values are calculated by obtaining

the slope of the linear part of the curves.

5000 - CIBA XB5315

4000

3000

Load (N)

2000

1000 ’
TEROSTAT 3218F

O ' T T - T ma T T 1 v L] d 1
00 05 10 15 20 25 30
Displacement (mm)

Figure 5.4 Typical load-displacemént curves obtained from the experimental tests
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Some of the load-displacement curves exhibit non-linearity at fairly low load levels,
Particularly for joints with short overlap lengths and polybutadiene adhesives. The
stiffness values were therefore taken from the slope of a chord to a selected load level,
- Where the departure from linearity was not excessive. In practice however, these values
| are slightly lower than the tangential slope at zero load. Results from the experimental

tests are presented in section 5.2.4 and compared with FE model predictions described in

section 5.2.3.

e 3.2.3 Numerical Modelling

 Initial finite element modelling was carried -out on “single lap joints, similar to the
- configurations shown in Figure 5.1. ABAQUS Version 5.8 FE code [ABAQUS User’s

Manual (1998)] was used to study the effects of different parameters on the stiffness of
| adhesively bonded single lap joints, when subjected to tensﬂe and four-point bending

loads

All of the work described for the pararﬁétric study of lap joints waé based on 2D linear
elastic models with solid elements. Plane strain analyses were used, since the adherend -
- Width was large with respect to the adherend thickness. « Three were used to define the
mesh across the bondhne while six elements across the adherend thlckness Eight- noded
quadrllateral elements gave an approximate total of 720 elements and 2365 nodes in each
-Imodel; this was found to give an appropriate prediction of stiffness. Other modelling |
mefhods and techniques have been studied and these will be discussed later in section

5.2.5, on similar lap joint configurations.

Uniform and biaséd mesh seeds wéré used tf) déﬁne appropriately the mesh densities in
high stress level regions, as shown in Figure 5.5. Because of the high stress concentration
at the “edges of the adhesive/adherend overlap, the meshing was progressively refined
using two-way biased elements along the bondiine; this provided improved resolution in’
critical areas. The remaining sheet material was meshed using uniformly spaced elements,

as those areas were less significant to the performance of the overall structure.

Figure 5.5 FE model of lap joint shbwing two-way biased mesh elements aldng the overlap length

i .9



All models were subjected to a tensile force at one end of the joint and constrained in the |

‘horizontal and vertical directions at the other end. A shear force of 300 N/mm was applied
‘ to each model, thus inducing an average shear load of T,, = 20 MPa along the bondline
(for a 15 mm overlap). The adherend plates were constrained in the y-direction (normal to
the plane) at both ends. Figure 5.6 represents the loading and boundary conditions used‘ in

the analyses.

" »
Yaizx I “i—-b F

Figure 5.6 Boundary conditions of lap joint in tensile loading

Joint stiffness values were calculated for the geometric conditions used in the experimental
tests, by determining the relative displacements of the elements located at 25 mm on each
side of the joint centre line. The extension over this equivalent gauge length was ’obtained
from the difference between the displacements in the x-direction, for an effegtive load of
300 N acting on a joint unit width of 1 mm. The stiffness was then calculated as the force

required to produce a 1 mm extension in a joint of unit width of 1 mm, i.e. N/mm.mm.

FE Convergence Analysis |

Before investigating the parametric FE study of single lap joints, a series of models were
used to investigate convergence of results. In'FE models, it is important to define a
sufﬁc1ent amount of nodes and elements in order to obtain accurate results. However, it is
- equally important not to exaggerate in the overall number of nodes/elements, as this will
result in large computer processing time. In this study, the number of elements across the
sheet and bondline thicknéSs and length, were altered. Results showed that increasing the
number of elements across the adhesive thickness to exceed four elements only altered the
resultant snffness by 1%. A parallel analys1s was also carned out on similar joints using
shell- sohd element models and showed similar convergence results. All results presented

are based on FE models which used the minimum amount of elements required to give -

accurate stiffness values.

- Parametric Study
Once the basic model was established and sensible results were obtained, the joint

dimensions and adhesive properties were varied to explore the effects of each variable on
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joint stiffness. Table 5.2 shows a list of the variables used in the parametric study.

E Initial Joint Configuration Variables

Adherend Modulus (GPa) 207 GPa

Adherend Thickness ts (mm) 1.0 mm 0.8 1.2

Overlap Length (mm) 15mm 5 10 20 25 40

Adhesive Thickness & (mm) 0.2 mm 0.1 0.5

|Adhesive Modulus (GPa) 1.8 GPa 0.006 0.02 0.1 0.2 1 25

Table 5.2 Variables of parametric study on single lap joints

524 TInitial Results

 Experimental Testing
Initial results are shown in Figures 5.7 (a) and (b), where experimental and FE models

results are compared to each other for low and high modulus adhesives, respectively.

Parametric Study

Figures 5.8 and 5.9 give the results obtained from the parametric study on various lap joint
configurations. In Figures 5.8 (a) and (b): the effects of overlap length and sheet thickness
(t;) on joint stiffness are studied using TEROSTAT 3218F and CIBA XB5315 adhesives,
| respectively. The effects of the bondline thici{néss on joint stiffness are investigated for
~ similar adhesives in Figures 5.9 (a) and (b). Figure 5.10 shows the results of the study on
the effect of adhesive type on joint stiffness; this was carried out by modifying the value

of the elastic modulus of the adhesive used in the FE analysis.
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Figure 5.7 Companson between expenmental tests and FE results for smgle lap joints using a) TEROSTAT
3218F and b) CIBA XB5315 adhesives
(Error bars indicate the maximum and rmmmum values calculated from the expenmental tests)
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l:ikgure 5.8 Variation of joint stiffness with sheet thickness and overlap length for single lap joints using
(a) TEROSTAT 3218F and (b) CIBA XB5315 adhesives
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Figure 5.9 Variation of joint stiffness with sheet thickness and bo_ndline thickness for single lap
joints using (a) TEROSTAT 3218F and (b) CIBA XB5315 adhesives
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Figure 5.10 Variation of joint stiffness with change in adhesive modulus for sing]é iap joints

3.2.5  Further Refinements of Modelling Methods
‘Initial modelling of lap joints was carried out using 2D solid elements, as discussed earlier
1n section 5.2.3. In this section, further refinements of finite element models were carried

out in order to improve and validate the accuracy of the initial models.  These will be

discussed in detail. -

3D Solid Element (Micro) Modelling

FE models of single lap joints were designed using solid elements on a three-dimensional
basis, shown in Figure 5.11. Eigﬁt—noded elements were used to ﬁrepresent both the
adherend and the adhesive layers. Three and six elements were used to define the mesh
. across the bondline and adherend thickness, respectively. The total number of nodes and

eleIIvlents used in this analysis were typically 16954 and 3310, respectively.

Figure 5.11 Solid element model of single lap joint
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~ Shell-Solid (Macro) Modelling

Another FE modelling method combined shell elements with solid elements. This method

Was used to represent the modelling techniques used in large-scale models of vehicle

‘kStl"uctures, and is sometimes described as macro modelling. Figure 5.12 shows a

* schematic representation of a lap joint where the shell elements, using eight-noded

‘Quadrilateral elements, represent the centre-line of the sheet adherend and the solid
elements, using twenty-noded hexagonal elements, represent the modified adhesive layer.

- The total number of nodes and elements used in this analysis was typically 4733 and 1320, -

Iespectively. Four elements were used to define the mesh across the bondline thickness.

Figure 5.12 Shell-solid element model of single lap joint

o

When combining shell elements with solid elements, the bondline thickness must be
modified to allow for the change in position of the shell and solid element interfaces. This ..
is since the positions of the shell elements ‘represent‘the mid-span of the actual sheet
‘thickness. In a simple interpretation, the distance d betWéen the shells représenting the

adherends is give by equation 5.1.

d=@m+t)/2 6

Where #; and 1, are the thickness of adherends / and 2, respectively.

_FOrv similar adherends of 1 mm thickness, this would result in a bondline thickness, or
distance d between the shell plates, of 1 mm. Clearly, this would result in a much lower
Stiffness due to the greater compliance of the thickcr adhcsive. One method to compensate
for this is to increase the effective adhesive modulus in the same ratio as the increase in
bondline thickness, and this is given By the expression,

Effective Modulus = True Modulus * (Average Sheet Thickness) (5.2)
' Bondline Thickness
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For example, for a lap joint having a bondline thickness of 0.2 mm and 1 mm thick
adherends, the true modulus will be increased by a factor of 5. Hence, for a CIBA
. XB5315 adhesive which has a modulus of 1800 MPa, the calculated modified/effective
- Modulus would be 9000 MPa; an increase of five times that of the original adhesive

~ modulus, Similarly, for a TEROSTAT 3218F adhesive of 6 MPa modulus, the effective )
modulus would be 30 MPa.

“This technique of ‘correction’ is used by the automotive industry for their full body

- analysis of vehicle structures which combine both shell with solid elements. In these

- acro models, the shell elements represent the steel ‘sheets and panels, while the solid

| €lements are now being used to represent the new adhesive layer. However, finite element

- models of vehicle structures are produced directly from computer aided design (CAD)

‘models and because adhesive bonding is a fairly new technique in body structures, the =

- bondline distance has not actually been included into most CAD drawings. Nevertheless,

FE users would implement these solid elements, representing the adhesive layer, by

Simply applying'the appropriate correction distance and the effeétive modulus into the
Mmodels; this will ensure a more representative model for FE analysis.

| On further inspection of ihe simple ‘correction’ method, it was noted that adjustments for

j the separating distance between the shell elements did not include the original bondline .

thickness. Thus, for a lap joint with two similaf adherends of 1 mm thickness and 0.2 mm

bondline, the corrected shell separation would be 1.2 mm rather than 1 0 mm, and the

effecuve modulus would be calculated using,

Eﬁective Modulus = True Modulus (Bondline Thickness + Average Sheet Thickness) (53)
Bondline Thickness

Substituting the variables into the equation, now gives an effective modulus of the solid
elements representing the adhesive layer. Using this modified ‘correction’ method, the

effective modulus for TEROSTAT 3218F and CIBA XB53 15 adhesives would be 36 MPa
and 10800 MPa respectwely

In the automotive industry, this method is appropriate for new CAD designs which

aCty;illy do include the bondline thickness into the drawings. However, to include such
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Modifications to CAD drawings of vehicle structures, which do not take into account the

glue-line, would require extensive effort.

Various models representing lap joints have been designed using the current industrial -
 method for modelling adhesive joints (macro model) and by implementing an additional
Correction factor to compensate for the glue-line. These are also compared to detailed
Solid (micro) models and experimental test results. Joint stiffness for all the models has |
been calculated over a 50 mm gauge length and the results are presented in the following

Section.

5.2.6 Further Results of Modelling Methods
~ The effectiveness of the refinements ‘and corrections made to shell-solid modelling
methods is shown in Figures 5.13 (a) and (b). Results from the shell-solid models are

Compared to experimental tests and detailed solid model results for TEROSTAT 3218F
and CIBA XB5315 adhesives.
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5.2.7 Discussion

Experimental Tests

Résults from the experimental tests were compared with initial FE modelling results and
are shown in Figures 5.7 (a) and (b). The measured values of stiffness from the
eXperimental tests give fairly good agreement to the calculated values from the FE models,
‘Particularly for shorter overlap lengths and for the lower modulus adhesive. However, it
Was observed that generally, the experimental results were almost always lower than those
Obtained through numerical models. This might be caused by a combination of different
factors. First of all, it should be noted that all FE analyses assume linear elastic behaviour .
‘in both the adhesive and the adherends. In the experimental tests, yield will occur in the
- adhesive, particularly in the areas at the ends of the bondline where the stress
C0I1centrat10ns are at their highest. As a result, thxs will increase the shear strain in the
bOndhne leading to lower stiffness values. The non-hneanty of the load-displacement
curves from the experimental tests (Figure 5.4) confirms that yield does occur in the jeint.
Another reason for the lower experimental results might be due to the fact that the
easurement of stiffness was calculated from the slope of a chord to a selected load level,
Where the departure from linearity was not excessive, rather than by a tangential slope.
The tangential slope at very low loads may reflect the linear model behaviour more

‘aCCuratelly, although it may be more difficult tow determine [Steidler et al. (1997)]. ;

A further p0551b111ty for lower experlmental results may be caused by the variability in the
eXpenmental tests. This may include expenmental inaccuracies caused due to slippage in
the transducer mounting pomts or perhaps due to slight defects unaccounted for in the
bondline. 'There is also some uncertainty as to the actual value of the elastic modulus of
the adhesives assumed in the experimental - tests, and - whether they are actually
TCpresentative of the adhesive conditions in the joint and thus, the FE models. The
Mmodulus values quoted by the manufacturers are thought to have been obtained from bulk
SPecimens,‘ and it is suggested that the condition of the glue-line may differ because of
different curing conditions and test temperatures. ‘Althoug‘h‘ the variability in the
€Xperimental results is not excessive for an average interpretation, it is likely that the
Possible sources of experirnental inaccuracies, as described previously, might lead to

slightly lower stiffness results. Neverrheless, the reasonable correlarion between
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~ experimental tests and similar FE models show that numerical analyses can give fairly

~ accurate predictions of joint stiffness.

- Parametric Study from FE Models of Lap Joints

~ Results from the parametric study on the effect of overlap length and sheet thickness are
shown in Figures 5.8 () and (b) for TEROSTAT 3218F and CIBA XB5315 adhesives,
“respectively. Results confirm that increasing the overlap length gives stiffer joints; it

appears that the joint stiffness is less affected by sheet thickness for low modulus

~ adhesives compared to when using higher modulus adhesives.

-Figures 5.9 (a) and (b) show that increasiﬁg the bondline thickness will result in a
- reduction in joint stiffness. Again, for a lower modulus adhesive, the stiffness of the joint
- is less affected by sheet thickness. The stiffness results of an adhesively bonded lap joint
can be compared to the stiffness values of a solid lap specimen and of a pl:iip sheet of

‘ similar dimensions (Figure 5.14); this will provide a better understanding of how and why

- the bondline affects joint stiffness.

e —

]
Solid steel strip

{ \ | .
[ 1
Steel lap joint

, !

Lap joint with CIBA XB5315 adhesive

‘ c “!
: ]

Lap joint with TEROSTAT 3218F adhesive

~ Figure 5.14 Effect of adhesive modulus on joint stiffness of lap joints

For example, if we take the FE model of a lap joint similar to that previously used, and
replace the material properties of the adhesive layer with that of the adherends (mild steel),
the resultant stiffness is calculated to be 1691 N/mm.mm. This can be compared to 1532

N/mm.mm calculated from an adhesive lap joint using a high modulus epoxy adhesive
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(1.8 GPa) and 144 N/mm.mm for a low modulus adhesive. Hence as expected, increasing
~ the modulus of the adhesive will also increase the stiffness of the joint. However, if we
 take a solid steel sheet of the same sheet thickness and equivalent overall length of the lap

| Joint previously used, the resultant stiffness is 4200 N/mm.mm. The high stiffness of the
solid steel sheet is partly due to the overall high modulus of the sheet, but is essentially

7 ydll‘e to the absence of eccentricity in the load path. Introducing a minimal step, such as a

0.1 mm or 0.2 mm bondline, will result in a dramatic reduction in the overall joint
Stiffness, as shown in the previous calculations, principally caused by the resultant

Moments/rotations and non-uniform stresses in the joints.

Figure 5.10 shows the results from the study on the effect of various adhesive materials on
Joint stiffness. The types of adhesives used in this analysis include extreme values of
adhesive modulus; which represent a factor of 300 between highest and lowest moduli.
- Results from the analyses suggest that the stiffness of the | joint, over this wide adhesive
Tange, vary by a factor ranging between 10-20. Hence, the lap joint stiffness is relatively
insensitive to changes in modulus particularly for higher modulus adhesives such as
- Structural epoxies of modulus, which may range from 1 GPa and higher. These results are
Very significant since in actual practice, there is quite a large variability of the adhesive
modulus in a product aSsembly. This may be caused from processing conditions or
Subsequent service exposures which might range typically from —40°C to +80°C. The
“manufacturers data sheet for CIBA XB5315 qﬁoted modulus values as 2.3 GPa and 1.8
GPa, for -40°C and +23°C, respectively. This fourfold change in modulus would result in
a Change of stiffnéSs from 1350 to 1530 N/nim.mm or +6.5%. However, lower modulus

adhesive materials will exhibit a highervsens‘itivity The typical range of stiffness, for a

Slmllar fourfo]d change in modulus of an adhesive w1th a nommal modulus of 0.01 GPa,

Would be from 150 to 400 N/mm.mm representing a change of +45%

- Further Refinements of Modelling Methods

Combining shell with solid elements, as used in full body vehicle FE models, has caused
some concern in the effectiveness of the models and the validity of the results. The initial
- concern arises from the two different natures of the element types; shell elements have six
degrees of freedom (DOF) - three in rotation (8x , Oy, O,) and three in translation (u, u,,

4z), while solid elements have only 3 DOF, all in translation. Hence, rotational stiffness
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- Cannot be transferred across the joint between the elements at the shell-solid interface.

This problem is usually corrected by embedding the elements or by overlapping them over

. Some distance. Nevertheless, when the two elements are combined in a model, the

* Mismatch at the nodes results in local inaccuracies of displacements and stresses.

The shell-solid element models in this study were used to represent the macro models used
in the full body analysis of vehicle structures. In these models, the shell elements
Tepresent the adherend plates or panels and the solid elements represent the adhesive layer.
-To compensate for the thickness in shell elements, the distance between the two plates is
calculated by averaging the thicknesses of the plates (équation 5.1). For this study, two 1
mm thick adherends were used and therefore, the adhesive thickness was increased by a
factor of 5; consequently, the modulus of the adhesive was also modified by a factor of 5
(equation 5.2). Further modifications of the effective modulus of the bondline, which -

included the addition of the actual bondline thickness which was given by equation 5.3

FigUIeS 5.13 (a) and (b) show the results from the study on usihg different modelling
techniques; these are also compared with experimental test results. Results show that
Some correction is required in shell-solid (macro) models in ‘order to predict more
accurately joiht stiffness. These modifications generally involve adjusting the adhesive
modulus to compensate for the bondliné thickness in shell-solid models. For single lap .
- Joints, such modifications only slightly changé the resultant stiffness value; however, it

Wlll be shown, in section 5.3, that these adjustments have a larger effect on other joint

COnﬁgurat1ons such as in T-peel or coach joints.

Results of FE analyses were also compared to results obtained from experimental tests.
For the low modulus adhesive, all finite element models gave very comparable results to
the experlmental ones. For the high modulus adheswe there is rather more varlablhty in
the results. Possibly, the main source of error is derlved from the experimental tests. Such
€rror might arise from the apphcatmn and/or curing of the adhesive or maybe due to
lnaccurac1es caused by the experimental set-up such as grip shppage defects within the

Jjoints and/or the overhead movement.
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5.3 Coach Joints

| ; Most joints in vehicle body substructures are more complicated in shape and in dimension
* than basic single lap joints. The flange joint (T-peel), commonly known as the coach joint
i the automotive industry, can be considered to be a more representative joint within car -
substructures primarily due to the flanges which allow joining between different vehicle
Parts. The geometry of the flange joints allows ease of accessibility for spot-welding and
Tfastening methods and the automotive industry prefers to retain this configuration for

- adhesive bonding, despite the fundamental limitations of weakness due to peel loading.

 Joints within car body structures are subjected to a number of different modes of lbading.
Itis very difficult to determine all the directions and applied loads on an individual joint as
these will depend on the loading conditions within the whole structure. In order to
eVe‘iluate the performance and behaviour of a joint within ‘an automotive structure, it is
- simple to analyse each joint when subjected to individual specific loading conditions, e.g.
tension, compression, bending. By doing so, the effects of each ldading condition on the
behaviour of the joints can be determined.
o

The work described in the following section investigates the effects of joint geometry and

design parameters on coach joint stiffness for tensile and bending modgs of loading. A
Parametric study was carried out using 'FE models and these were compared to

eXperimental tests.

