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This work is concerned with the mechanical behaviour of in-plane joints in sandwich structures
under static flexural loads. The impetus behind research into these joints stems from the growing
development in modular construction techniques that offer competitive global access to higher
technology sandwich structures. Characterisation of flexural response is therefore important, as in
most instances the primary role of a sandwich is to impart flexural rigidity. A test program
involving several commonly used joining methods, including scarf, internal spline and external
tape, coupled with flexible and inflexible adhesives were used to demonstrate the mode of failure,
strength and stiffness of the joined sandwich. Adaptation of an existing strain measurement
technique to the sandwich offers the ability to quantify the joint as a unit, allowing the engineer to
conceptualise its performance as a weld. Analytical approaches, together with a numerical study,
are used to provide more general comment on optimum in-plane scarf joint configurations. The
results are discussed in light of practical ship and boat construction applications, but are directly

relevant to large sandwich constructions in general.
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CHAPTER 1

INTRODUCTION

Latest sandwich technology is often limited in use due to lack of skilled labour, and perceived
risks associated with new techniques. The adage 'if it isn't broken don't fix it' sees many fabricators
locked into the same 80's technology now used by competing low cost labour markets. A quotation

taken from Olsson and Reichard (1989) concisely summarises a general industry requirement.

“One of the most pressing needs is the development of efficient, inexpensive methods
of manufacturing sandwich constructions of consistently high quality. This area of
research and development is perhaps the most critical to widespread acceptance and

’

use of sandwich constructions.’

Modular sandwich construction can minimise or even eliminate these barriers, and offers the
safeguard of known parameters. Using smaller teams or third party contractors, and with

adaptation of production line methods, modules can be efficiently produced for rapid assembly.

Developable panel systems and moulded sections encompass the genre of a sandwich module,
with each method having advantages and disadvantages depending on structure size, number,
geometry etc. The key to these techniques is the joint, with knowledge of the most efficient
method for load transmission and stiffness continuity crucial to any systems success. It is the in-
plane joint that forms the focus of this study, as shell to shell connections rather than stiffener to

shell connections are required to provide principal continuity when considered in a global sense.

Classification authorities furnish recommendations on particular joint geometry, but in many
instances they are based on experience rather than systematic investigations. Whilst experience is
invaluable, without a thorough understanding of the mechanisms that lead to a structurally

effective joint, variations, novel designs and ultimately progression will be restrained.

The in-plane joint, as opposed to the out of plane joint e.g. tee-joint, has always been addressed as
a method of repair rather than a primary process during manufacturing. Characteristation of the
joint as a unit in typical sandwich structures can offer the engineer a method by which intricacies
on a comparative micro-level are eliminated. These intricacies are still however very important
when passing more general comment, and so a closer look at details using analytical and numerical

methods will provide an understanding of the fundamentals.



Adhesively bonded joints and not mechanically fastened are considered due to the distinct
advantage of surface fairness. Although it is possible to achieve surface fairness with mechanical
fasteners e.g. countersinking, the thin skins that can be associated with a sandwich are prohibitive.
It is therefore often physically impossible to afford a good connection, and for composite skins this
problem is exacerbated even further due to bearing and notch sensitivity unless an adhesive is

used.

The issue of surface fairness is not solely aesthetic and is necessary due either to hydro- or
aerodynamic requirements. It is true that fairing compounds can be used to mask surface

discontinuities, but their use comes at the expense of increased weight and cost.

The aim of this study is to examine the behaviour of sandwich structures with adhesively bonded
in-plane connections under a flexural loading regime. A variety of joint configurations and
material combinations are explored. The overall approach involves combining experimentation
and theory — the latter being based on both closed form analytical models and finite element
analysis. An underlying maritime theme with a practical inclination is used throughout
investigation of the joints, although in reality the techniques described therein are not industry

specific.



CHAPTER 2

LARGE SANDWICH STRUCTURES

Sandwich structures have been in existence for almost 150 years, however there does exist some
conjecture as to whether this time period should be extended back to include DaVinci’s era (Allen,
1969). Indeed, modern engineers have made continued improvements in analysis techniques since
this time, both analytical and numerical, with a resulting proliferation in the number and variety of

uses for sandwich structures.