5.3.1  Joint Definition

The simple coach joint conﬁgufation comprises of two adherends, bent at 90 degrees to
each bther, and bonded or joined togethér at the flanges. The coach joint dimensions
chosen for this study were selected to represent typical joints found in auto body
Strucfures, shown in Figure 5.15. It should be emphasised that _jn‘bonded coach joints th?
- ©xtent of the adhesive into the flange bend area may vary, giving rise to a geometric
Variable which is described as the fillet ratio. This parameter is defined in Figure 5.16.
The adhesive ﬁll‘et’r'atio has a major influence on joint properties and forms a primary

detail in the study.
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- For the experimental work, test pieces were made from 1 mm thick and 20 mm wide steel

) strips which were bent to form 14 mm flanges with 6 mm external bend radii (R,); these '
' dimensions were convenient to form the basis of the numerical models. The dimensions
of the standard coach joint configuration are given in Figure 5.15 for the same material

properties as those given previously in the study of single lap joints (Table 5.1).

0.2 mm

P

Adhesive

14 mm

Adherend 2

Adherend 1 )
94 mm

1 mm

Figure 5.15 Geometry of initial coach (T-peel) joint configuration

adhesive fillet ratio, adhesive bondlihe and

section

Design variables such as the sheet bend’. radius,
adhesive type were studied in detail in the parametric study and are discussed in
5-3.3. In most of the work carried out, the bondline thickness was kept constant at 0.2 mm
“and the sheet thickness at 1.0 mm. The overall length of the coach joint configuration was
200 mm, excluding the bondline thickness. In all cases, an extensometric gauge length of
50 mm was used to calculate and measure the displacements over the joint area (Figure
5.16). From the data obtained, resultant joint stiffness were derived. In the FE analyses,

various adhesive properties were usé_d and tensile modulus ranged typically from 3-4000

MPa. However in the experiméntal tests, the adhesives used were a high modulus (CIBA

XB5315) and a low modulus adhesive (TEROSTAT 3218F).

Bondline thickness tv

-

FR = 100% x f/R, .. ‘ ,
External forming
-~ radius Ro ‘

i
-~ Adhesive ﬁllet-/ \ 100% fillet Sheet thickness ts

Extensometer gauge length 50 mm

Fi guié 5.16 Coach (T-peel) joint details and definition of fillet ratio
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3.3.2  Experimental Testing

In the experimental part of the study, coach joints were formed for different joint
;Parameters and were tested to validate the results from the numerical analysis. The main
- Study of the experimental tests looked at adhesive bonded joints but a few spot-welded
Joints were also tested to compare stiffness properties with adhesive bonded joints. Two
adhesives were used in the experimental tests, and these represented the extreme ranges of
typical adhesives used in car bodies: TEROSTAT 3218F (E = 0.006 GPa) and CIBA
XB5315 (E = 1.8 GPa). The substrate components were primarily formed from mild steel

sheets of 1.0 mm thickness, but sheets of 0.8 mm and 1.2 mm thickness were also used.

Joint Preparation
| Each of the joining methods used required different surface preparations and treatments.
The following section describes the manufacturing procedures that were followed to

obtain joints through adhesive bonding and spot-welding joining methods.

a) Adhesive Bonded Joints
Surface treatment was carried out prior to the application of the adhesive. The joint area

Was first solvent-cleaned - with MEK degreasing 'agent to remove any oils. and
contaminations from the surface. The sheets were then grit-blasted with Alumina grit-size
- 60 to create a uniform surface for adhesion and to remove any weak surface layers. The

~ final procedure in the surface preparation involved degreasing the joints again with MEK.

The application of the adhesive involved controlling two main joint parameters: the
adhesive bondline thickness and most importantly, the adhesive fillet ratio. To control the
- bondline, glass beads (ballotini) of appropriate diameters were added to the adhesive at a

- maximum of 1% by weight ratio, to match the desired thickness.

The adhesive fillet ratio can be considered to be one of the most important factors in the
Properties of coach joints. Cdﬁtrolling the adhesiv;é fillet ratio is generally very difficult,
since the adhesive tends to flow during the curing process, resulting in excess adhesive in
the bend radius and greater fillet sizes than the original ﬁllet desired. Fillet ratios of 0%,
50% and 100% were sélected for the experimehtal tests; the ratios were calculated using
the expression given in Figure 5.16. Controlling the adhesive fillet ratio was achieved by

means of specially shaped templates of appropriate dimensions to the fillet required.
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These templates were applied to the joints as soon as they were assembled, prior to curing,
- and were used to remove any excess adhesive within the joints. Once the joints were
assembled and both the bondline thickness and fillet ratio adjusted, the joints were set into

spring-clip fixtures and cured at 180°C for 30 minutes.

- b) Spot-Welded Joints
Welding conditions were adjusted to form weld nuggets of approximately 5 mm diameter.
A special fixture was designed to locate the electrodes on the centre point of the ﬂapges.
For a welding current of 8000 Amps, the weld times for various sheet thicknesses were as

~ follows, '

22 cycles on 0.8mm thickness adherends

25 cycles on 1.0mm thickness adherends

35 cycles on 1.2mm thickness adherends

Tensile Testing

Static tensile tests were carried out by "loading the joints in a Testometric 10kN testing
Inaéhine. A linear variable differential transformer (LVDT) extensometer, with 4 mm-
Stroke and 1 um resolution, was clipped across the joints and was used to measure the
joint deformation under ldad, as shown in Figure 5.17. | The tensi]e_ stiffness of the coach
Joints was calculated over a 50 mm extensometric range (Figure 5.18) based on the slope
of the linear part of the load-displacement curve; obtained from each test. All joints were

loaded until failure.

For each specimen, the outputs from fhe LVDT and the load cell were processed through
the tensile testing machine’s computer to generaté autographic records. The data was also
fed into a éeparate graphics packagé for further énalysis. Figure 5.19 shows an example of
the resultant graphs for a typical coach joint specimen with various fillet ratios. - Stiffness
values were derived frorn‘t‘he‘se graphs by caléuléting the sl(‘)pe.v of the linear part of the

load-displacement curve, shown in enlargement A.
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Figure 5.17 Experimental set-up of tensile testing of coach joints

S0

LVDT

3000 — T T T v
4 ‘ Metal Extensometer i
2500 ~ e byt 3 FR = 0% .
i el FR = 50% ]
‘ Yo FR = 100%
2000 — -

0.0 05 . 1.0 . 1.5 2.0 2.5
Displacement (mm)

Figure 5.18 Schematic of gauge length

Enlargement A

Figure 5.19 Representative load-displacement curves from experimental tests - CIBA XB5315 adhesive
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Flexure Testing
A testing jig, shown in Figure 5.20, was constructed to test coach joints subjected to

flexure through four-point bending loads. Resultant deflections were measured at

different positions of the specimen, e.g. the positions where the loads were applied.

Figure 5.20 Experimentél set-up of coach joints in bending mode

o
The distance between the supports and the loading points were adjustable but for present
| tests, the supports were sét at 180 mm apart and the loading points at 140 mm (Figur¢ ‘
©5.21). Weights were placed centrally on the fig so that equal forces were appliéd at each
loading point. It was found that 40 N Weights plus the weight of the jig, totalling 53.52 N,
gavé an acceptable deﬂection wi;hout yielding the specimeh; thjs value was used
throughout the experir’nental‘ tesfs. A‘dial gauge was used to meas'uré the deflection of thé
joint once the load was applied.” The gauge was connected to a horizontal sliding vernier

gauge, allowing the user to measure the deflection of the specimen and the exact location

of its deflection relative to the whole specimen.

“All joints were placed horizontally on the jig and subjected to an applied load of 53.52 N,
~ giving a moment load of approximately 0.53 Nm over the central part of the specimen.
Only one dial gauge was used to measure the displacements of half the specimen as

symmetry could be assumed. The overall deflection profile was then determined by
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intexpolation of the results. Results from the experimental analysis are shown in section

5.3.4 and compared with FE models of similar joints.

140mm

180mm ) -

Figure 5.21 Graphical representation of experimental tests showing four-point bending

5.3.3 Numerical Modelling
- Coach joints were accurately modelled and subjected to similar loads/constraints as to the
actual specimens used in the experimental tests. Initial FE models were carried out using
.Plane 2D solid element models and linear-elastic material propertiés. -The solid element
modelling method was used primarily since it allows an accurate representation of the"
actual joint by defining, through design, all joint geometries and material properties

accurately.

To reduce modelhng time, size and analysis runnmg capac1ty, symmetry was used to
model only half the Jomt as shown in Figures 5.22 (a) and (b) for 0% and 100% adheswe
fillet ratio, respectively. Quadrilateral elements were used to provide eight-nodes to each
element giviﬁg an approximafe total 6f 562 elements and 1921 nodes in each model. To
calculate joint stiffness, displacement results were measured at 25 mm from the centre of
the joint in the direction of the applied load and perpéndiculér to the plane. For the tensile
loaded configurations, a load of 1620 N was applied to each model. The joint stiffness

was calculated per unit width of the joint (N/mm.mm) for various adhesive fillet ratio

configurations.
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Figure 5.22 Solid half model of coach joint with (a) 0% and (b) 100% adhesive fillet ratios

. Parametric Study

An extensive parametric study was carried out to determine the effects of various design
~ Variables such as flange bend radius, adhesive fillet ratio and adhesive type, on the

Stiffness of coach joints. The main body of the work looked at coach joints subjected to
tensile loading; further analyses also investigated four-point bending loads. The basic
dimensions of the joint and the material properties were kept Constént, with the exéeption
of the parameter under investigation. Table 5.3 shows the variables that were investigated

in the parametric study of coach joints, for tensile and four-point bending modes of

loading.
Initial Joint Variahles of Tensile Tests Variables of Flexural Tests
Configuration
Adherend Modulus (GPa) 207 GPa
Adherend Thickness ts (mm) 1.0 mm 0.8 12
Adherend Bend Radius (mm) 6 mm 3 8
Joint Width (mm) 20 mm
Overlap Length (mm) 15 mm
Adhesive Thickness t» (mm) 0.2 mm 0.1 0.5 3
- |Adhesive Modulus (GPa) 1.8GPa {0003 0006 002 0.1 2.5
0% 25 50 75 100 25 50 75 100

Adhesive Fillet Ratio (% )

Table 5.3 Variables of parametric study on coach joints — tensile and flexural loads

5.3.4 Initial Results

Results from the initial FE analyses of joints in tension are compared with experimental
results and are given in Figure 5.23. Parametric studies using finite element methods on

- variation in bend radius and adhesive modulus are shown in Figures 5.24 and 5.25,

respectively.
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. Figures 5.25 (a) and (b) show the effect of adhesive modulus on joint stiffness for coach 8

’  joints with 0% and 100% fillet ratio, respectively.

SET AN 100 -
90 -
e 80 -
70 -

(a) 0% fillet ratio

50 -+
40 -
30 A

Stiffness (N/mm.mm)

20 1

104 |
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~ Adhesive Modulus (MPa) | '

1000 W (b) 100% fillet ratio

St_iﬂheSs (N/mmmm)
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Floure 5.25 Effect of adhesxve modulus on Jomt stlffness for coach joints w1th (a) 0% and (b) lOO%
‘ adheswe ﬁllet ratio e ‘ ,

‘ Four—Pomt Bendmg o ‘ : ‘ ;
, Results from the study on four-pomt bendmg of coach Jomts are shown in F1gure 5. 26.
- These results are glven in terrns of a measured dlsplacement over a gauge length of 50

mm, equlvalent to the expenmental tensile test condmons.

i
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o qure 5 26 Comparlson between expertmental tests and FE results for four—pomt bendmo analy51s

- 5 3 5 Further Reﬁnements of Modelhng Methods
®

| v"‘As descr1bed in sect1on 5.2. 5 there 1s concern about the va11d1ty of combrmng shell wrth

- _sohd elements as used in FE models of full body vehicles. It is therefore the purpose of

. this study, to compare the effecttveness of shell sohd (macro) models thh sohd element P

: 8 (nucro) models in- pred1ct1ng Jomt sttffness Earher work on shell-solid modelhng

‘methods for smgle lap joints (section 5. 2) showed good correlation with solid models
provrded that the adheswe modulus and d1stance between the shell plates was modified. -

| The same mod1f1cat1on is adopted for coach Jomts and w1ll be analysed in the followmg

' SCCthI’l

| Two drfferent models of coach _]OlntS both using  shell with solid elements are -
: 1nvest1gated in this study and the results frorn the analyses are compared with the results'
from sumlar solid models, as used in section 5 3.3. The first shell-solid model is based on
‘the method of analysrs used pr1mar11y by the automot1ve 1ndustry for large-scale
structures The representatron of the geometry of the coach joint 1s very srmple and there
are many approx1mat10ns 1n detail and accuracy The bend radrus of the adherends, for

example, 1s 1gnored leavmg the ﬂanges ‘with 90° edges Flgures 5.27 (a) and (b) show
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representations of this ‘simple’ shell-solid model for cases when the flanges are fully filled
(macro model), and when the flanges are representative of a 0% fillet ratio, respectively.
The second model is similar to the previous shell-solid models, with the exception that the
flange bend radius of the joint is more accurately modelled. Figures 5.28 ‘(a) and (b) show

| models of representative 100% and 0% adhesive fillet ratios, respectively.

It should be noted that the combination of shell with solid elements in both models
necessitates some form of compensation. This is done, as previously described in section
5.2.5, by modifying both the adhesive modulus and the distance between the two shé;ll
plates, given in equations 5.1 and 5.2. In this study, since the models are based on half the
 joint, the bondline thickness will be half of the actual bondline and the modified distance
of the bondline for 1 mm thick sheets will be 0.5 mm, instead of 0.1 mm. The modulus of
the adhesive will therefore, be adjusted proportionally and for a high modulus epoxy with
modulus 1.8 GPa, the effective modulus will be 9 GPa. Thése correétions are similar to
those currently used in full body analyses of vehicle structures; where the adhesive layer is
not taken into account. Further corrections to these macro modelé can be achieved by

using equation 5.3; this is valid for up-to-date CAD and FE models which account for a

- glue-line thickness. | .

R

(b)

Figure 5.27 Shell-solid models — equivalent (a) 100% (macro model) and (b) 0% fillet ratios
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Figure 5.28 Radiused shell-solid models — eq'uivalent (a) 100% and (b) 0% fillet ratios

5.3.6 Further Results of Modelling Methods
Results from the analyses of various modelling methods are given in Figure 5.29 for a
CIBA XB5315 adhesive. The graph shows measured stiffness values plotted against

~ various adhesive fillet ratios for three different modelling methods: solid (micro) models,

shell-solid (macro) ﬁiodels and radiused shell-solid models.
Figure 5.30 shows the results from the extended numerical analyses of coach joints subject

~ to four-point loading.  The results are given in terms of displacement, and these values are

also compared to theoretical calculations and FE models of solid steel sheets.
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Figure 5.29 Stiffness results from extensive FE modelling of coach joint in tension — CIBA XB5315

Four-Point Bending
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- Figure 5.30 Stiffness results from coach joints subjected to four-point bending - CIBA XB5315

-
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*3.3.7 Discussion

Tensile Loading

* Results from the experimental tests for coach joint in tensile loading are shown in Figures
5.23 (a)~(c) and compared to initial numerical modelling results of similar joints. The
‘graphs show the variation of joint stiffness with adhesive thickness for various grades of
sheet thickness. As one might expect, joint stiffness is reduced as the bondline thickness

_increases. However, the dependency is less critical than the effect of the'adhesive fillet |
ratio; smaller fillet ratios produce significantly less stiff joints. For example, in the case
where t;= 1 mm, t, = 0.2 mm and for 0% fillet ratio, increasing the adhesive thicknéss
from 0.2 mm to 3 mm results in an approximate reduction of 55% in joint stiffness. For

similar joint configurations, but for 100% fillet ratio, only a 21% reduction in stiffnesé is

measured.

The effect of substrate thickness on joint stiffness is shown in Figure 5.23. Three grades
of sheet thickness (0.8 mm, 1.0 mm and 1.2 mm) were used to represent a common range
used within car bodies. Results show that increasing the thickness of the substrate willy
give joints with higher stiffness values. It is shown that coach joints with higher fillet

ratios, thicker sheets and thinner bondlines will provide the stiffest joints.

Comparison of experimental and initial FE results show fairly good correlation with the
exception of a few of joint specimens. These differences may arise from the fact that the
FE models represent an ideal, linear and flawless joint, while the experimental results are
“derived from real specimens which may contain defects and process variables. - Results
from the experimental tests will contain some inherent variability and at times, may be
inconsistent with expected results. The variability may be due to a number of causes such
as measurement error, natural variability in experimental specimens, uncontrolled
variation in the external conditions, etc. With careful control of the measurement
processes' and the environmental conditions, the variability caﬁ sometimes be reduced’
[Chatfield (1992)]. Statistics are sométimes used to measure these experirnéntal errors and

variations to provide a better understanding of the results.

The results from the parametric stﬁdy‘of coach joints using solid element FE models are

given in Figurcé 5.24 and 5.25. " The purpose of the parametric study was to show how
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different joint variables, such as adhesive modulus, flange bend radius and adhesive fillet
ratio, affected the overall joint stiffness. Results in Figures 5.24 (a) and (b) show that
" joints with larger bend radii will give greater decreases in joint stiffness for different fillet

ratios; in some cases, by a factor of 10 times for the higher modulus adhesive.

As expected, a small bend radius and a high adhesive fillet ratio give the stiffest joints. It
is also observed that joints with the structural epoxy adhesive were generally much stiffer
- than those with the polybutidiene adhesive. However, it should be noted that the modulus
of the epoxy is almost 300 times higher than that of the lower modulus adhesive, while the

respective effect in joint stiffness is only a factor of 15.

Results showed that for the low modulus adhesive, stiffness is relatively insensitive to
changes in adhesive fillet ratio. The graph in Figure 5.24 (a) shows that adhesive fillet -
ratios exceeding approximately 25-30% fillet give small changes in stiffness, regardless of
the bend radius. On the other hand, results for the high modulus epoxy adhesive, ‘given in

| Figure 5.24 (b), show that changes in fillet ratio result in significant lncreases in stiffness;
and at 100% fillet, stiffness results are approximately 3-10 times higher than for 0% fillet

9

ratios for various sheet bend radii. S : .

Figures 5.25 (a) and (b) show the effect of adhesive modulus on coach joint stiffness for
- 0% and 100% fillet ratio, respectively. Results are plotted on a logarithmic scale to
include the wide range of adhesives used in the study. It is observed that for joints with a
minimum adhesive fillet ratio of 0%, stiffness varies almost linearly with changes in
modulus. On the other hand, over the ’same range of adhesives but for a fully filled radius
(100%), the Variation of joint stiffness with elastic modulus increases more rapidly. Thus,
it can be concluded that joint parameters, such as the type of adhesive used and
partxcularly the adheswe fillet ratlo have a significant effect on joint stiffness. Ideally, to

obtain stiff joints, a fully filled adhesive flange with a high modulus adhesive and a small

sheet bend radius should be used.

Further Refinements of Modelling Methods |

Results from the further refinements on modelling methods are given in Figure 5.29. It
can be observed that for smaller adhesive fillet ratios, the difference in stiffness between

the three FE models is marginal. However for larger fillet ratios the correlation is not as
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good and for a full fillet joiut, i.e. 100%, results show that the shell-solid (macro) model
~ with a 90° flange edge will give a stiffness value at least 3 times greater than that of the
. solid (micro) model. With the detail of the forming sheet radius included in the radiused
shell-solid models, the stiffness values drop closer to those obtained in the detailed solid
model and experimental results. These results show how modelling certain geometric
design parameters, such as the flange radius, are fundamental in order to obtain accurate
predictions of joint stiffness. If these details cannot be accommodated for in large-scale

(macro) models, then it would be necessary to compensate for them.

The use of shell-solid models with 100% fillet ratio and sharp flange comners (macro

models), for example, clearly introduces errors in stiffness prediction, thus requiring some

form of correction. This correction could be achieved by translating in some way, the =

accuracy of the solid model into the shell-solid models, and further work in Chapter 6

describes a novel approach to provide this correction.

Four-Point Bending
Coach joints in vehicle bodies are subjected to many different modes of loading which
may affect body stiffness in different ways. In this study, coach joints were subjected to

four-point bending and results from the FE modelling and experimental tests are given in

Figures 5.26 and 5.30.

Numerlcal models were developed to represent the experlmental arrangement for 0% and ,
100% adheswe fillet ratios. The analy51s was carried out using solid element models and
shell-sohd element models. Linear elastlc material properties were assumed and only half
the structure was modelled; constraints were used to represent the symmetry of the
structure. From Figure 5.30; it can be seen that both FE models give a reasonable
prediction of the flexural displacement of the joint, with the shell-solid model giving
slightly higher displacements, i.e. lower stiffnesses, than the equivalent solid models.

Both models are also less sensitive to changes in fillet ratio than experimental

observations.

During the experimental tests, it was observed that most of the bending displacement was
occurring in the strip outside the joint, and it was evident that the coach joint was having

relatively little effect on the specimen stiffness. To confirm this observation, a further

122



series of experiments and models were carried out on simple solid steel strip specimens of
the same width and thickness as the joints. The comparison of the coach joint behaviour
with the solid strip under four-point bending, confirms that the flexural properties of coach

joints are relatively unaffected by the adhesive layer.

Although most experimental tests gave results in similar order of magnitude to the FE
results, possible inaccuracies and sources of error might be due to the experimental test
_ Procedures such as the reliability and accuracy of the applied loads. For example, the
weights were placed manually upon the rig and positioned centrally by eye. Small errors
might exist due to the non-central location or initial norl-vertical positioning of the load,
and the measurements of the readings from the dial gauge. However, the general
Observation from the experimental tests is consistent with expectations from the model

predictions.

54  Summary

Results from the study on single lap joints and coach joints have shown that numerical
micro modelling methods give good predictions of joint bebaviour, particularly in terms of
stiffness. The results from the FE analyses were validated with experimental testing of
similar joints. - However, one of the main concerns in the FE modelling techniques,
particularly for large-scale modelling of adhesrve joints in car bodies, is the lack of
geometric detéjl in the joint design in macro (shell-solid) models. In single lap joints,
results have shown that, because of the simplicity of the structure, the shell-solid models
give good correlation with solid (miere) models and experimerrtal tests." However, there
are problems in large-scale modelling techniques‘ for more representative joints found in
car bodies such as with coach joints; these joints are most frequently used as they provide
flange access for spot-welding. Results have shown that the lack of detail and the
geometric approxrmanons, made in shell-solid models of adhesrve joints, will give large
variations from the expected stiffness results. Such approximations hrmt the accuracy of
individual joint behaviour and it is thought that these individual approxrmatrons may

consequently result in a significant error in the analyses of full bodies.

From these results and observations, it is obvious that some method must be adopted SO

that joint strffness is more accurately represented in large-scale models. An initial thought
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was to include some form of a substitute element in the shell-solid models which would
contain the stiffness parameter of the joints. Substitute elements such as spring elements,
~ joint-line elements and super-elements were invqstigated in detail, and the advantages and
disadvantages of each were discussed in Chapter 4. The main problem involved in adding
substitute elements to represent joint stiffness is associated with the limitations due to
large model size and computer processing time. A novel approach to overcome this

problem in the micro to macro translation of joint stiffness is proposed and discussed in-

Chapter 6. ‘
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6. DEVELOPMENTS OF MICRO TO MACRO MODELLING
AND THE UNDERCUT ELEMENT CONCEPT

6.1  Introduction

As discussed in Chapter 5, the typical method used by industry for representing joints in
FE models of full car bodies is based on the assumption of square (unradiused) flange
corners and fully filled adhesive bondlines (100% fillet ratio). However in reality, the
‘J'Oints have radiused flange corners and the adhesive does not actually extend to the outer
- limits of the flange. These variations in joint configurations arise from production
_ Processing circumstances. For example, the flange bend is formed by press tools which
have radiused corners to reduce tool wear, and the adhesive is usually applied as a bead

from an extrusion gun. When the parts are assembled, the adhesive bead is squeezed
between the flanges but does not usually flow to the edges of the joint.

It is clear that some form of correction is necessar;l to compensate for the errors
introduced when making these assumptions in current full body analyses. Various
approaches, described earlier in Chapter 4, have been devised to overcome such problems.
Some solutions are based on the inclusion of substitute elements such as super-elements,
joint-line elements and spring elements. - Each method has its own advantages and
disadvantages; for example, the maximum number of super-elements that can be used in
NASTRAN is limited to 150 per model in a cold start run, and 100 super-elements in a
* restart run. The use of the joint-line element method [McGregor et al. (1992), Nardini &
" Hall (1995)1, on the other hand, requires a special pre-processing package and replaces
actual joint geometric details with an equivalent element. Part of the equivalencing is
achieved thrOﬁgh changes‘ to material properties. - Apart from the complicated procedures
required for pre- and post- processmg, the method ignores certain coupled modes of
| deformatlon wh1ch can oceur in a joint, such as bend1n0-stretch1no coupling. The use of
Spring elements has also some dxsadvantages and these have been already highlighted in
‘Chapter 4. Thus, the comphcathns ar_1d limitations for the implementation of these

existing solutions into full body models require a more applicable solution in order to
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obtain improvements in FE macro models. The undercut element method, derived in this
chapter, offers a possible alternative to the micro to macro modelling problems and

enables more accurate representations of joint characteristics with minimal effort.

6.2 The Undercut Element Concept

The undercut element method has been developed as a tool to improve the accuracy of FE
models of large-scale vehicle body structures. It is a method of approximating local joint
. geometries. The method has been devised through the analyses of joints using micro and

~macro FE models and experimental methods, obtained in Chapter 5. The effects of

different joint configurations, loading and adhesive fillet ratios were also considered.

The analysis and derivation of the undercut element concept was largely based on the
coach joint, as this configuration is most representative of the flange joints used in vehicle
body assembly, and as it is also most sensitive to bondline conditions. The derivation of

the bondline fillet dimensions for solid and shell-solid element models are shown in

Figures 6.1-6.3.

Flange bend radius

Adhesive J
r

layer

Typical unfilled fillet

ROLTA

i

Figure 6.1 Representation of solid element model with all geometric details
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Figure 6.2 Shell-solid element model representmg Figure 6.3 Application of the undercut element ‘
macro model with fully bonded flanges method in shell-solid models

It should be noted that the bondline thickness ty in the shell-solid model, is gre'ater than
that of the sohd model; this is due to the use of the sheet centre-line as the position for the
shell elements. To compensate for thlS the effective adhesive modulus is modified

(equation 5.2) in the same ratio as the change in bondline thickness (equation 5.1), as

»

“described previously in section 5.2.5. °

Numerical models of coach joints in tensile loading were considered in section 5.3. The
results from the micro model (solid model), macro ‘model (shell-solid model) and -
experimental tests are illustrated graphically in Figure 6.4. The graph compares the joint
stiffness calculated by the applied force over the resultant dlsplacement plotted against the
undercut dlstance/ﬁllet ratio. The fillet ratio scale is used to define the amount of underfill
: for experimental specimens and FE solid models. The undercut distance scale, on the
other hand, identifies the length of the underfill removed from the shell-solid element
models. This second scale is essential as the shell-solid models do not include a bend v

radius which is essential in defining an adhesive fillet ratio.
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—J¥— Experimental Tests
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Figure 6.4 Comparison of experimental and FE modeling results with the inclusion of the undercut element

.
The results from the study show how the stiffness values calculated from the solid (micro)
‘models are very close to those measured from the experimental tests; this is valid over a
range of adhesive fillet ratios. Shell-solid (macro) models give extremely high stiffnesses
~ when there is no undercut, but as an undercut of about 3 mm is added, the results converge

towards the experimental and FE solid model results.

From an inspectioh of the cha‘racfer’isytic curves in Figure 64, it is evident that the stiffness
of shell-solid (macro) models can be controlled by the specification of an undercut in the
glue-line. Thé undercut distance & can be set to a value which will give a joiht stiffness
equivalent to that of the accurate solid element model. The undercut dimension can be

obtained from the correction curve derived from Figure 6.4, and which is illustrated in

Figure 6.5.
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Figure 6.5 Characteristic correction curve for determining the undercut distance for various fillet ratios

For any specific fillet ratio in a micro model, the corresponding value of {8/R,} can be
obtained from the graph in Figure 6.5. The resultant undercut distance & can be then

calculated from the undercut factor and is given by equation 6.1.
= {8/Ro} xR, | (6D

Where the undercut factor {8/Ry} is determined from Figure 6.5 for a desired fillet ratio

and R, is the external bend radius of the adherend

In pfactice, there is somé uncertainty in the real value of the fillet ratio; the adhesive bead
in an actual specimen may vary as it is squeezed out during panel éssembly. Although
some adhesive might be expected to form a partial fillet, in the worst case the fillet ratio
may be zero, making it convenient to use this condition to develop a conservative model.
Thus for a 0% ﬁllét ratio, ie. x/R, = 0, the correction characteristic curve will give an
undercut ratio {8/R,} equal to 1; where the undercut dimension is equal to the flange bend
radius. In typical panel pressmgs the press tool is designed to glve a 5 mm bend radius,

and allowmg for the sheet thickness in the shell element model, an equxvalent 5.5 mm
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- adhesive undercut can be used. Although the undercut element principle was derived from

| tensile loading configurations, it may be noted from Figure 5.30 that the method is equally

‘valid under flexural loading.

- It should be noted from Figure 6.5 that for 100% adhesive fillet, {8/R,} is still greater than
zero. This is because the undercut element compensates for the forming bend radius as
well as for the fillet ratio. The summary results from the study on coach joints show that

the inclusion of an undercut to shell-solid models (macro) has a significant effect on the

overall joint stiffness.

6.3  Validation of the Undercut Element Method for Other Adhesive Joints

In this section, the undercut element’ technique was implemented in FE models
representing other typical joint configurations such as single lap joints and asymmetric
joints. Parametric studies were carried out on each joint configuration to determine the
- characteristics of the joints, and particularly how the undercut would affect the overall

joint stiffness. The main objective was to indicate how macro models coulyd be modified

through the implementation of the undercut element, so as to reflect the predictions

~ obtained from micro models.

6.3.1 . Single Lap Joints .
The geometric configurations and numerical methods used in this study are similar to

those described previously in secuon 5.2 for lap joints subject to tensﬂe loadmcr Typical

lap joints with 15 mm overlap length 1 mm sheet thlckness and 0.2 mm bondline were

used throughout the FE analysis; the results were compared to similar joints from '

experimental tests.

This work has been carried out to show how the application of the undercut element
method will affect the results of the micro and macro models, w&th the aim to validate the
method. Two implementations were considered; the ﬁ;st was to introduce an undercut
length from one side of the overlap and the second, was io remove an undercut of
equivalent length from ‘both sides of the overlap. Figure 6.6 illustrates the two

implementation techniques used in this investigation.

NN

130



5.
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Figure 6.6 Application of the undercut element method to lap joints using different design techniques

Finite element analysis on lap joints with various undercut lengths was carried out and the
results obtained were compared with the limited results from the experimental work. All
results were calculated in terms of stiffness; this was measured over a central 50 mm

gauge length of the joint. Figure 6.7 (a) and (b) show the results for TEROSTAT 3218F ,
and CIBA XB5315 adhesives, respectively. - .

Re‘sul'ts show that the FE shell-solid (macro) models over-predict the stiffness compared
with accurate solid (micro) rhodels and experimehtal tesi results. With thé iﬁclusion of an
~ undercut element in the macro models, the stiffness drops following a similar trend as with
the micro models. From the graph in Figure 6.7 (b), to obtain an equivalent stiffness of
1600 N/mm.mm based on the micro model an approximate undercut len gth of 6 mm must
be introduced into the shell-solid (macro) model. For equivalent stiffnesses, the results
also show that the undercut could be removed from one side of the overlap, or an

equivalent undercut length could be shared between both sides of the bondline.
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" Stiffness (N/mm.mm)

(a) TEROSTAT 3218F

-~ Solid (Micro) Model Ts=1.0mm (undercut from both ends)
—%r— Solid (Micro) Model Ts=1.0mm (undercut from one end)

—E3— Shell-Solid (Macro) Mode! Ts=1.0mm (undercut from both ends)
—&— Shell-Solid (Macro) Model Ts=1.0mm (undecut from one end)
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—~-d— Solid (Micro) Model Ts=1.0mm (undercut from both ends)
- Solid (Micro) Model Ts=1.0mm (undercut from one end)

—E— Shell-Solid (Macro) Model Ts=1.0mm (undercut from both ends)
—E— Shell Solid (Macro) Mode! Ts=1.0mm (undecut from one end)
—3¥— Experimental Tests Ts=1.0mm
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Figure 6.7 Prediction of stiffness using the undercut element method in single lap joints for (a)
TERQSTAT 3218F and (b) CIBA XB5315 adhesives '~
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6.3.2 Non-Uniform Geometries
Although the applicability of the undercut element method to ‘ideal’ flange and lap joints
has been demonstrated in section 6.3, many vehicle body joints are geometrically |

asymmetric and are subjected to a combination of different loading conditions. Four non-

uniform geometric joints, shown in Figure 6.8, were selected to represent typical joints

found in vehicle structures. These joints were also used to investigate and validate the

application of the undercut element method.

. ==

Lower sheet bend angle 180 °

' Lower sheet bend angle 135 °

i

Lower sheet bend angle 45 °

Lower sheet bend angle 9¢°
(typical coach joint)

Figure 6.8 Various non-uniform geometric configurations

The dimensions of the joints, the bondline materials and sheet properties used in this

investigation were similar to those previously defined in th
secnon 5.3. The only excepuon was the inclination of the lower sheet bend angle which

Also in the FE models, the length of the upper sheet was

e study of coach jbints in

was altered for each joint case.

equal to the bend radius length used in the solid models, i.e. 5 mm.

Figure 6. 9 shows an example of the constraints and the applied loads to a typical non-

uniform geometric joint. The figure also shows where the displacements were measured

to derive stiffness calculations. A force F was appli
the direction of the sheet’s lenOth The top end of the upper sheet was con

degrees of freedom (DOF). The loading and constramt conditions were chosen for
y also allowed comparison between the different

ed at the end of the lower sheet and in

strained for all

simplicity of implementation and the
joints. Resultant displacements were calculated at the ends of the lower sheet where the

load was apphed and were measured in the direction of the load. Stiffness values were

then calculated as a ratio of force over extension per unit width, i.e. N/mm mm.
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¥ Constraints in all DOF

\ Applied force F

Figure 6.9 Application of loads and constraints to non-uniform geometric joints

"

Two different finite element methods were used to repfesent the four different joinkts; the
~ first method used solid elements to give a detailed micro model, while the second method
used shell-solid elements as used in macro model analyses of large-scale body structures.
In all cases, an equivalent adhesive fillet ratio of 0%, i.e. 5.5 mm underéut in shell-solid
element (macro) models, was used to represent the most critical case which is the lack of
v adhesive in the flange bend radius area. The comparative results of stiffness, calculated

for the shell-solid (macro) and solid (nﬁéro) models, are presented in Table 6.1.

Lower Sheet Bend Angle Solid (Micro) Model + Shell-Solid (Macro) Model
. 45 Degrees
- Stiffness (N/mnimm) oo 2,83 x SRRl TR 313
, ‘90 Degrees ﬁ
* Stiffness (N/mmmm) S 7261 67.89 ‘
135 Dégrees
: Stiffqess (N/mm.mm) o937 ‘ 11.30
j80 Deg\rees ) ,==—_==ﬂ B | r——r‘J
- Stiffness kN/mnnm) K K vy [ B L R 138.70

Table 6.1 Stiffness results from FE anélysis on non-uniform geometries with the application of the undercut
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The results from the study show very good correlation for all four joints; this is attributed

to the equivalent undercut introduced into the shell-solid models. It is expected however,
from previous modelling work on coach joints, that for larger fillet ratios, e.g. exceeding

50%, the difference in stiffness between the solid (micro) models and shell-solid (macro)

| models would be significantly greater, particularly for joints with full adhesive fillet ratios,

e.g. 100%.

Although the main purpose of the study was to compare different modelling methods and

include the undercut element method into macro models, the results also show how joint

- stiffness can vary significantly by changing the geometry; in this case the lower bend . -

angle. The stiffest joint was predicted when the lower sheet bend angle was 180°, which
is effectively loaded in shear. The second stiffest joint was the typical coach joint

configuration, followed by the 135° and 45° lower sheet bend angle joints, which proved

to be the least stiff joints.

64 Summary

" Results from the analyses on small joints have given valuable information with respect to
the develepment of the undercut element concept and its effectiveness towards more
accurate predictions of stiffness. Finite element models using shell-solid elements and
| fully filled adhesive flanges represent the modelling techniques used by the automotive
industry for full body analyses (macro models). These have been compared with more
~accurate micro models based on solid elements. Further validation of the finite element

models was achieved through expenmental testmg of similar joint configurations.

For coach joints, it has been shown that shell-solid (macro) Imodels over-predict stiffness

and some form‘ of correction is necessafy. This can be achieved by applying an undercut

in to the bondline. As a small undercut is introduced into the adhesive layer, the stiffness
s si g‘niﬁc'an‘tly reduced. Fbr an apprdximate 3 mm undercut, the results obtained from the

shell-solid models are very similar to those measured from experimental tests and solid

(micro) model results “For a typlcal 5 mm internal bend radius, it is suggested that an

undercut of 5.5 mm can be included into the shell-solid (macro) models to provide an

acceptable representation of joint stiffness for large-scale models.
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Results showed that the inclusion of an undercut element in single lap joints gives similar
| stiffness trends to those obtained from the solid (micro) models; the more underfill in the
adhesive, the less the overall joint stiffness. This variation occurs almost linearly for both
shell-solid and solid element models. Hence, an equivalent undercut length can be

~ implemented in the shell-solid models to obtain similar stiffness values to the solid

element models.

A further validation of the undercut element method was shown with the analysis of four
asyfnmetric adhesive joints. The study showed that for a 0% adhesive fillet ratio, or

equivalent 5.5 mm undercut, the correlation between macro and micro models is very

close.

The use of the undercut element concept has been validated for a number of different joint -
configurations and a design guideline for its application is given in Appendix-I. The
undercut element method provides a valuable technique for improving the accuracy of

Joint stiffness predictions in large—scalé FE models. The extension of the undercut element

method to larger structures, typically found in the vehicle body assemblies, is developed in

~Chapters 7and 8. , o »
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7. APPLICATION OF THE UNDERCUT ELEMENT METHOD
| TO IDEALISED BEAM STRUCTURES |

7.1 Introduction

Finite element modelling provides an effective way to study the behaviour of automotive
structures and to predict characteristics such as vehicle body stiffness. It has been shown
that some approximations in FE models may limit the accuracy of large-scale modelling
techniques, and the undercut element method has been devised as a potential solution for ,
approximating local joint geometries. The undercut element method has been
demonstrated in small joints in Chapter 6 and in this chapter, the validity of the undercut
element method is investigated on larger and more representative structures found in
vehicle bodies. The applicability of the undercut element method is discussed in detail

and the results from various FE modelling techniques are compared with experimental

‘tests of similar structures.

7.2 R Idealised Box Structures

Many experimental and analytical studies of vehicle substructures have been based on
simple box beams, fabricated from sheet material with flanged corner joints [Beevers &
Kho (1983), Eichhormn & Schmitz (1984), Pine et al. (1999)]. Beam dimensions and joint
configurations may be selected to represent typical body . details such as sills or door
pillars, and a commonly used beam section is 60 mm square. The straight, linear beam
form provides a simplified structure both for experimental testing and for numerical
modelling.  This configuration can be conveniently used to investigate the effects of the

corner joints such as joining method, flange configuration and as in this study, adhesive

propetties, on structural behaviour.
In selecting the beam section for this investi gation, it was expected that a further extension

of the undercut element validation would be applied to the car plenum chamber

substructure.  The plenum chamber is a transverse box section situated below the car
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windscreen and the flange configurations in the idealised box beam were chosen to

- represent the external joints of this detail from a Jaguar X300 car body.

- Various box structure configurations, shown in Figure 7.1, were considered and detailed
~ discussions between industrial partners were carried out to determine which one would

best represent a typical substructure found in a vehicle body.

A A AL
AN

IL

Figure 7.1 Typical box beam configurations
Following an extensive selection process w1th industrial partners of the LIVEMAN

vprOJect it was decided that the box structure to be tested and analysed would be that of an

idealised square box with 4 x 45° external flanges, as shown in Figure 7.2.

e

580 mm length

€0 . : (All dimensions in mm)

Figure 7.2 Schematic of the idealised box structure

The selection of this box ”strL'lcture was determined by a large number of factors. Firstly,

the structure is square and its four 45° flanges make the structure symmetric over two
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axes, ‘facilitating both the manufacturing process and the computer modelling of the
structure. Another advantage with this configuration is that with four equal angle flanges,
the effects of shear deformation in the flange joints could be investigated as well as the
- sensitivity of the structure to changes in joint details. One of the most important reasons

for selecting this structure was the ease of applying loads in bending and torsion to the |

| . structure, which with the other beam configurations might have been difficult. The

dimensions for the idealised beam were primarily chosen for consistency with other
published work [Eichhorn & Schmitz (1984), Pine et al. (1999)] and previous work carried

out in Oxford Brookes University [Beevers & Kho (1983)] on similar box structures.

‘The work described in this chapter involves analysing this idealised box beam structure |
- through experimental tests and using two FE modelling methods: the first using solid
elements, and the second combining shell with solid elements. The purpose of this -
investigation was to verify the effectiveness of the undercut element method and to
validate the applicability of the method to larger structures when subJected to various

modes of loading, i.e. torsion, transverse tension and bending, represented in Flgures 7.3-

7.5.

AN

\ —

Figure 7.4 Tensile loading

Figure 7.3 Torsional loading

Figure 7.5 Flexural loading

Expenmental tests of similar structures and loadmo conditions were carried out for

comparison with FE modelhng results Finite element models of the idealised box
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structure also included the required fixtures, such as the aluminium plugs/plates, which

were used in the experimental set-up.

* Most of the extensive modelling and testing woh{ was carried out on box structures based
6h torsional tests, as this was also the main testing mode for typical vehicle structures sugh
' as the plenum chamber and the full body. Adhesive fillet ratios of 0% and 100% were

‘Studied in solid element models and were used to justify the adhesive underfill and the

application of undercut elements in shell-solid element models.
7.3  Finite Element Modelling of Beams

Solid Element Modelling
The first FE modelling technique, which was used to predict the stiffness of the idealised

box structure, was based on solid elements. These models accurately define and replicate
all the essential geometric configurations of the actual structure used in the experimental
tests including the bend radius of the flanges, the adhesive fillet ratio and the bondline
thicknéss. The adhesive fillet ratio was one of the most important parameters studied in
- the numerical analysis. The study on adhesive fill provides a better understanding on the
prediction of stiffness and can be used for verification of the undercut element method,
discussed previously in Chapter 6. Figures 7.6 (a) and (b) illustrate a schematic

representation for the FE solid element definition of a 0% and 100% adhesive fillet ratio,

respectively.

For solid element FE models, the definition of the adhesive fillet ratio is primarily
dependent on the sheet beﬁd radius used in the idealised beam structure, and the formula
to derive the fillet ratio was given previously in Figure 5.16, of section 5.3.1. In practice,
a 0% adhesive fillet ratio would define a joint in which adhesive is placed only in the
flanges of the joiht; this is also the area in which the sheet forming bend radius begins. A
100% fillet ratio defines a fully filled joint, where the adhesive extends over the area up to

the point where the forming bend radius ends and where the continuous sheet of the sides

of the box structure begins. .

140



0% fillet ratio 100% fillet ratio

/

(a) (b)

Figure 7.6 FE solid element models with (a) 0% and (b) 100% adhesive fillet ratios

Shell-Solid Element Modelling

The second modelling technique used a combination of shell with solid elements
implementing the undercut element method for validation and comparison with accurate
solid models and experimental tests. Sfleil element models lack geometric de;ails of the
| joints, such as the forming bend radius, which are typically represented with sharp bends.
To compensate for the lack of geometric details, undercat elements of various lengths
were inéluded in all four flanges of the box structure, and compared with a similar analysis
of adhesi{/e fillet ratios in solid models. Figures 7.7 (a) and (b) show schematic
Tepresentations of the idealised box structure and the application of the undercut element

to shell-solid models.

No Undercut

Undercut

(a) ‘ (b)

Figure 7.7 Shell-solid element models with (a) the implementation of the undercut element and (b)

representing macro models: with fully filled adhesive flanges
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The interpretation of the adhesive fill for shell-solid element models is primarily based on
the development of the undercut element method. From previous work carried out on
| ckoach joints, an equivalent 0% adhesive fillet ratio for a coach joint with 6 mm external
bend radius would be obtained by introducing ;m equivalent undercut of 5.5 mm into the
correspondent shell-solid models. In this study, the same undercut length of 5.5 mm was

used since the forming bend radius was also 6 mm; the results obtained were compared

with equivalent solid models.

7.4  Torsional Loading of Box Structures

- The main study of box structures investigated beams when subjected to torsional loading.
In the experimental work, two 20 mm thick aluminium plugs were inserted and bonded
into the ends of the box structure to minirrﬁse local deformations which might occur when
a uniform load is applied to a thin-gauge sheet structure. These were also replicated in the
FE models. Angular rotation of the structure was achieved by introducing a rotational
displacement to the centre of one of the aluminium plugs while the remote end was

- constrained. Figure 7.8 shows the resultant box structure when a rotation is applied to

- create torsional loading. ‘ v .

Figure 7.8 Resultant box structure with the application of torsional loading through nodal displacements

An extensive study was carried out on the accuracy of the mesh used to model the
structure.  Initial results with lower mesh densities proved to give inaccurate results
compared to those with larger mesh densities. A number of FE tests were carried out on
models with different mesh sizes in order to determine the mesh limits for convergence to

be reached. Quarter models and half mode‘ls of the box structure were also modelled and

AR
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compared to full model results. There was some concern in the results obtained from the
quarter and half models as it was believed they did not accurately represent the loading
' and constraining conditions specified in the experimental tests. Further work was carried
out on full models which provided the cleses.t replicate of the loading and boundary
conditions used in the experimental testing work. This was eventually achieved by
increasing the area of the specific rotation and by applying a nodal displacement around a
circular path. Detailed refinements of the modelling method eventually resulted in a
model which gave comparable results to other published work, shown in Table 7.1, and

~ which provided a more confident comparison with experimental test results.

Published Work Box Structure Torsional Stiffness (Nm/degree.m)
[Eichorn and Schmitz (1984)]
Spot-welding (25 & 50mm weld pitch) 150- 185 -
Weld-bonding (PVC & epoxy adhesives) 240 - 265
[Kho and Beevers (1983)]
Spot-welding (25, 35 & 45mm weld pitch) 62-124
Adhesive bonding (epoxies & toughened acrylic adhesives) 140-200
Weld-bonding (epoxy adhesive & 35/45mm weld pitch) * = 100-135
. TL
Closed-Form Analysis  e———t . 300
.8 4A°Gt ‘ v

"Table 7.1 Comparison of numerical modelling methods with other published work on box structures in
- torsional loading

7.4.1  Validation with Experimental Work |
To justify the ﬁnite element analysis results and the undercut element method,

expenmental tests were carried out parallel to the FE work. Other researchers in the
Jommg Technology Research Centre at Oxford Brookes University undertook the
experimental testing on various box structures for three loadmg conditions: torsion,
flexure and tension. In all loading cases, the adhesive fillet ratio was the mostsigniﬁcant

parameter investigated; this was needed to compare with finite element models and the

efﬁciency of the undercut element method.

The main bulk of the experimental work on box strnctures was in torsional loading. In the
testing set-up, square aluminium alloy plugs of 20 mm width were inserted into the ends

of the bearn$ and bonded‘ so that the load could be distributed evenly and thus minimise

Yo
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local plastic deformations. These plugs were designed specifically for torsional tests,
‘where the loads were transferred by means of specially designed drive/adapter plates
which were fitted into an Avery-Denison torsic?n testing machine. One of the adapter
plates was located onto the testing machine by a centralisihg chuck, and the other plate

was designed to fit into the */,” drive of the torque transducer, shown schematically in

Figure 7.9. The experimental set-up is shown in Figure 7.10.

/ TeSting Machine \

Aluminium Plugs

Torque .
Transducer

Adapter Plates

Figure 7.9 Schematic representation showing the arrangement of the”box bgams in the testing machine |
Small mild steel brackets were attachéd through éelf-tapping screws to one side of the
beam plates to provide gauge points for the-location of the LVDT displacement
transducers. The tr‘aﬁsducers measured the twisting movement of the box structure
thfough the meaéﬁrement of the displacément of the brackets. The brackets were located
at approximately 90 mm from the centre line of the beam, giving 1.57 mm of movement
for every 1 degree rotation. The applied torque was measured by means of a strain gauge
torque transducer. Outputs from the LVDT displacement transducers and load cell were
recorded onto a data logger. The results from initial tests showed that the Bearhs exhibited
ndn-linearity below 20 Nm applied torque, possibly due to embedding of the driving
surfaces. Therefore, all structures were pre-loaded three times before any results were
actually taken and fecorded. Care was taken to ensure that the loading conditions did not
introduce significant yield into the beams and that the fbrque/displacement recordings
were essentially linear. Early éxperiments identified the upper torque limits as 30 Nm for
the TEROSTAT 3218F adhesive and 100 Nm for the CIBA XB5315 adhesive. The actual

stiffness anélysis was determined “from the slope of the torque/displacement curves
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between 20 and 30 Nm for the TEROSTAT 3218F beam and between 50 and 100 Nm for
the CIBA XB5315 beams.

For each test, the beam was carefully position.éd in the machine, the instrumentation
calibrated and the structure pre-loaded. During the full loading cycle, the outputs from the
transducers were recorded and through the signalyprocessing software were inserted into a
spreadsheet package. Graphs showing torque against rotation per metre length were
derived. The resultant torsional stiffness was determined by calculating the slope or
gradient of the best-fit line obtained from the test results. Figure 7.10a shows the
experimental set-up of the box structure during torsion testing and Figure 7.10b shows a

representative autographic recording from the instrumentation.

Figure 7.10a Experimental set-up of the box beams in the Avery-Denison torsion testing machine
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Figure 7.10b Typical torque-rotation curve obtained from experimental tests

"

~ The results from the experimental tests are presented in Table 7.2 and compared to the

predicted stiffness values from the FE models.

Adhesive Adhesive : Torsional Stiffness (Nm/degree.m)
Type Fillet Ratio | Experimental Tests| FE Solid (Micro) Model | FE Shell-Solid (Macro) Model
CIBA XBS315 100% 276 327 316
0% 270 314 ‘ 276
TEROSTAT 3218 | 100% 26 ‘ 37 37
0% 26 : 37 36

.- Table 7.2 Comparison of torsional stiffness values from experimental tests and FE modelling methods

- Results from the experimental tests and numerical modelling analyses show that generally,
the adhesive fillet ratio has little effect on torsional Stiffness. The largest variation in
stiffness between 0% and 100% fillet ratio was of approximately 15%. - Generally, the
values calculated from the FE analyses gave slightly higher predictions than those
obtained from the experimental tests; this was possibly due to uncertainties in adhesive
modulus. Another observation from the results was that there was significant difference of
torsional stlffness between the beams bonded w1th CIBA XB5315 and TEROSTAT 3218F
adhesives. However, this is expected con51der1ng that the h1gher modulus adhesive (CIBA
XB5315) has a modulus about 300 times greater than that of the lower adhesive
(TEROSTAT 3218F), while the resultant stiffness is about 10 nmes higher. Similar

experimental tests of spot- _welded beams were also camed out and the resultant suffnesses
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were approximately 240 Nm/degree.m, compared to 270-276 Nm/degree.m measured
from the CIBA XB5315 bonded beams. These results show how with the use of selected
adhesives, stiffer structures than comparable spot-welded beams can be obtained. Also,
the results from the shell-solid models which included the undercut element, gave stiffneés

~ values which were closer to the experimental results; this validates the use of the undercut

element method.

7.4.2 - Effects of Apertures in Beam Walls

The box beam structure was chosen to represent a structure which would be most typically
found within a car body. Héwever, most vehicle subétructures, such as the plenum
chamber, are not continuous sheet forms as in the idealised box structure. On inspection
of vehicle structures, the presence of many holes and apertures of different sizes and
Various locations were noted. To better represent car substructures, a single aperture was

introduced in the FE models along the mid-span of the side of the beam, as shown in

Figure 7.11.

o

The effects of various sized apertures on the stiffness of the box structure was investigated
in experimental tests, as well as for both solid element and, shell-solid FE models. The -
sizes of the apertures were primarily dependent on the sizes of the elements defined along
and across the sheet surface. The largest aperturé, shown in Figure 7.11, was limited by
_the width of the structure’s ﬂanges and was equivaiént to approximately 26% of the total
upijer sheet aréa. Figure 7.12 shows the experimental set—up of the box beam with a large

central aperture when subjected to torsional loading. -

Ve

Figure 7.11 FE model of box structure with a central aperture
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i Figure 7.12 Experimental set-up of Box beams with a central aperture for torsienal loading

B Results from the FE analyses on box beam structures subject to torsjonal loadmg and for -

, vanous aperture sizes are given in Table 7.3 and are compared with expenrnental tests in

' T able 7 4 CIBA XB5315 and TEROSTAT 3218F adheswes were pnmanly used in the

: study as these represent the extreme ranges of typxcal autornouve adheswes

Adhesive  FEModelling .- | Pfective Fillet Torsional Stiffness (Nmnv/degree.m)
~ Type Method Ratio 0% Aperture 3%Aperture 6% Aperture IZ%Aperture 26% Aperture
G e Solid Model 100% 237 37 36 35 28
N 0% 37 37 36 35 28
TEROSTAISZMF Shell-Solid Model 100% 37 37 36 . : 33 19
) 0% 26 26 25 - 24 15 -
: ‘ Solid Model - 100% 327 316 300, 235 116
y i L 0% 314 - 303 287 226 110
CIBAXBS313 - Igi Solid Model 100% - 316 . 293 259 169 59
: e 0% 276 259 214 176 51
: Solid Model . 100% 375 368 345 269 143
L S R ‘ 0% 334 330 1v) D242 118
| All Steel Box - I oadl 100% o355 337 315 238 30
o 0% 34 287 248 - 214 83

Table 7.3 Torsional stiffness results of box structure for various size apertures -

A 31gn1ﬁcant observatxon of the 1nvest1gat10n is the effect of apertures on the overall

st1ffness of the structure. As the srze of the aperture increases, the torsional stiffness of the

‘box structure decreases s1gn1ﬁcantly, parucularly for h1gher modulus adheswes However,
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~ there is some concern regarding the departure of the prediction between solid and shell-
A solid models in beams with larger apertures, e.g. 26%. Experimental tests were carried out
to investigate the effect of large apertures on strffness and how these compare with

_predictions from the FE models. These results are given in Table 7.4.

Beam Adhesive Adhesive Torsional Stiffness (Nm/degree.m)
Aperture Type Fillet Ratio | Experimental Tests| FE Solid (Micro) Model | FE Shell-Solid (Macro) Model
CIBA XB5315 100% 42 116 3
26% Aperture 0% 36 10 .51
; TEROSTAT3218F 100% 17 28 ) 19
0% 17 28 15

' Table7.4 Comparison of torsional stiffness results from experimental and FE modellmc methods for box

beams with a large central aperture (26%)

The divergence of correlation with FE solid models, particularly for larger apertures, may o

be due to the local buckling which occurs at the corners of the apertures in the =

i ‘experimental tests, and which is not accounted for or included in linear elastic FE models.

Nevertheless both experimental and numerical modelhng results show how the presence o

- of an aperture w111 contribute significantly to loss in strffness of the beam. It is expected

that for larger vehicle substructures, which include a number of various sized apertures, 8
“such as the plenum chamber, ‘the overall stiffness resultSmwﬂl be srgmﬁcantly lower '
 Sakurai and Kamada (1988) also 1nvest1gated the effects of apertures in vehrcle structures

g ~and found that both the size and positioning of apertures affected the overall stiffness.
7.5 ‘Tra'nsverse Tensile Loading of Box Structures

The second loadrng cond1t1on 1nvest1gated was transverse tensrle loadmg Sumlar FE’
rnodels of the structures were used as in torsronal models however the overall lengths of
 the beams were modrﬁed to 100 mm compared to the onglnal 580 mm length. In order for
the FE models to accurately represent and srmulate experlmental test procedures two 10
| mm steel plates (40x10x100mm) were placed on erther side of the top and bottom beam
| walls, as shown in F1gure 7.13. The top plates were then subjected to a vertlcal

drsplacement of 1 mm while the bottom plates were constrained in all drrectrons
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The majn“purpose of this study was to investigate the behaviour of the box structures when

~ subjected to transverse tensile loadinguand in particular, the effect of the adhesive fillet on

stiffness.

effectiveness of the undercut element method and its applicability to large FE models of
strucfures subjected to tensile loading conditions could be verified. Figures 7.14 and 7.15
show exé.mples of the two FE modelling techniques used in the analysis; th¢ first one
represénts a solid element model with a 0% adhesive fillet ratio, and the second one

represents an equivalent shell-solid element model with the inclusion of a 5.5 mm

undercut.

Figure 7.13 Dimensions of box structure in transverse tensile loading

N

R

Figure 7.14 Solid element (micro) ‘model
with 0% adhesive fillet ratio

\

L=100mm length

(All dimensions in mm) :

By using solid models and shell-solid models in the FE analysis, the

e

/

L

Figure 7.15 Shell-solid (macro) element
model with 5.5mm adhesive undercut
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Initial results from the FE analyses showed large variations between the solid and shell-
solid element models for a range of adhesive fillet ratios and undercut lengths. Further
analysis work confirmed the need to improve Ehe mesh density of these models. This was
probably due to the nature of the solid elements which do not take into account any
rotational movements; which are present at the edges of the steel plates. After an extensive
mesh convergence analysis, results from both solid and shell-solid models could be

compared to one another; the results from these refined models are compared with

experimental test results and are given in Table 7.5.

7.5.1 Validation with Experimental Tests
The manufacturing of the 100 mm long box beam structures was carried out in a similar
manner as the procedures used in the torsion beam tests. In order to provide a transverse

tensile load to the beams, two steel plates (40x10x100mm) were clamped about the top and

bottom steel sheets, as shown in Figure 7.16. .

Six beam specimens were manufactured and tested for each beam configuration. The
structures were clamped into a jig and pulled at a speed of 0.5 mm/min, until a 1 kN load
was reached or a | mm displacement measured. Because of the possible geometric
variations in the manufactured box structures, the beams were tested in two orientations.
An average of these results was used to calculate the resultant stiffness of the structure.
The stiffness of the test jig was also assessed and accounted for in the resultant data. A

comparison between the experimental test results and the FE results is given in Table 7.5.

Figure 7.16 Experimental set-up of box beams for transverse tensile tests
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Adhesive Effective Fillet Tensile Stiffness (N/mm.m)
Type Ratio Experimental Tests | FE Solid (Micro) Models | FE Shell-Solid (Macro) Models
CIBA XB5315 100% 15475 £ 5435 48,980 48,650
0% 13344 x 5054 44,930 34,890
TEROSTAT 3218F 100% 11560 + 1334 . 33,190 34,510
0% 9923 + 1299 29,020 18,960

Table 7.5 Comparison between FE and experimental test results for box structure in tension

Results from the FE analyses show good comparison between the two different modelling
methods for high fillet ratios/low undercut lengths. However, shell-solid models with 0
mm undercut gave significantly lower stiffness values compared with equivalent solid
models of 100% adhesive fillet ratio. From this observation it is evident that the undercut

element method might give a conservative estimate of transverse tensile stiffness.

Another observation was the variation of the experimental test results from the modelling
results. The experimental results exhibit large scatter of stiffness values, particularly for
the high modulus adhesive. On further inspection of the manufactured box structures, it
was noticed that some of the beams were not true square sections and one example of this
can be seen in Figure 7.17. Such variations in geometric orientations probably occurred as
a result of manufacturing misalignment and these inaccuracies may account for the larger
variations in the experimental results. The high scatter of the experimental results caused
difficulties in correlation with results from the ‘ideal’ geometric box structure, represented

by the FE models. Further FE modelling analyéed the ‘out-of-square’ box structure, shown

in Figure 7.17.

) 3
A \f’o
& & \;@0)
- N

Figure 7.17 Cross-section of experimental box structure and measurements of angles
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Results showed that when a box structure is manufactured with angular errors, the overall
stiffness of the box structure is considerably lower than the stiffness measured from the

 idealised beam models. Table 7.6 shows the results from the FE analysis on out-of-square -

. box structures when subjected to transverse tensile loading.

Adhesive Fffective Fillet Tensile Stiffness (N/mm.m)
Type Ratio Square Solid Model |Square Shell-Solid Model |Out-of-Square Shell-Solid Model
0% 45,170 34,890 30,540
CIBA XB3315 100% 49,250 . 48,650 41,400
: 0% 29,130 18,960 16,010
TEROSTAT 3218F 100% 33,330 34,510 28,930

Table 7.6 FE results from analysis on out-of-square box beams in tensile loading

By comparing the results from the shell-solid element models, it can be obéerved that the :
stiffness of the structure drops by approximately 15% when the corners of the box are
modelled to include small angular errors. Although this does not fully account for the lack
of correlation between the experimental results and the analytical models, it is eV1dent that
out~of—squareness contributes 51gn1ﬁcantly to loss of stiffness. Other sources of error may,
be due to the deflections of the fixtures in the experimental tests.

o

7.6  Flexural Loading of Box Structures

The third loading condition that was investigated was flexure loading, through three-point
bendirig. The testing was carried out using similar FE models of box beams as used in the -
torsion tests, with the exception of a minor modification to the models. This was the

 insertion of an additional 20 mm aluminium plug' positiorled at the 'n;id-span of the beam

length, as shown in Figure 7.18.

4 ‘ ' | e 4

" Figure 7.18 FE model of box structure for flexure loading with the inclusion of a central plug

The additional plug was used to accommodate the centre-point load used in the
expenmental work.  Solid and shell-solid element models were modelled for various

adhesive ﬁllet ratios/undercut lengths usmg two extreme ranges of adhesives: TEROSTAT
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3218F and CIBA XB5315. These models were used to validate the effectiveness and
applicability of the undercut element in structures subject to flexural loading. An
additional solid element model was designed to represent a spot-welded box structure; this

was used to provide a further comparison with a different joining method.

Three-point loads were applied along the centre-line of each plug width. The two outer
plugs were constrained in the vertical direction, while a 1 mm vertical deflection was
applied in the opposite direction to the centre-line of the middle plug. Flexural stiffness
values were calculated by measuring the reaction forces resultant of the 1 mm applied
deflection, along the centre-line of the mid-span plug. Various adhesive fillet ratios and
undercut lengths were applied to the solid and shell-solid FE models of the box structures,
in order to determine the effectiveness of the undercut element method in flexure. Results

from the FE analysis are given in Figure 7.19, for beams joined through adhesive bonding

and through spot-welding.
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Figure 7.19 FE results of box structures in flexure with the application of the undercut element
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Results from the graph show that both solid and shell-solid FE analyses are in clos¢
agreement when the undercut element is included. Another observation is that the actual
box stiffness does not change significantly when increasing the adhesive fillet ratio, i.e.
when the undercut length approaches 0 mm. Fc;r flexural loading, it can be concluded that
box beam stiffness is relatively insensitive to changes in fillet ratio. It is evident that the
application of the undercut element method is still valid for translating joint details into FE
models of larger structures. Further validation of the FE work is obtained through the

comparison of the results with experimental testing of similar box structures.

The results from the analyses also show the effectiveness of different joining techniques -
and adhesives. For example, the high modulus adhesive gives stiffness values which are
approximately 27% higher than the results calculated from the lower modulus adhesive. It

is also observed that the high modulus adhesive is slightly stiffer by approximately 4%,

than the spot-welded structure. | .

7.6.1 Validation with Experimental Work
The manufacturing process of the box beams for flexural testing was similar to previous

beams assembled for torsional tests. To allow for three;point loading, an additional 20
mm aluminium plug was inserted and bonded along the mid-span of the box structure.
Two beams were made for each testing configuration, i.e. fillet ratio and adhesive type.
Each beam was placed onto the testing machine and tested in two orientations, and an
average of the two test results was taken in order to calculate the resultant flexural

stiffness of the beam. Results from the experimental tests are compared with previous FE

results and are given in Table 7.7 for various joining methods.

Joining Fffective Fillet Flexural Stiffness (N/mm)
Method Ratio Experimental Tests| Solid (Micro) Models Shell-Solid (Macro) Models
100% 5413+ 3295 : 11,383 11,369
TEROSTAT 3218F 0% 3995 + 647 11,307 11,045
100% 5429 = 1587 14,478 14,578
CIBA XB3315 0% 11622 + 4906 14376 14,223
Spot-welding (40mm pitch) 9089 + 2243 ¢ 13,876 -

Table 7.7 Comparison between FE and experimental results with the undercut element method - flexural loading

Unfortunately, large variability in the results from the experimental tests prevents any

realistic correlation. The cause of the wide variability is uncertain but the lack of

B
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squareness, as observed in the transverse tensile tests (section 7.5.1), undoubtedly
contributes to the scattered results. Also, despite the central plug reinforcements, some
local deformations of the beam under the centr.al loading point occurred. This also varied
across the beam width and between beams, perhaps reflecting the geometric asymmetry.
The local deformations and indentations in effect contribute to a greater measured
displacement of the loading point and this would give a lower effective stiffness. It is
noted that all the experimental stiffness values are lower than the FE predictions. Despite
the inadequacy of the correlation between the experimental test and the FE model results,

it is evident that the application of the undercut element method is still acceptable.

7.7  Summary

In this chapter, modelling methods have been developed and extended from the earlier
work on joint details into more representative large-scale structures. An idealised box
beam structure was modelled and tested experimentally, and stiffness characteristics of the
beams have been analysed under three different modes of loading: torsion, tension and
flexure.

It has been observed that for torsion and flexure loading conditions, the stiffness of the
box beam is relatively insensitive to adhesive fillet ratios. However, box structures
subjected to transverse tensile loading exhibit a greater effect of fillet ratio on stiffness. In
all cases, the FE models give the right order of magnitude and ranking of stiffness

prediétions although experimental inaccuracies prevent a reliable correlation betweeri FE

prediction and experimental test results.

The application of the undercut element method is valid on structures such as box beams,
and in Chapter 8 the method will be applied to FE models of large vehicle structures, such
as the plenum chamber and the full vehicle body.
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8.  APPLICATION OF THE UNDERCUT ELEMENT METHOD
TO VEHICLE STRUCTURES

8.1 Introduction

Vehicle rigidity is influenced by the design of many substructure details located at various
strategic positions within the body. One important substructure is the plenum chamber
which is in effect a transverse box situated below the windscreen. The plenum chamber
for the Jaguar X300 model series consists of four irregular thin sheet panels joined into a
nominal kite-shaped section with flange joints. A finite element model of the plenum
chamber is shown in Figures 8.1 and 8.3, and the actual component for expérimen}al tests
is shown in Figure 8.9. This structure was the subject of investigation in a related project

within the collaborative programme, and produced a convenient case study for the

application of the undercut element method.

8.2  Application of the Undercut Element Method to a X300 Plenum Chamber

Initial finite element work on the plenum chambers was carried out by Hawtal Whiting,
one of the collaborating partners in the LIVEMAN project. Jaguar Cars, another project
partner, supplied CAD models of the X300 plenum chamber. The main finite element

work was investigated using the Hypermesh finite element modelling package.

The FE diagram in Figure 8.1 shows the complexity of the structure, and the possible areas
for bonding are noted in Figure 8.2. Figure 8.3 shows the FE model of the plenum

chamber which also includes the projecting end bars; these represent the torsional loading

attachments used in early experimental tests, but the configurations were changed in later ’

tests.
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Figure 8.1 FE model of half the Jaguar X300 plenum chamber

Flange joint 2

Flange joint 1

Flange joint 3

Flange joint 4

Figure 8.2 Schematic representation of the plenum chamber cross section showing the flange joints
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Figure 8.3 Full FE model of the Jaguar X300 plenum chamber

The FE model of the plenum chamber is composed of shell elements representing the
metal sheet panels, and solid elements which are used to represent the adhesive bondline
in the flange joints. In the initial analysis, the bondline extended over the whole flange
area, as shown in Figure 8.4, and was designed using 2 elements across the flange length.
Through minor modifications of the CAD drawings and element dimensions, it was
possible to reconfigure the bondline elements to introduce undercuts, as shown in Figure
8.5. The elements in the bondline were modified to 3 elements along the flange, of which
the outer elements represented the length of the desired undercut (8 = 5.5 mm); these outer
“elements were then removed. This modified model was implemented by Hawtal Whiting,

and the torsional stiffness results from the analysis provided comparison with the original

unmodified model.
e — —t ="
5.5mm 5.5mm !
Figure 8.4 Original FE macro model Figure 8.5 Modified FE model with a three- element bondline
with a two-element bondline ‘ _ and a 5.5 mm undercut
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The original CAD models of the plenum chamber were designed for spot-welded flanges.
The FE models used 2 shell elements along the flange width so that the centre nodes could
be joined with a rigid link to represent the spo.t-weld (Figure 8.6). However, with the
introduction of adhesive bonding and weld-bonding into vehicle substructures, more
accurate representations of the joints were required and the model developments are
shown in Figures 8.7 and 8.8. Initial stiffness results from the FE analysis of the plenum
chamber are carried out using original FE modelling techniques of unbonded (spot-

welded) structures and are shown in Table 8.1. The results are compared to two FE

models of weld-bonded joints.

5.5mm

Figure 8.6 Original FE model of Figure 8.7 Original FE model ~ Figure 8.8 Modified FE model of
of a weld-bonded joint a weld-bonded joint and a 5.5mm

a spot-welded joint
undercut

T hé first model is based on the original, unmodified method used to represent’ the
bondline, i.e. two elements along the flange length‘ with no undercut; while in the second
modified model, an undercut element of 5.5 mm length is introduced in the joint line to
represent more accurately the adhesive bondline. It should be noted that the end fittings
and constraints in these first models of the plenum chamber are different from those used
in the second FE analyses, results of which are given in Table 8.2. By comparing the FE
results for different joining techniques, ‘it can be seen that the weld-bonded model is
approximately 30% stiffer than a similar spotjwelded structure. This result is significant

as it shows how adhesives can be used to enhance the stiffness of vehicle structures.
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Torsional Stiffness Percentage Increase Compared with
(Nm/degree) Spot-Welded Structure using Original FE Model
- Spot-Welded Structure
using Original FE Mode! 8.21 -
(Unbonded) !
Weld-Bonded Structure
.- using Original 10.70 30.3
FE Model
Weld-Bonded Structure
with Undercut Aement 10.06 2.5
in FE Model

Table 8.1 Torsional stiffness results from the FE analysis of a Jaguar X300 plenum chamber

The results in Table 8.1 also show how the undercut element method affects the prediction
of the overall stiffness of the structure, when compared to the original FE model. The FE
model with a 5.5 mm undercut is only 23% stiffer than the spot-welded structure. It can
be observed from these results that FE model representation of the large-scale structures
give an over-estimation or over-prediction of the stiffness of bonded structures. With the
inclusion of the undercut element, the resultant stiffness values are more representative of

the actual structure. €

8.2.1 Validation with Experimental Work ~ » - Y

An initial experimental test programme was undertaken by Jaguar Cars to measure
stiffness characteristics of plenum chambers [Cotton (1998)]. However, there was
considerable variability in the results which was primarily attributed to the supports and
the end fittings for the test fixture. The Joining Technology Research Centre at Oxford

BrookesUniversity, therefore, undertook a further test series on the plenum chamber with

refined mountings and test procedures, shown in Figure 8.9.

Plenum chambers were prepared by project partners TWI and Ford with different flange
joint conditions. ~ These included a simple spot-welded structure and weld-bonded
chambers using three different adhesives; CIBA XB5315 and TEROSTAT 3218F as used
in previous studies, and also another high modulus epoxy adhesive,”TEROKAL 4500 (E =
4 GPa). During assembly of the chambers, it was not possible to control the adhesive fillet
ratio, but inspection of the completed units indicated an excess of adhesive on most joints,

with full fillets giving 100% fillet ratios.
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- The experimental procedure for testing the plenum chambers was similar to that of the box
structures in torsional loading. The plenum chambers were mounted on to an Avery-
Denison torsion testing machine using specially manufactured adapter plates which were

welded onto the structures, as shown in Figure 8.10.

Nine LVDT displacement transducers were used to measure the angular displacements,
while a torque transducer measured the twisting moment of the structure. Seven of these
LVDT transducers ‘were distributed uniformly along the flanges, while the other two
transducers were used to record the movement of the end plates which were welded to the
ends of the plenum chamber. Stiffness measurements were calculated based on the

movement of the end plates recorded from these two transducers.

The initial undercut of 5.5 mm introduced in the FE models was based on the assumed
- worst case condition of 0% adhesive fillet ratio. However, as the experimental plenum
chambers were seen to have 100% fillet ratio, the large undercut was expected to over-
‘ compensate. Nevertheless, as observed in the derivation of the undercut element method
in Chap’ter‘6, some correction is still necessary for the effect of the ﬂange bend radius. A

more accurate undercut value was derived from the graph,in Figure 6.5 and this was -

calculated to be approximately 2 mm.

: Results from the experimental tests are shown in Table 8.2 and compared with the reSults
N from the‘ modified finite element models. These plenum chamber FE models were
‘, modrﬁed to 1nclude a2 mm undercut element so that they could accurately represent the

adhesrve bondhne in the experrmental specrmens The posmon of the spot-welds, shown |
earlier in Figures 8.6- 8. 8, were also modified in each model O that they could be drrectly :
compared to one another However, it has been noticed that generally the positions of the

spot -welds in automotrve structures do vary and therefore thrs change should not‘

' srgnrﬁcantly affect the results.

The results show a farrly good correlation between experrmental tests and mochﬁed FE "
models when 1ntroduc1ng the undercut element method Results for the spot—welded
plenum chambers and the low modulus adhesive (TEROSTAT 3218F) give very good
correlation (3-6% dir’ference) while there is a slightly larger variation (8-10%) between the

experimental and FE results for weld-bonded structures using the high modulus adhesives.
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Causes for such variations could be attributed either to the experimental techniques, i.e.
poor joint manufacturing, imperfect bondlines, test set-up procedures, or possibly due to
some errors in the FE models. The precisior} of the constraints, loading positions and
alignment of the central axis may introduce some uncertainty. Also, the apertures may
cause local buckling effects which are not accommodated for in the FE models. Despite
these differences, it is clear that adhesive bonding does give a significant increase in

stiffness to plenum chambers.

Torsional Stiffness (Nm/degree)
Finite Element Models Experimental Tests
Spot-Welded Structure
with Original FE Model 37.12 , 39.39
(40 mm pitch)
Weld-Bonded S tucture
with Undercut Hement 41.08 42.12
(TEROSTAT 3218F)
Weld-Bonded Structure
with Undercut Hement . 414 42.96
(CIBA XB 5315) )
Weld-Bonded Structure
with Undercut Element 47.74. 43.72
(TEROKAL 4500) “

Table 8.2 Comparison of torsional stiffness results from FE and experimental testing of the plenum chamber

Both experimental test and FE results show that weld-bonded structures will increase the
torsional stiffness of the plenum chamber; FE results show an increase by approximately
10% for a low modulus adhesive and up to 30% for a high modulus adhesive. Considering
the plenum chémber is only one structure within a car body, this 10-30% improvement
obtained with weld-bonding is regarded as a significant enhancement for stiffer vehicle
bodies. As a further design observation, it isv suggested that there is scope for
improvement in the layout, position and size of apertures, to optimise the stiffness of

~vehicle structures.
8.3 Application of the Undercut Element Method to a X300 Body-In-White

The body-in-white represents the main frame of a vehicle. In this interpretation the doors,

bonnet and boot are excluded erm the FE models; it is clear that the overall vehicle
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stiffness is dependent on the body-in-white properties. Finite element work of the body-
in-white was carried out by Hawtal Whiting using Hypermesh and Nastran as the pre- and
post- processing packages. The finite element frlodel of the X300 vehicle body is shown
in Figure 8.11. Summary results from the FE analysis by Hawtal Whiting [Harpham
(1999)] are given in Table 8.3, where the torsional stiffness is calculated for spot-welded

and weld-bonded vehicle body frames. The undercut length that was removed in this

model was of 5.5 mm.

Figure 8.11 FE model of half the Jaguar X300 body-in-white

o

Torsional Stiffness Percentage Increase Compared with
: (Nm/degree) Spot-Welded Structure using Original FE Model
Spot-Welded Structure . ‘ :
using Original FE Model 11.88 : -
" (Unbonded) '
Weld-Bonded Structure
using Original 17.95 51.1
FE Model
Weld-Bonded Structure : ‘ -
with Undercut Bement ‘ 16.23 . 36.6
in FE Model -

Table 8.3 Torsional stiffness results from the FE analysis of the Jéguar X300 body-in-white

- Initial ‘cyo’n‘lparisons wiih the original FE models indicate that a 51% enhancernent of
stiffness might be achieved by using adhesive in the joints during body assembly. The :
introduction of the undercutielement method in the FE models reduces the predicted
stiffness by about 15%. Tﬁe initial, higher prediction is perhaps optimistic compared with
observations from the ‘plenur‘n chamber experiments. Nevertheless, it is evident that

‘ adhesi\?e bonding should give signiﬁcaht improvements in stiffness. Also, the undercut

element method should give a'm'oreaccurate prediction.
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8.4  Summary

In this chapter, the application of the undercut element method to larger vehicle structures
was investigated. Experimental test results were compared to extensive finite element

analyses of original and modified models to include an undercut. The key observations

can be summarised as following.

e The application of the undercut element has been demonstrated to be effective in

real vehicle details.

e For structures such as the plenum chamber, FE model predictions with the
inclusion of the undercut element gives fairly good agreement with experimental .

tests, in particular for lower modulus adhesives and spot-welded structures.

- o The dimension of the undercut element to be implemented into the FE models can

be determined from experimental tests to derive a more accurate calibration.

e The ease of use of the undercut element method,has been demonstrated in the

application to a full vehicle body analysis.

e An improvement in the weld-bonding techniques for vehicle structures has been
found to be in the order of 10-30% for plenum chambers (2mm undercut) and 37%
for full vehicle bodies (5.5mm undercut) compared to the original FE methods for

spot-welded structures.
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9. DISCUSSION

9.1 Introduction

The automotive industry is aiming to improve the overall performance of cars through the
development of light-weight vehicles. Vehicle weight reduction leads to lower fuel
consumption and hence reduced emissions, making them more environmentally friendly
and cost effective. New technologies such as steel/aluminium welded tailored blanks for
car doors, for example, have been shown to significantly reduce the overall weight of a
vehicle and increase the stiffness of the structure. Materials, such as high strength steels,
aluminium alloys and composites are also being introduced to reduce vehicle weight.
Associated with the use of dissimilar and new materials, advanced joining met};ods are

being devised in order to assemble and join such light-weight materials.

Traditional joining methods, such as spot—we}ding, have been typically used to join thin
sheet steel material in vehicle structures, particularly in" areas such as the body frame
where enhanced stiffness is required. However, there are some restrictions with the use of
spot-welding, particularly when joining new and dissimilar materials such as aluminjium

and polymer composites. Therefore, other joining methods are being considered to |

connect these load bearing structures.

Adhesive bonding is one of the preferred joining methods as it offers considerable
potential for joining dissimilar and light-weight materials. One of the advantages of
bonding is that with the structural continuity of the joint line, the overall performance and
strength of the structure are improved. A range of different adhesives, from
polybuudlenes to structural epoxies, is being used to join structures within vehicles. The
selectlon of the adhes1ve to be used primarily depends on the specific performance
requ1rements for that structure. However, as a general observation, the stiffness of an
adhesive joint is con51derably higher than joints made with other traditional joining

methods, such as mechanical fastening or spot-welding techniques.
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9.2 = Requirements for Stiffness

One of the major requirements in vehicle body construction is the structural stiffness of
the body. Noise, vibration, passenger comfort. and performance are some factors which
are determined by the integrity and stiffness of the body frame. Steel frames have been
widely used, and steel is still a preferred material for body shells primarily because of its
relatively high strength properties and ease of fabrication. Research on the stiffness of
body shells has shown that by using adhesive within the body, it is possible to reduce the

thickness of the steel sheet without loss of stiffness performance. This provides an

important route to possible weight reduction.

The potential of adhesive bonding is not only as an advanced joining method for new and
light materials, but also as a method for improving the stiffness of the vehicle body.
Further work has shown that a combination of spot-welding and adhesive .bonding
methods to form weld-bonds can further enhance the stiffness and reduce the weight of a
structure. Weld-bonding methods have been shown to improve the stiffness of the
structure typically by 25% compared with 2 spot-welded equivalent [Fenton (1998)].

L]

9.3 Numerical Modelling of Adhesive Bonded Joints

Numerical modelling methods are now used extensively to predict body characteristics,
such as stiffness and strength, and to analyse the overall performance of a vehicle.
HowéVer, with the demand for light-weight vehicles, new and advanced joining
technologies are being implemented into vehicle structures, and it has been found that

joint details are not being accurately represented in the FE models.

In the automotive industry, current FE modelling techniques have been developed for
spot-welded structures but with new joining techniques, such as adhesive bonding and
weld-bonding, these methods must be reconsidered. This is pfimarily due to additional
geometric details in adhesive bonded joints, e.g. bend radius, fillet ratio and adhesive type,
which in spot-welded macro models are unaccounted rfor. To effectively predict the
stiffness of vehicle structurés which involve bonding techniques, cﬁrrent FE macro models

require better representations‘ of such joints.
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FE analysis and experimental testing of typical adhesive joints, such as the single lap joint
and the coach/T-peel joint, were carried out to understand the behaviour of the joints and
to compare the effectiveness of the different FE modelling techniques used: the ‘micro’
and the ‘macro’ modelling methods. The ‘micro’ modelling method represents a FE
model made out of solid elements and where all the geometric details, such as the flange
bend radius, the bondline thickness, the sheet thickness, the adhesive fillet ratio, etc., are
accurately represented. The ‘macro’ method, on the other hand, describes the modelling
technique used primarily by the automotive industry where large-scale structures are
modelled. ‘Macro’ models use a combination of shell elements with solid elements; the
solid elements represent the adhesive bondline and the shell elements represent the sheet
metal. The main problem with ‘macro’ modelling methods is the uncertainty of the
validity of combining shell with solid elements, particularly in terms of the adhesive fill
and the lack of geometric details such as the sheet bend radius. In previous ‘macro’ or
large-scale models, where spot-welding was principally used as the joining technique,
these geometric approximations were not noticed. However, with the introduction of
adhesive bonding as a joining technique, these geometric inaccuracies have a significant
influence on the prediction of the performance of the structure.
o .

Modelling smaller joints, using ‘micro’ and ‘macro’ modelling techniques, showed that a
method of translating the results of joint details into the ‘macro’ models was required.
Different approaches of accounting for micro details were reviewed in order to try solve
the problems associated with micro to macro modelling. These included the joint-line
| element method, the super-element method and the spring element method. The main
function of these substitute elements was to improve joint details which were not
accurately represented in large-scale models. This was done by implementing elements
that would define joint properties to improve the prediction df joint stiffness of the macro-
models. - However, there were some limitations and drawbacks associated with each

models, and these have been previously identified in section 4.5.1.

The undercut element method was developed as a tool for including joint details, to obtain
more accurate predictions of the structural behaviour and stiffness performance of
adhesive bonded structures. The ease and applicability of the méthod to FE models,
proved to be an effective way to correct ‘macro’ models and predict more acéurately the

actual behaviour of the joint. The undercut element method was applied to typical smaller
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joint configurations and to larger structures such as the idealised box beam structure, the

plenum chamber and the body-in-white of a Jaguar X300 series vehicle.

As a general outcome from the study, the FE models of the bonded structures which
incorporated the undercut element method, gave stiffness values which were considerably
lower than the original models. The original FE models used in the automotive industry
give an over-prediction of the actual stiffness of bonded structures. With the inclusion of
the undercut element method in these models, a closer and more accurate prediction of the

joint behaviour and of the overall performance of the structure can be determined.
94  Problems Encountered with FE Modelling Methods

The primary requirement of the analytical studies was prediction of structural stiffness,
and it was therefore considered acceptable to use linear FE models for most of the
investigation. During the study, there were several issues pertaining to FE modelling

methods which caused some concerns, and these will be addressed in this section.

9.4.1 Mesh Convergence .

o

One of the most important aspects related to accurate modelling is the mesh size used to
definé a structure. Before each joint or structure was analysed, an extensive mesh
validation process was carried out to determine the minimum number of elements required
for convergence of an accurate model. This process also helped to identify the minimum
mesh density necessary for fast and efficient analysis, needed particularly in the analysis

‘of larger structures.

For lap and coach joints, the meshes were denser at the edges of the overlaps and across
the bondline thickness, as these were critical areas. In the analysis of the idealised box
structures, it was also found necessary to increase the mesh density at selected regions
over the cross-sectional area of the structure, to provide accuracy and convergence of the

results.

9.4.2 Geometric Representations
Accurate representations of the geometry of a structure in FE models is an important

factor for good predictions of structural behaviour. Most of the simpler geometric joints
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such as single lap or coach joints, for example, are easy to design and model. However,
there may be some difficulties when designing some of the more complicated structures
such as the idealised box beam and the plenum chamber. The main sources of error arise
from the adjustment of the adhesive bondline in the shell-solid FE models. One example

of inaccurate geometric representations can be demonstrated in the idealised box beam

structure, illustrated in Figure 9.1.

\z 7

Figure 9.1 Basic configuration of the idealised box structure
]

To sétisfy the dimension specificatidns, that is that the structure has an internal area of
60x60 mm, the FE models must be designed accordingly. With spot-welded structures
this was not a problem since each of the four plates making up the structure were joined
together giving the closest match to that of the required area. However, with the
introduction of adhesive bonding, the joining of the plates will also include an additional
0.2 mm adhesive thickness hence, increasing the area. The accuracy of the FE models will
depend primarily on the initial design methodology. The solid element models can be
eaSily replicated from the manufacturing dimensions, as shown in Figure 9.2. However,
there are various ways to represent the sheet in shell element models. The first method is
to use the centré—lines of the solid metal sheets or CAD models to design the shell
surfaces. If these models include the bondline thickness, then the resultant shell element
models will have dimensions, as in Figure 9.3, which is équiva.lent to a 60x60 mm box.
HoWeVer, génefally industrial “CAD drawings are designed for spot-{velded structures and

therefore, do not include the additional bondline. If the design specification was to
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maintain a 60x60 mm cross sectional area, then extensive time and manipulation of the

model would be required.

60+t

60 j\ ‘ 60 +1 N

Figure 9.3 Shell model derived from centre-lines

Figure 9.2 Solid element model of a box ; ael ¢ _
of solid structure taking into account the bondline

structure with 0.2 mm bondline thickness

Approximations were also made at the corners of the plug in order to accommodate 100%
adhesive fillet ratios in solid element models, and shown in Figures 9.4 and 9.5. On
further analyses however, it was shown that removing the corners of the plug to

accommodate an exact 100% adhesive fillet ratio did not affect the overall results.
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Figure 9.4 FE solid element model with a
0% adhesive fillet ratio ‘
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The sources of modelling errors are primarily associated with the lack of accurate
geometric representation. It is essential for good, accurate and comparative results to

replicate the geometric details of the actual specimen through FE modelling methods.

9.4.3 Application of Boundary and Loading Conditions .

Another problem associated with modelling adhesive joint structures, ‘particularly larger
ones such as the box structures, was to accurately represent the experimental loading
conditions. For a direct comparison between FE models and experimental tests, the
material properties, constraints and loading conditions must be similar in both cases.
Because the experimental set-up involved more complicated issues, the FE models were
designed at a later date to represent the existent experimental conditions as closely as

possible.

For the idealised box beam structure, this proved to be a problem particularly for the -
application of the torsional displacement through the aluminium end plugs. Because it is
quite difficult to represent exactly what occurs during the experimental tests, a series of
methods was used to represent the applied loading conditions in the FE models.  Initially,
the displacements were applied at four nodes, equidistant from the centre axis of rotation,
as shown in Figure 9.6. Results showed that the angular displacements of the inner nodes
during torsional loading were higher than the angular displacements at the outer édge of
the plug. In another model, displacements were applied at the four nodes on the mid-span
of the sides of the plug, at the interface with the adhesive layer, as shown in Figure 9.7.
Although this model adequately transmitted nominal angular displacement to the box, it
was thought that the application of the load to only 4 nodes did not offer adequate uniform
application of the torque applied. The rotational displaqeménts were therefore applied

over a uniform and wider area in a third model, illustrated in Figure 9.8.

The rotational displacements in the third model, were applied along circular paths. All
nodes within the outer path were subjected to displac¢ments, and these were calculated
based on the distance of the nodes from the centre of the box. For example if the desired
torsional displacement was 1 mm over a circular path of 10 mm dlameter then the outer
nodes would rotate by 1 mm, the inner ones of a 7.5mm dlameter by 0.75 mm, the 3™ path
by 0.5 mm, the 4™ by 0.25 mm, the 5% by 0.125 mm, and so on, depending on the mesh

produced; the innermost node represents the centre of rotation. Figure 9.8 shows a
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schematic representation of the application of rotational displacement used in the FE
models to replicate the experimental test procedures. At each node, the angular
displacement was calculated and defined by a horizontal (x) and vertical (y) movement.
The representation of applied rotation in this model, gave stiffness values which were in

good agreement with experimental results.

L A L

l 5

Figure 9.6 Applied displacements at inner 4 nodes Figure 9.7 Applied displacements at outer 4 nbdes

1mm

0.5mm -

Figure 9.8 Application of rotational displacements on all nodes around a circular path
Eventually, it was found that all three models could be used to predict stiffness, provided

that the relative displacements of the front and back edges of the box were used to

calculate the actual angular rotation.
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Correct application of all loading and boundary conditions is a fundamental and important
issue when using numerical modelling methods. FE models should accurately represent,
to the closest extent, the experimental models in order to obtain good and comparable
results. There are however, some unaccounted factors in the experimental tests such as
local deformations and distortions across the plug-structure interface; such factors are

difficult to accurately represent in FE models, and may result as small sources of error

which have to be accepted.

9.4.4 Other Sources of Inaccuracies

Apart from the accuracy of representation of geometry and loading conditions, the FE
models cannot fully accommodate the inherent variability in adhesive joints. Sources of
variability include voids and defects, non-uniformity in fillet dimensions and mechahical
properties of the adhesives, which can arise through differences in curing conditions,
humidity, etc. To better assess these possible sources of error in exﬁerime_ntal tests,
parametric analyses using FE methods were carried out to determine how different design
factors affected the sensitivity of the joint, in terms of stiffness. The main parameters
investigated were the adhesive fillet ratios and different adhesive materials. Characteristic
curves obtained from the results of the analyses, showecz the variation of stiffness to these
parameters. The resultant curves would also allow one to understand the sensitivity of the

joint to such uncontrollable variables, existent in experimental tests.

For example, the adhesive fillet ratio in experimental specimens will contain some
inaccuracies. Although special scrapers were used to control the adhesive fillet of the joint
prior to curing, the measurements of the adhesive fillet ratios after curing were generally
~larger. The main cause of fillet variability is associated with the flow of the adhesive
during the curing process, resulting in a slightly larger ﬁllét. From an observation of the
fillet ratios of the experimental specimens prior to and after curing, it was noted that
generally, the adhesive fillet ratio might increase typically by 10%. One solution to obfain
comparable FE models to the experimental specimens, which include such errors, is to
measure the fillet ratio of the experimental specimens after they have been cured.
Additionally, FE parametric studies of changes in adhesive fillet ratio on joint stiffness,
can also provide a better understanding of the sensitivity of the joint. Results from the
parametric study on coach joints, given previously in Figure 6.4, showed that say, for a

50% fillet ratio, -a-10% increase in fillet size would givé a . stiffness change of
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approximately 11%. A greater variation in stiffness is noted at higher fillet ratios and

hence, the percentage error for such joints is greater.

A similar parametric study was also carried out to determine the sensitivity of joint
stiffness with respect to changes in adhesive modulus. The variability of the adhesive
modulus in experimental tests is generally caused by different curing conditions such as
under-curing or over-curing and moisture uptake, both of which can alter the adhesive
modulus. It is expected that in worst cases, the errors for experimental-joints caused by
changes in adhesive modulus, are in the range of £30%. Figure 9.9 shows the results from
the parametric study on the variability of adhesive modulus, for lap joints and coach joints

in tension.

2000 T 2D Solid FE Models

1800 L] -&-- Single Lap Joint ‘ -
—P&— Coach Joint 0%FR

1600 1| —gg— Coach Joint 100%FR A A

Tensile Stiffness (N/mm.mm

Adhesive Modplus (MPa)

Figure 9.9 Variation of tensile stiffness with adhesive modulus for typical joint configurations

For a lap joint with a 1.0 GPa epoxy adhesive, a change in adhesive modulus by say,
+30% would give stiffness results in the order of 1% greater; for a —30% reduction in

modulus, there would be a resultant 5% change in stiffness. Similar studies on coach
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joints for 0% and 100% adhesive fillet ratios showed that for similar variations in adhesive
modulus, i.e. £30%, would result in changes in stiffness values by 5% and +16%,
respectively. From the results, it can be observed that coach joints with 100% fillet ratio
are most sensitive to variability in adhesive modulus. The general observation from these
results is that errors caused by experimental variability can make direct comparison with
FE models quite difficult. However, parametric studies of joint design parameters can
provide better understanding of the sensitivity of the joint.

Other sources of error caused by experimental variability are due to bondline defects, such
as debonds or voids within the adhesive layer. The presence of such imperfections may
cause significant losses in joint stiffness. FE parametric analyses of various sizes,
positions and shapes of these defects can provide a better understanding of the sensitivity
of the experimental joints. Also, to try reduce the experimental error, careful attention

should be given to precise procedures during the manufacturing of the joints.

9.4.5 Introduction of Apertures into FE Models

During initial analysis of plenum chamber sections, it was found that their torsional
stiffness was significantly lower than expected from thewidealised beam studies. This was
attributed to apertures in the panels of the plenum chambers. To check this hypothesis,
further studies were made on idealised beams with various aperture configurations. While
the FE analyses did demonstrate the substantial reduction in torsional stiffness, which
would explain the low values of torsional stiffness of the plenum chambers, there was
some concern as to the validity of the modelling results for box structures with large
central apertures, i.e. 26% of sheet area. Results showed a departure between solid
element models and shell-solid element models as the size of the aperture increased.
Experimental results showed a closer similarity with the shell-solid element models. This

variation is assumed to be due to the inability of solid elements to represent the response

 of thin sheet shell-like structures, correctly.

Nevertheless, it has been shown from the study on box structures, that large apertures,
such as those found in the plenum chamber sections, contribute significantly to loss of
stiffness. Whilst the objective of the automotive mdustry isto try to reduce the weight of

vehicles through the use of apertures, there remains much scope for their optimisation. An

N
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investigation should be carried out to determine how apertures with various sizes, shapes
and positioning along a structure can contribute to loss of stiffness, with respect to weight

saving in vehicle structures.
9.5  The Undercut Element Method

The use of adhesive bonding in main vehicle structures is increasing and there is a need
for better representations of joints in FE models. Many studies on typical adhesive joints
have shown the importance of joint details for accurate predictions of joint behaviour. In
large-scale or macro models, joint details such as the adhesive fillet ratio and the forming
bend radius, are not accounted for and certain approximations are made instead.
Consequently, the overall stiffness prediction of full vehicle bodies is not accurately
represented. The undercut element method provides a tool for improving joint details in
large-scale models of vehicle structures. The implementation of the undefcut in FE macro
‘models accounts for the approximations made both to adhesive fillet ratio and those made
for the sheet forming bend radius. The method is applicable to all types of adhesive joints.
The undercut element method is a method of approximation of the local joint geometries,

to obtain improved predictions of stiffness in vehicle body structures.
) L]
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10. CONCLUSIONS

The aims and objectives set out at the beginning of the project have been accomplished.

The work presented in this thesis has shown that current methods of representation of
adhesive joints in large-scale finite element models, for the analysis of vehicle structures,
have some limitations. Finite element analyses were carried out using micro and macro
modelling techniques and results were also validated with experimental tests. The general
observation from the study showed the need for some form of refinements in macro
models, to represent adhesive joint details more accurately. The undercut element method
has been proposed as a method for including joint details in large-scale models to provide

more accurate and representative predictions of stiffness in vehicle bodies.

10.1 Finite Element Analysis

In order to derive the undercut concept, some of the key observations of numerical

methods must be highlighted and these are summarised in this section.

Finite element analysis is a powerful tool for predicting the behaviour and performance of
a large variety of structures. FE methods have been used extensively in the modelling of
car bodies and give accurate prédictions of spot-welded structures. _ However, for adhesive
bonded joints, extra attention is required in defining joinp details such as the forming bend

radius, adhesive fillet ratio and adhesive material properties,

Because of the large size of FE vehicle structure models, the accuracy of geometric details
of adhesive joiﬂts is limited. Shell-solid (macro) modelling, used by the automotive
industry, is a valid method of analysis but some form of refinement is necessary if
adhesive joints are introduced in the structure. This study has resulted in the development
of a novel approach for compensation of adhesive joint details in vehicles, based on an

undercut element concept.
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10.2 The Undercut Element Method

‘The undercut element method is a tool for providing joint details which are unaccounted
for in large-scale models. By incorporating an undercut element in current FE macro
models, it is possible to obtain more accurate predictions of the performance of vehicle
structures. The application of the undercut element is simple and there are no specific

limitations to its use.

The principle behind the undercut element method has been derived through the analysis
of typical small-scale adhesive joints. An extension of these micro modelling techniques
has been carried out using the undercut element method on more representative structures,
such as box beams, plenum chambers and a full vehicle body. Generally, results from the
industrial application of the undercut element into vehicle structures gave stiffness values
which were significantly lower than the initial predictions.. This suggests that modelling
techniques used in unmodified macro models overestimate the stiffness behaviour of
vehicle structures. The undercut element method has been proposed as a technique to

enhance full body analysis methods.

10.3  Experimental Tests

Testing of small-scale joints was used to validate initial FE models which led to the
undercut element concept. Experimental procedures provided an acceptable degree of
reproducibility for a confident comparison with FE predictions. On larger-scale structures,
experimental variability became more significant due to dimensional and geometric
inaccuracies and other cumulative effects such as adhesive cure. As a result, direct
correlation was less visible although trends and effects followed predicted patterns. The
‘large-scale tests demonstrate that the undercut element correction should give improved

predictions of stiffness in full vehicle body structures.

10.4  Further Findings

~ An important observation arose from studies on actual vehicle body substructures which

- demonstrated that apertures in sheet components have a significant, and potentially over-
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riding, effect on stiffness. Holes are cut in panels for various reasons including weight
reduction, ducting, cabling and mechanical linkages. Analyses on the effects of apertures
suggest significant losses in stiffness even for structures with small, single apertures. The
results from the study show a potential for eﬂhahcing the structural behaviour of vehicle

structures; this can be obtained through optimisation in the size, shape and distribution of

apertures in vehicle structures.

10.5 Recommendations for Future Work

The undercut element method derived from this study has been developed primarily in the
context of vehicle bodies constructed from steel sheet. The extension of its application to
other body materials will require further refinement and validation. In the case of
aluminium alloys, simple substitution of modulus values may accommodate material
stiffness effects, but sheet thicknesses and joint geometries may require furthe; analysis.

Composite materials will also introduce additional complications because of their

directional properties.

All the stiffness studies carried out were for static loading. While this condition provides
a good measure of the structural behaviour of the car body, which affects aspects such as
handleability, dynamic analysis would be desirable to investigate the effectiveness of

numerical models on predicting modal responses which determine noise and vibration.

There is still a confidence gap in the use of adhesives in structural automotive assembly
due to uncertainties in long term integrity. Because of this, manufacturers favour hybrid
joining methods such as weld-bonding. The corrective effects of the undercut element
method generally re.late' to the adhesive fillet and ﬂange. bend radius, and the method
should be equélly applicable to bonded and weld-bonded joints. However, further

qualifications of this assumption would be desirable.

Consideration of joint integrity aspects also raises the issue of strength prediction.
Although the numerical models used in this study could be extended for analyses of
stresses, it would be necessary to use non-linear material properties. Many investigators
are addressing problems related‘to the prediction of strength of bonded structures and

further work is necessary to extend this research into vehicle bodies. Specific problems
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include impact behaviour, environmental degradation and other time-dependent

mechanisms such as creep and fatigue.

The experimental studies in this project identified the important effect of apertures on the
behaviour of sheet metal structures. Future work should address design optimisation of

apertures on representative substructure details such those found in the plenum chamber.

182



REFERENCES

ABAQUS User’s Manual (1998), Version 5.8, Hibbitt, Karlsson & Sorensen Inc., USA

Adams RD, Chambers SH, Del Strother PJA & Peppiatt NA (1973) ‘Rubber model
for adhesive lap joints’, Journal of Strain Analysis, Vol.8, No.1

Adams RD, Comyn J & Wake WC (1997), ‘Structural adhesive joints in engmeenng ,
Second Edition, Chapman & Hall, United Kingdom

Adams RD, Coppendale J & Peppiatt NA (1978), ‘Failure analysis of aluminium —
aluminium bonded joints’, Adhesion 2 edited by Allen K, Applied Science Publishers,
London, United Kingdom

Adams RD & Davies RGH (1995), ‘Numerical modelling of the influence of temperature
on the mechanical behaviour of single lap joints’, SAE IV Conference Proceedings,
Institute of Materials, Bristol, United Kingdom

Adams RD & Peppiatt NA (1973), ‘Effect of Poisson’s ratio strains in adherends on
stresses of an idealised lap joint,” Journal of Strain Analysis, Vol.8, No. 2

Adams Rd & Harris JA (1987), ‘Influence of local geometry on the strength of adhesive
joints’, International Journal of Adhesion and Adhesives, Vol.7, No.2

Adams RD & Wake WC (1984), ‘Structural adhesivenjoints in engineering’, Elsevier
Applied Science Publishers Ltd, United Kingdom

Aivazzadeh S, Babi N & Verchery G (1987), ‘Assessment and comparison of classical,
mixed, and interface elements for the stress analysis in adhesive joints’, EUROMECH
Colloquium 277: Mechanical Behaviour of Adhesive Joints, Saint-Etienne, France

Allen K (1992a), ‘Diffusion theory of adhesmn Handbook of Adhes1on edited by
Packham DE, Longman Group Ltd, Great Britain :

Allen K (1992b), ‘Theories of adhesion’, Handbook of Adhe51on edited by Packham DE,
Longman Group Ltd, Great Britain

Allman DJ (1977), ‘A theory for the elastic stresses in adhesive bonded joints’, Quanerly
Journal of Mechamcs and Applied Maths, Vol.30

Anon (1985), ‘High-strength laminates for concept and race cars’, Automotive Engineer,
October/November

Anon (1987), ‘Welding Handbook’, 8™ Edition, Vol.1: Welding Technology, American
Weldmg Society, Florida, USA , ;

Anpn (19903), ‘Making it with plastics’, British Plastics & Rubber, January

183



Anon (1990b), ‘The Ford tests car structure produced by RTM’, Advanced Composite
Engineering, March

Anon (1994a), ‘Light-weight construction’, Materlals World, February/March
Anon (1994b), ‘Holistic design with steel for vehlcle weight reduction’, AISI Report

Anon (19%4c), ‘Steelmakers point to weight savings with HSS alloys’, Materials World,
February/March

Anon (1994d), ‘Processing demand for future’, ULSAB brochure, British Steel
Publications

Anon (1995a), ‘Ultra Light Steel Auto Body Consortium’, Porsche Engineering Services,
Final Report, August

Anon (1995b), ‘The Aluminium Car’, Aluminium Extruders Association, Second Edition,
January :

Anon (1995c), ‘The Challenge — The Response’, ULSAB brochure, British Steel
Publications .

Anon (1995d), ‘Steel Evolution’, ULSAB brochure, British Steel Publications
Anon (1995¢), ‘“The Styling — Challenge’, ULSAB brochure, British Steel Publications -

Anon (1996a), ‘Weight loss programs helping steel to take on a new look’, USCAR, URL
site: http:/www.uscar.org/techno/lw-steel.htm (19/04/2000)

Anon (1996b), ‘Advanced processes aimed at needs for both steel and aluminium’,
USCAR, URL site: http:/www.uscar.org/techno/steel-alum.htm (19/04/2000)

Anon (1996¢), ‘Carbon fibre composite structures; very light, very strong, very costly’,
USCAR, URL site: http:/www.uscar.org/techno/carbonfib.htm (19/04/2000)

Anon (1996d), ‘Costs must come down dramatically if composites are to compete’,
USCAR, URL site: http:/www.uscar.org/techno/compcost.htm (19/04/2000)

Anon (1997), ‘Ultra Light Steel Auto Body’, URL site: http':/www.ulsab.org (19/04/2000)

Anon (1998), ‘Ultra Light Steel Auto Body: lower weight, lower cost’, USCAR, URL
site: http:/www.uscar.org/techno/ulsab2.htm (19/04/2000)

Anon (1999), ‘World steel industry forms new consortium to develop advanced
-automotive concepts’, USCAR, URL site: http:/www.uscar.org/public/news/ulsab-avc.htm
(19/04/2000)

Anon (2000a), ‘About PNGV’, USCAR, URL site: http /www.uscar. org/pngv/mdex htm
(19/04/2000)

184


http://www.uscar.org/techno/lw-steel.htm
http://www.uscar.org/techno/steel-alum.htm
http://www.uscar.org/techno/carbonfib.htm
http://www.uscar.org/techno/compcost.htm
http://www.ulsab.org
http://www.uscar.org/techno/ulsab2.htm
http://www.uscar.org/public/news/ulsab-avc.htm
http://www.uscar.org/pngv/index.htm

Anon (2000b) ‘Ford, GM unveil partnership for a new generation of vehicle concepts’,
USCAR, URL site: http:/www.uscar.org/techno/unveil.htm (19/04/2000)

Anon (2000c), ‘Body structure/material alternative project’, USCAR, URL site:
http:/www.uscar.org/pngv/technical/body.htm (19/04/2000)

Anon (2000d), ‘Encyclopaedia Britannica’, URL site: http:/www britannica.com
(03/04/2000) ‘

Anon (2000e), ‘Aluminium: a high tech material for the automotive future’, URL site:
http://www.audi.com/java/models/stage/technic/alu/e_alu.html (25/05/2000)

Apalek MK, & Davies R (1993), ‘Analysis and design of adhesively bonded corner
joints, International Journal of Adhesion and Adhesives, Vol.13, No.4

Basu D & Ghosh KK (1993), ‘Experimental validation of a generalised shell formulation
by mixed finite element approach’, Computers & Structures, Vol.48, No.1

Beardmore P (1988), ‘Automobile materials of the future’, Chemtech, Vol 18, No.10

Beer G (1985), ‘An isoparametric Jomt/mterface element for finite element analy51s )
International Journal for Numerical Methods in Engineering, Vol.21, No.4 :

Beer G (1986), ‘A comparison of the boundary element and superposmon methods
Computers and Structures, Vol.23, No.3

Beermann HJ (1989), ‘The analysis of commercial vehicle structures’, Mechanical
Engineering Publications Ltd, United Kingdom

Beevers A & Kho ACP (1983), ‘The performance of adhesive bonded thin-gauge sheet-
metal structures with particular reference to box-section beams’, International Journal of
Adhesion and Adhesives, January ‘ ‘

Beevers A & Kho ACP (1984), ‘The performance of adhesive bonded thin-gauge sheet-
metal structures with particular reference to box-section beams’, Adhesxve Joints edited by
Mittal KC, Plenum Press, New York, USA

Bigwood DA and Crocombe AD (1989), ‘Elastic analysis and engineering design
formulae for bonded joints’, International Journal of Adhesion and Adhesives, Vol.9, No.4

Bigwood DA & Crocombe AD (1990), ‘Non-linear adhesive bonded joint design
analyses’, International Journal of Adhesion and Adhesives, Vol.10, No.1

Birch S (1999), ‘A2 arrives in aluminium’, SAE Automotive Engineering International,
November

“Chatfield C (1992), ‘Statistiés’, Handbook of Adhesion edited by Packham DE, Longman
Group Ltd, Great Britain

185


http://www.uscar.org/techno/unveil.htm
http://www.uscar.org/pngv/technical/body.htm
http://www.britannica.com
http://www.audi.com/java/models/stage/technic/alu/e_alu.html

Chen D & Cheng S (1983), ‘An analysis of adhesive-bonded single lap joints’,
Mechanical Engineering, Vol.105, No.7

Chiu WK & Jones R (1992), ‘A numerical study of adhesively bonded lap joints’,
International Journal of Adhesion and Adhesives,' Vol. 12, No.4 '

Clark JD & McGregor 1J (1993), ‘Ultimate tensile stress over a zone: a new failure
criterion for adhesive joints’, Journal of Adhesion, Vol. 42

Cofer WF & Will KM (1991), ‘A 3-dimensional, shell-solid transition element for
general non-linear analysis’, Computers & Structures, Vol.38, No.4 ' '

Cofer WF & Will KM (1992), ‘A finite element technique for the ultimate strength
analysis of tubular joints’, Engineering Computations Vol.9 ‘

Cole GS & Sherman AM (1995), ‘nghtweloht materials for automotlve apphcatlons
Materials Characterization, Vol. 35, No.1

Comyn J (1992) ‘Compatibility’, Handbook of Adhesion edited by Packham DE,
Longman Group L1m1ted Great Brltam

Cooper PA & Sawyer JW (1979), ‘Critical examination of stresses in an elastlc smgle
lap joint’, NASA Technical Paper No. 1507 USA

Cotton B (1998), ‘X300 98MY front bulk head torsional tests’, Jaguar Technical Report -
JA1A100901

Crocombe AD (1989), ‘Global yielding as a failure criterion for bonded joints’,
International Journal of Adhesion and Adhesives, Vol.9, No.3

Crocombe AD & Adams RD (1981), ‘Peel analysis using the finite element method’,
Journal of Adhesmn Vol.12, No.2

Crocombe AD & Moult AC (1988) ‘The effect of the adhesive thickness on the strength
of a bonded joint’, Adhesion 12 edited by Allen K, Elsevier Applied Science, United
Kingdom v

Crookes MJ & Miner RE (1996) ‘The Ultra nght Steel Auto Body program completes
phase I’, Journal of Materials, Vol. 48, No.7 .

Demarkles LR (1955), ‘Investigation of the use of a rubber analog in the study of stress
distribution in riveted and cemented joints’, Technical Note 3413, Nat. Advisory Cttee
Aeronautics, Washington D.C., USA : :

Dickson JN, Hsu TM & McKinney JM (1972), ‘Development of an understanding of

the fatigue phenomena of bonded and bolted joints in advanced filamentary, composite
materials’, Volume 1 — Analysis methods, Technical Report AFFDL No. TR-72-64

186 . ¢



Dieffenbach JR (1996), ‘Body-in-white materials’, JOM-Journal of the Minerals &
Materials Society, Vol.48, No.4

" Dieffenbach JR (1997), ‘Challenging today’s stamped steel unibody: assessing prospects
for steel, aluminium and polymer composites’, IBEC 97 Advanced Body Concept &

Development, SAE Conference, Detroit, USA:

Drake R (1997), ‘Structural adhesive technology: two decades of endunng progress’,
Adhesives Age, Vol.40, No.13

Drewes EJ, Engl B & Tenhaven U (1994), ‘Potential for lightweight car-body
construction using steel’, Technische Mittelungen Krupp, Vol.1

Eichhorn F & Schmitz BH (1984), ‘Comparative testing of standardized spot-welded
hollow sections of sheet steel with and without additional bonding of the groove’,
Schweiben und Schneiden, Vol.36, Institute of Welding Techniques, Aachen, Germany

Elinck JP, Halleux P & Winand A (1987), ‘The behaviour of bolted and adhesive
bonded joints in structural steelwork’, EUROMECH Colloquium 277: Mechanical

Behaviour of Adhesive Joints, Saint-Etienne (France)

Fenton J (1998), ‘Handbook of automotive body construction and design-analysis’,
Professional Engineering Publishing Ltd., Great Britain

Fernlund G, Chaaya R & Spelt JK (1995), ‘Mode I fracture load pred1ct1ons of adhesive
T-joints’, Journal of Adhesion, Vol.50

Findlater D (1987), ‘A design approach’for adhesively bonded joints’, EUROMECH
Colloquium 277: Mechanical Behaviour of Adhesive Joints, Saint-Etienne (France)

Frielink RJ (1997), ‘New solutions for lightweight bodies’, IBEC '97 Advanced Body -
Concept & Development, SAE Conference, Detroit, USA

Froes FH (1994), ‘Advanced metals for acrospace and automotive use’, Materials Science
-and Engineering - AA184

Garg A (1995), 2-D finite element analys1s of engineering’ components ASME
Symposium :

Gilchrist MD (1993), ‘Fatigue growth of cohesive defects in t-peel joints’, Journal of
Adhesion, Vol. 42, 1993 ‘

Gilchrist MD & Smith RA (1993), ‘Development of cohesive fatigue cracks in T-Peel
joints’, International Journal of Adhesion and Adhesives, Vol.13, No.1

Gmiir TC & Schorderet AM (1993), ‘A set of three dimensional solid to shell transition
elements for structural dynamics’, Computers & Structures Vol. 46 No.4

Goland M& Relssner E (1944) ‘The stresses in cemented joints’, Journal of Applied
Mechamcs Tran. ASME, Vol 66, A17

187



Grant L (1994), ‘The characteristics of adhesive joints found typically in the automotive
industry’, PhD Thesis at Bristol University, April

Grant P & Taig IC (1976), ‘Strength and stress analysis of bonded joints’, BAC Report
No. 109, SOR(P)

Gugisch K (1993), ‘The manufacturing technology of the Audi aluminium body’,
Auditorium, Aluminjium-Technoligie im Karosseriebau, Germany

Gumpinger J, Hahn O, Horte M, Kudrnac P, Singh S & Unger B (1997), ‘Computer
simulated estimation of the fatigue behaviour and stiffness of spot joints in automotive
structures’, IBEC *97 Advanced Body Concept & Development, SAE Conference, Detroit,
USA - ‘

Hadavinia H, Steidler S, Durodola J & Beevers A (1998), ‘Stiffness sensitivity of
adhesive bonded coach joints in automotive structures’, SAE V - International
Conference, Institute of Materials, Bristol, United Kingdom

Hamn L (1997), ‘The body of the new Porsche 9117, IBEC *97 Advanced Body Concept
& Development, SAE Conference, Detroit, USA

Hen HN & Clark JP (1995), ‘Lifetime costing of the body-in white:: steel vs.
aluminium’, JOM - Journal of the Minerals, Metals and Materials Society, Vol.47, No.5

Harpham I (1999), ‘Comparison of weld bonding analysis methods in a full size car’,
Hawtal Whiting Report HWT5796 - Executlve Summary

Harris JA & Adams RD (1984), ‘Strength pred1ct10n of bonded single lap joints by non-
linear element method’, International Journal of Adhesion and Adhesives, Vol.4, No.2

Hart Smith LJ (1973), ‘Adhesive bonded s1n01e lap joints’, NASA Technical Report CR- -
112236, Langley Research Centre, Virginia. - ‘ , o

Hart-Smith LJ (1981), ‘Further developments in the design and dnalysis of adhesive
bonded structural joints, ASTM Spec1a1 Technical Publication, Minneapolis, USA

Hart-Smith LJ (1985), ¢ DeSIgnmg to minimise peel stresses in adheswe bonded joints’,
ASTM Special Technical Publication, California, USA .

Hart-Smith L) (1994), ‘The key to designing durabie adhesively bonded joints’,
- Composites, Vo.25, No.9

Hildebrand M (1994a), ‘Non-linear analysis and optimisation of adhesively bonded
single lap joints between fibre-reinforced plastics and metals’, International Journal of
- Adhesion and Adhesives, Vol.14, No.4 ’

Hildebrand M (1994b), ‘The strength of adheswe-bonded Jomts between fibre-reinforced
plastics and metals’, VIT Publications, Finland

188



Hinopoulos G & Broughton WR (1999), ‘Evaluation of the T-peel joint using the finite
element method’, NPL Report CMMT(A) 207

Hunter JA & Wiseman CR (1998), ‘The application of adhesive bonding to the repair of
aluminium automotive structures’, International Conference of Joints in Aluminium

(INALCO), TWI, Cambridge, United Kingdom

Hunter JA, Nardini D, Gao Y & Ricks RA (1998), ‘Design and production of
adhesively bonded aluminium automotive structures’, ISATA 31, Diisseldorf, Germany

Hutchinson AR (1996), ‘Principles of adhesive bonding for engineers’, Mechanical
Engineer’s Reference Book, 12" edition, Butterworth-Heinneman

Ikegami K & Sugibayashi T (1986), ‘Adhesive bonded joints of metals’, Adhesives in
Japan, DTI Report, December .

Irving B (1995), ‘Building tomorrows automobiles’, Welding Journal, Vol.74, No.8

Jeandrau JP (1987), ‘Analysis and design of adhesive-bonded structural joints: new tools
for engineers’, EUROMECH Colloquium 277: Mechanical Behaviour of Adheswe Joints,

Saint-Etienne (France)

Jeandrau JP (1991), ‘Analysis and design data for adhesively bonded joints’; |
International Journal of Adhesion and Adhesives Vol. 11, No. 2

Jiang W, Bao G & Roberts JC (1997), ‘Finite element modelhng of st1ffened and
unstiffened orthotropic plates’, Computers & Structures, Vol.63, No.1

Jindal UC (1983), ‘Adhesives and stress distribution of a plate with reinforced hole’,
Adhesives Age, Vol.26, No.8 :

| Kewley D, Campell IG & Wheatley JE (1987), ‘Manufacturing feasibility of adhesively
bonded aluminjum for volume car production’, SAE Techmcal Paper Series - 870150,
USA

Kho ACP (1983), ‘The performance of adhesive bonded thin gauge sheet metal structures
with particular reference to box-section beams’, MPhil Thesis, Oxford Polytechnic, May

‘Kim YY, Yim HJ, Kang JH & Kim JH (1995), ‘Reconsideration of the joint modelling
technique: in a box-beam T-joint’, SAE Technical Paper Series — 951108, USA '

Kinloch AJ (1986), ‘Structural adhesives’, Elsevier Applied Sc1ence Publishers, United
Kingdom

Kochén A (1996), ‘Lotus: aluminium extrusions and adhesives’, Assembly Automation,
Vol 16 No. 4

Kochan A (1997), ‘ISATA hlghhghts trends in automotive assembly techniques’,
Assembly Automotion, Vol.17, No.4 .

189



Koehr R (1997), ‘Ultra Light Steel Auto Body: from concept to hardware’, IBEC 97
Advanced Body Concept & Development, SAE Conference, Detroit, USA

Kornmann M, Genet M & Anderson E (1987), ‘Durability testing of adhesives for
automotive application’, EUROMECH Colloquium 277: Mechanical Behaviour of

Adhesive Joints, Saint-Etienne (France)

Krenk S, Jonsson J & Hansen LP (1996), ‘Fatigue analysis and testing of adhesive
joints’, Engineering Fracture Mechanics, Vol. 53, No.6

Kurihara Y (1995), ‘Vehicle weight reduction obtained with lightweight materials’,
JSME International, Series A, Vol. 38, No.4

Lancaster J (1992), ‘Handbook of structural welding’, Abington Publishing, Great
Britain .

Lang TP & Mallick PK (1998), ‘Effect of spew geometry on stresses in single lap‘
adhesive joints’, International Journal of Adhesion and Adhesives, Vol. 18, No.3

Lang TP & Mallick PK (1999), ‘The effect of recessing on the stresses in adhesively
bonded single-lap joints’, International Journal of Adhesion and Adhesives, Vol. 19, No.4

Langerak NAJ (1997), ‘The use of steel and aluminium in the next generation auto
bodies’, IBEC *97 Advanced Body Cpncept & Development, SAE Conference, Detroit,

USA

Lee YW, Kwon YW, Kwon SY & Cho WS (1997), ‘A study on the improvement of the
structural joint stiffness for aluminium BIW’, Society of Automotive Engineers Inc. » SAE

Special Pubhcatmns - 970583, USA
Lees WA (1984), ‘Adhesives in engineering design’ The Design Council, Bath (UK)

Li W, Blunt L & Stout HJ (1997), ‘Analy51s and design of adheswe bonded tee Jomts
International Journal of Adhesion and Adhesives, Vol.17, No.4

Liniecki A, Hsu TR & Li W (1995), ‘Fatigue strength of adheswe bonded aluminium
~ joints’, Journal of Testing and Evaluation, Vol. 23 No.6

Liu SC & Hu SJ (1995), ‘An offset finite element model and its applications in predicting
sheet metal assembly variation’, International Journal of Machine Tools Manufacturing,
Vol.35, No.11

Lowe K (1994), ‘How steel is responding to the new materials challenge’, Materials
World, November

LOwe K (1997),‘ ‘Slimline cars are more healthy’, Materials World, Vol.5, No.5

Lucas W (1990), ‘TIG and plasma welding’, Woodhead Publishing, Cambridge, United
Kingdom

190



Lucas W (1995), ‘Design and manufacture of components for lightweight vehicles’, DTI
Report No. 88253, TWI, Cambridge, United Kingdom

Mallick V (1989), ‘Stress analysis of metal/CFRP adhesive joint subject to the effects of
thermal stress’, PhD Thesis, University of Bristol

Marwick WF & Sheasby OG (1987), ‘Evaluation of adhesives for aluminium structured
vehicles’, SAE Technical Paper Series - 870151, USA

Matthews AE & Davies GM (1997), ‘Precoated steel development for the automotive
industry’, Proceedings of the Institution of Mechanical Engineers, Vol.211, Part D

McGregor 1J, Seeds AD & Nardini D (1990), ‘The design of impact absf)rbing members
for aluminium structured vehicles’, SAE Technical Paper Series - 900796, USA

McGregor 1], Nardini D, Gao Y & Meadows DJ (1992), ‘The development of a joint
design approach for aluminium automotive structures’, SAE Technical Paper Series - -

922112, USA

McGregor 1J, Nardini D, Gao Y & Meadows DJ (1993), ‘A joint- de51gn approach for
aluminium structures’, Automotive Engineering, August

McGregor 1J, Gao Y, Sheas’by OG & Wilson I (1994), ‘Weld-bonding: a joining |
technology for aluminium structured vehicles’, IBEC 94 Automotive Body Materials,

SAE Conference, Detroit, USA !

Messler RW (1993), ‘Joining of advanced materials’, Butterworth-Heinemann, USA

Nardini D & Hall RW (1995), ‘Analysis of joints for stiffness, strength and fatigue in
vehicle structures using a specially developed FE software’, ISATA 95, Paper Series -

95MEQ53

Nardini D, McGregor 1J, Seeds AD (1990), ‘Analysis and testing of adhesively bonded
aluminium structural components’, SAE Technical Paper Series - 900795, USA

Norrish J (1992), ‘Advanced weldmg processes’, Institute of Phy51cs Publishing, Bristol,
Umted ngdom

OJalvo IU & Eidinoff HL (1978) ‘Bond thickness effects upon stresses in single-lap
adhesive Jomts AIAA Journal, Vol. 16, No.3

Oha M & Rossettos JN (1996), ‘Analy31s of adhesively bonded joints w1th gaps
subjected to bending’, International Journal of Solids Structures, Vol.33, No.18

Oplmger DW (1994), ‘Effects of adherend deﬂectlons in single lap joints’, International
Joumal of Solids Structures, Vol. 31 No.18 ‘ .

Ostermann F et al. (1993), ‘Aluminium materials technology for automobile
construction’, Mechanical Engineering Publication Ltd, United Kingdom

191



Pearson IT (1993), ‘Adhesive bonding of vehicle structures’, MSc Thesis, University of
Warwick, January

Pennington JN (1998), ‘Extruded frame stiffens prototype sports car’, Modern Metals,
January

Peterson PT (1997), ‘Holistic design as a tool for environmental improvement — the
ULSAB example’, ENCOSTEEL for Sustainable Development, Sweden, June

Pine T, Lee MMK & Jones TB (1998), ‘Factors affecting torsional properties of box
sections’, Ironmaking and Steelmaking, Vol.25, No.3

Pine T, Lee MMK & Jones TB (1999), ‘Weight reduction in automotive structures — an
experimental study on torsional stiffness of box sections’, Proceedings of the Institution of

Mechanical Engineers, Vol.213, Part D

Pinefold M & Chapman C (1999), ‘The application of knowledge based engineering |
techniques to the finite element mesh generation of an automotive body-in-white

structure’, Journal of Engineering Design, Vol.10, No.4

Powell JH (1994), ‘Structural bonding of aluminium in automotive apphcat1ons Vide-
Science Techmque et Applications, No.272 (SS)

Renton WJ & Vinson JR (1975) ‘Efﬁc1ent design of adhesively bonded joints’, Journal |
of Adhesion, Vol.7, No.3

Richardson G, Crocombe AD & Smith PA (1993), ‘A comparison of two- and three-
dimensional finite element analyses of adhesive joints’, International Journal of Adhesion

and Adhesives, Vol.13, No.3

~ Robinson A (1993), ‘The repair of vehicle bodies’, 3" edition, Butterworth-Heinnemann
Ltd., Great Britain -

Sakurai T & Kamada Y (1988), ‘Structural stiffness of automotive body’, Society of
Automotive Engineers Inc., SAE Technical Paper - 880550

Sancaktar E (1987), ‘Elastoplastic fracture behaviour of structural adhesives’,
EUROMECH Colloquium 277: Mechanical Behaviour of Adhesive Joints, Saint-Etienne,
France X

Saunders FI & Wagoner RH (1996), ‘Forming of tailored-welded blanks’, Metallurgical
and Materials Transactions A - Physics Metallurgy and Materials Science, Vol.27, No.9

Seal MR, Kutz J & Corriveau G (1981), ‘Development of an ad\"anced composite
monocoque chassis for a limited production sports car’, SAE, Vehicle Research Institute
Western Washington University (SAE)

Seeds A, Nardini D & Cassese F (1989), ‘The development of a centre cell structure in

bonded aluminium for the Ferrari 408 research vehicle’, SAE Technical Paper Series -
890717, USA

192



Selwood PG, Law FJ, Sheasby PG & Wheeler MJ (1987), ‘The evaluation of an |
adhesively bonded structure in an Austin-Rover Metro vehicle’, SAE Technical Paper

Series - 870149, USA

Semerdjiev S (1970), ‘Metal to metal adheswe bonding’, Business Books Limited, Great
Britain

Sheppard A, Kelly D & Tong LY (1998), ‘A damage zone model for the failure analysis
of adhesively bonded joints’, International Journal of Adhesion and Adhesives, Vol.18,

No.6

Sharman PW & Al-Hammoud A (1987), ‘The effect of local details on the stiffness of
car body joints’, International Journal of Vehicle Design, Vol.8, No.4/5/6

Sigman DR, Buechel JH & Ervin PR (1983), ‘Evaluation of the Ford GrFRP lightweight
car’, International Journal of Vehicle Design, Vol.4, No.6

Simon JG (1988), ‘Directions in automotive materials’, Advanced Materials & Processes,

. Vol.133, No.1

Sneddon IN (1961), ‘The distribution of stress in adhesive joints’, Adhesion edited by
Eley DD, Oxford ‘ ‘

Steidler S, Hadavinia H, Durodola J & Beevers A (1997), ‘Stiffness characteristics of
adhesive joints in vehicle body structures: a comparison between FE models and
experimental measurements’, EUROMECH Colloquium 358: Mechanical Behaviour of

Joints, Nevers France
. . o

Steidler S, Durodola J & Beevers A (1998), ‘Modelling of adhesive bonded joints’,
Automotive Seminar: Design and Manufacture of Lightweight Steel Vehicles, TWI,
Cambridge, United Kingdom

Steidler S, Durodola J & Beevers A (1999), ‘Modelling of adhesive bonded joints in
vehicle structures’, International Journal of Materials & Product Technology, Vol.14,
No.5- 6 Indersc1ence Enterprises Limited, Great Britain

Stuart TP & Crouch IG (1992), ‘The design, testmg and evaluauon of adhesively
bonded, interlocking, tapered joints between thick alurmmum alloy plates’, International
Journal of Adhesion and Adhesives, Vol. 12, No.1

Surana KS (1986), ‘A generalised geometrically nonlinear formulation with large
rotations for finite elements w1th rotational degrees of freedom’, Computers & Structures,
Vol.24, No.1

Surana KS" (1980a), “Transition finite elements for axisymmetric stress analysis’,
International Journal for Numerical Methods in Engineering, Vol.15

Surana KS (1980b), “Transition finite elements for three-dimensional stress analysis’,
International Journal for Numerical Methods in Engineering, Vol.15

193



Tong, L, Sheppard A & Kelly D (1996), ‘The effect of adherend alignment on the
behaviour of adhesively bonded double lap joints’, International Journal of Adhesion and
Adhesives, Vol. 16, No.4

Tsai MY & Morton J (1994a), ‘Three-dimensional deformations in a smole lap joint’,
Journal of Strain Analysis, Vol.29, No.1

Tsai MY & Morton J (1994b), ‘A note on peel stresses in single-lap adhesive joints’,
Journal of Applied Mechanics, Transactions of ASME, Vol. 61, No.3

‘Tsai MY, Morton J & Matthews FL (1995), ‘Experimental and numerical studies of a
laminated composite single-lap adhesive joint’, Journal of Composite Materials, Vol.29,
No.9

Turner MJ, Clough RW, Martin HC & Topp LJ (1956), ‘Stiffness and deflection
analysis of complex structures’, Journal of Aero. Science, Vol.23 L

Van Schalk MAM (1997), ‘The Ultra Light Steel Auto Body — marketing tool for steel’,
Steel Times, April

Valente F, Li X, Messina A, Properzi M & Menin R (1998), ‘A new methodology for
improving accuracy of structural analysis of car body parts’, IBEC’ 98, SAE Conference
Detroit, USA, September

Volkersen O (1938), ‘Rivet strength distribution in tensile- stressed rivet joints wrth
constant cross section’, Luftfahrforschung, 5

' Wang SS, Mandell JF, Christensen TH & McGarry FJ (1976), ‘Analysis of lap shear
adhesive joints with and without short edge cracks’, Massachusetts Institute of
Technology Research Report R76-2 |

Wang PC & Ewing W (1991), ‘Fracture mechanics analysis of fatigue resistance of spot
welded coach - peel joints’, Fatigue Fracture Material Structures, Vol. 14, No.9

Wang CH & Rose LRF (1997), ‘Determination of triaxial stresses in bonded joints’,
International Journal of Adhesion and Adhesives, Vol. 17, No.1 .

| Wang CH & Rose LRF (2000), ‘Compact solutlons for the corner singularity in bonded
lap joints’, International Journal of Adhesion and Adhesives, Vol. 20, No.2

Warren AS, Wheatley JE, Marwick WF & Meadows DJ (1989), ‘The building and
test-track evaluation of an aluminium structured Bertone X1/9 replica vehicle’, SAE
Technical Paper Series - 890718, USA

Watson C (1992a), ‘Advaintages of use of adhesives: specific examples of ‘improved
design’, Handbook of Adhesron edited by Packham DE, Longman Group Ltd, Great
Britain ‘

‘ Watson C (1992b), ‘Industnal apphcatrons of adhesives’, Handbook of Adhesion edited
by Packham DE Longman Group Ltd, Great Britain

194



Watts JF (1992), ‘Primary bonding at the interface’, Handbook of Adhesion edited by
Packham DE, Longman Group Ltd, Great Britain

Wells P & Rawlinson M (1997), ‘ULSAB - a critical appraisal’, IBEC 97 Advanced
Body Concept & Development, Detroit, USA

Wheeler MJ (1997), “Trip the light aluminium’, Materials World, Vol.5, No.6

Wheeler MJ, Sheasby PG & Kewley (1987), ‘Aluminium structured vehicle technology
- a comprehensive approach to vehicle design and manufacturing in aluminium’, SAE
Technical Paper Series - 870146, USA

Wooley GR & Carver DR (1971), ‘Stress concentration factors for bonded joints’,
Journal of Aircraft, Vol.8, No.10

Wu G & Crocombe AD (1996), ‘Simplified finite ”element modelling of structural .

adhesive joints’, Computers & Structures, Vol.61, No.2

- Zhao X (1991), ‘Stress and failure analysis of adhesively bonded joints’, PhD Thesis,
University of Bristol

Zienkiewicz OC (1971), ‘The finite element method in engineering science’, McGraw
Hill, New York, USA

195



APPENDIX I

DESIGN GUIDELINES FOR APPLICATION OF THE UNDERCUT ELEMENT
METHOD IN FE MODELLING OF ADHESIVE JOINTS IN CAR BODY
STRUCTURES

196



DESIGN GUIDELINE FOR APPLICATION OF THE UNDERCUT
ELEMENT METHOD IN FE MODELLING OF ADHESIVE JOINTS
‘ IN CAR BODY STRUCTURES

1. Introduction o '
The modelling of body shells for the prediction of stiffness characteristics essentially

involves approximations of some structural details, particularly relating to the joints.
Generally, numerical modelling approaches are based on shell elements and various
assumptions are made to accommodate joint characteristics. More detailed analysis of
Joints has shown that these approximations can introduce inaccuracies in prediction of
stiffness in adhesive bonded structures. For example in modelling a plenum chamber
substructure the predicted torsional stiffness is 16% higher than experimental
measurement. A semi-empirical approach has been developed to compensate for these
erTors.

This guideline defines procedures for the inclusion of an undercut element detail to give
more accurate representation of adhesive joints in FE models.

2.  Schematic Representations of Coach Joints

Shell elements
for sheets

: dhesive layer
Flange bend rad A
ge bendracius thickness adjusted

) to accommodate Sha
Adhesive J / shell elements >

fayer { — corners
==c===ztres N 0 —1— I
Typical unfilled fillet ‘ ‘ —\ No undercut
Ro \ Solid
elements
4

for adhesive

x _
— is sometimes referred to as the fillet ratio
0

Figure 1a. Actual joint configuration Figure 1b. Simple FE model representation

3. Inaccuracies in Simple Models

® ' The bondline thickness with the shell element model is greater than in practice, as the
shell elements are modelled to act on the centre line of the panel. The adhesive layer
is therefore increased by the average of the sheet thicknesses. This geometric
difference may be compensated for by increasing the adhesive modulus in the same
proportion as the change in thickness.

o Thé adhesive is assumed to fill the entire flange area in the shell element model. In
practice the adhesive does not extend to the edge of the flange.

®  The simple shell element model assumes a‘ 90° cornér at the flange edge. In practice
there is a flange bend radius typically of Smm internal radius on most flanges.
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4. The Undercut Element Correction

The undercut element method is applicable to shell element models in which the adhesive
bondline is represented by solid elements. The correction to the adhesive modulus to
compensate for the thicker bondline is still applied. The undercut dimension 3, shown in
figure 2, is selected to compensate both for the partially filled joint AND the flange bend
radius.

l
i

tm

Model
bondline
thickness

- -s+— Undercut
) dimension

Figure 2. Undercut element configuration

'The important parameters to be included in the modified model are as follows:
° bondline thickness ’
L adhesive modulus
° undercut dimension

41  Calculation of Bondline Thickness for Model (t,,)
tm=(ts) + Y2 (41 +12)

Where t, is the separation distance of the sheets, and t;, t; are the upper and lower sheet
thicknesses, respectively, as defined in the CAD model.

Note: the separation distance in the CAD model should ideally match the adhesive
bondline thickness used in manufacture. If the adhesive thickness has not been included in
the CAD model i.e. t; = 0, some inaccuracy may arise.

4.2 Calculation of Adhesive Modulus for Model (E,,)

m=(Ea)x i_m-

a

Where E, and t, are the actual adhesive modulus and adhesive thickness in manufacture.

4.3 Célculatioh of Undercut Dimension

In principle the dimension of the undercut in the model should reflect the actual fillet ratio
in the joint. As this is rather indeterminate, it is advisable to base the model on a ‘worst-
case’ conditton of a zero fillet ratio in which the undercut distance is equal to the flange
bend radius. Thus for a simple approximation, 8 = R,.
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S. Validation

The application of this undercut element correction has been tested on various joint
configurations, modes of loading and structural details, and results have been compared
with experimental tests and more refined solid-element models. In all cases the undercut
element correction gives a more accurate prediction of stiffness than the simple shell-

element model.

6. Refinements to Undercut Element Method
Typical flange dimensions for coach joints in car bodies are 15mm flange width and Smm
bend radius. A Smm undercut in the shell-solid model provides an acceptable conservative
approximation of the joint characteristic assuming a 0% fillet ratio. If the design is to be
based on the provision of an adhesive fillet, a more accurate undercut dimension can be
derived from graphs such as figure 3, which has been determined from coz}ch joint
analyses. .
; .
0.9 -
0.8 4
0.7
0.6
0.5
04
03
02
0.1 -

0 T T T 1
0 25 50 75 100

Fillet Ratio (x/Ro) s

(8/Ro)

Undercut/Bend Radius

Figure 3. Determination of undercut for different fillet ratios

An exact geometric representation translation from the radiused sheet to a sharp-cornered
model may introduce an uncertainty in interpretation in some configurations. However,
the illustrations in figure 4 provide a guideline for including undercut dimensions in
~ different joint geometries. The shell elements represent the mid-planes of the sheets. It
should be noted that the coach joint is the most sensitive configuration to the undercut
element correction. o

Other joint configuratiohs

S

= = S

SESCHE
82 . Jl.on

Figure 4. Application of undercut to different joint configurations
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7. - Undercut Application Examples

7.1 Coach Joint

Joint Definition

E,=3 GPa
Flange 15mm long
Bend radius Smm

1.2 mm

Upper sheet thickness 1.2 mm 0.3 mm
Lower sheet thickness 1.2 mm f
Adhesive thickness 0.3mm L
Adhesive modulus 3 GPa
Filletratio=50%

Modelling of Joint

From section 4.1, the bondline thickness ty, is given by,

tn = CAD model separation distance (t;) + 14 (upper sheet thickness + lower sheet thickness)

=03+%(12+12)

=1.5mm .

: E.=15GPa
And the adhesive modulus by,

t
E. = Actual adhesive modulus (E,) x -Eﬁ A

=3x-1;5- ' /

.03
=15 GPa 1.5 mm

Smm

The appropriate undercut for this joint can be found from figure 3 which gives a value of
approximately 3.5mm. In the model it is convenient to use a Smm undercut as this models
a 0% fillet ratio which allows for variations in the fillet ratio achieved in manufacture.

Undercut applied — Smm
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7.2  Single Lap Joint

Joint Definition

Overlap Length 15 mm N E,=6 MPa

Upper sheet thickness 0.8 mm 08mm ’

Lower sheet thickness 1.0 mm ey 1
Adhesive thickness 0.2mm l"/"7 i >

Adhesive modulus 0.006 GPa

2 mm unfilled from each edge 0.2 mm : Lo mm ‘

Modelling of Joint

From section 4.1, the bondline thickness t, is given by,

tm = CAD model separation distance (t;) + ¥ (upper sheet thickness + lower sheet thickness)

=02+%(0.8+1.0)

=1.1 mm
E,=33 MPa
‘ _ o , 1.1mm -
And the adhesive modulus by,
. t, , | re
E, = Actual adhesive modulus (E,) x . ¢

1.1 a | ‘

= 0.006 x -6‘3 ‘ © 5Smm

=0.033 GPa

As lap joint stiffness is relatively insensitive to undercut it is convenient to use the
undercut values as used in the coach joint. In this case a Smm undercut from one edge
gives conservative design. R ‘ o

Undercut applied — 5 mm‘from one edge
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