The focus of this review is to evaluate materials and fabrication methods used in large sandwich
structures. For one to draw a definitive line between small, medium and large is difficult, and this
relation could also be considered industry dependent, A volumetric basis is a reasonable way of

distinguishing perceived size, and so a component volume of greater than 70n® shall be defined as

large.

When considering these structures, an emphasis is placed on the current commercially used
constituent materials and manufacturing techniques. The importance of emerging technology has

not been forgotten, and is mentioned briefly in the hope that it does become economically viable in

the near future, for industry as a whole.
2.1 Constituent Materials

2.1.1 Metal Skins

The use of thin metal faces, and in particular aluminium and steel, has the attraction in many
instances of isotropic high modulus skins at relatively low cost. Certain stiffness critical
applications make good use of these characteristics, with adequate surface preparation being of
paramount importance. The capital to invest in suitable metal treatment facilities is high since the
environment is very corrosive, and dip tanks or spray equipment need to accommodate several
sheets for efficiency. The sheet can be provided by the manufacturer with conversion coatings,
however there is a narrow window, around 24hrs, in which optimal adhesion can be achieved. An
additional benefit of metal skins is their inherent fire retardancy, which has been put to good use in

items such as doors in the Eurostar and floors in New York City Subway (Walton, 1997).



2.1.2 Timber Skins

Being a renewable resource, timber has obvious appeal. It has good fatigue resistance, and when
used in the form of plywood, much improved stability. Plywood is quite versatile, with numerous
stress grades offering features such as boil resistance and a certain degree of fire retardancy.
Nearly all types are hot pressed using phenol based adhesives that allow high and low temperature
performance without creep or embrittlement. It finds a particularly interesting use as the skins on

the balsa cored insulating liner for a 1000ft LPG tanker (Wood & Wood Products, 1976).

2.1.3 Composite Skins

2.1.3.a Reinforcement

The continuing development of new fibres, such as those based on the Nobel Prize winning
discovery of Fullerenes (C,) by Curl ¢ 47 (1996), offers the potential of sandwich structures
larger than any in existence today. For the moment however, E-glass is the predominant
reinforcement in terms of global consumption, but for specific applications s-glass, aramid,
carbon, polyethylene, boron and many others have their places. The processed fibres themselves
can also be sub-categorised to cover fibre surface treatment, roving/yarn diameter, weave/knit
configuration, strength/modulus and quality, so possibilities are endless. A good example of this
ability to tailor fabrics is shown by the use of a custom made +45° knitted carbon fabric for

production of the Space Shuttle booster rockets (Johnston Industries, 1997).

2.1.3.b Phenolic Resins

Phenolic resins are ‘old technology’ dating to the early 1900°s, however they have seen a
resurgence due to very stringent fire requirements in many industries. In particular the aircraft,
rail, and offshore marine sectors are driving new development in this area, as concerns over smoke
emissions, toxicity and combustibility mount. Traditionally phenolics require heat curing cycles,
and are very unpleasant to use, with acidic hardeners and evolution of water as a by-product
during polymerisation. Recent progress in this field has resulted in room temperature cures,
however many countries are deficient in this and other technology, due to shipping times equaling

the current shelf lives. Poor mechanical properties of this matrix have restricted its use to areas

where fire retardancy is the primary concern.



2.1.3.c Unsaturated Polyester Resins

Ortho- and isophthalic polyesters find their way into low-medium technology, cost driven
products, and in most instances are very suitable for the application intended. These catalytic cured
unsaturated polyesters are susceptible to osmosis if not used correctly, with warm humid
conditions promoting this phenomenon. Undoubtedly the marine environment best fits this
description, and a survey conducted by Strand (1990) in the United States, found it likely that one
in four boats will suffer from osmotic blistering during its lifetime. Typically strain to failure of 1-
2% are applicable to these systems, and they therefore could be considered brittle. Shrinkage
during cure is also of concern, particularly in large structures, as dimensional changes up to 5% are
common. Whilst this may be good for removing a part from a mould, it introduces another

complexity when considering tolerances.

2.1.3.d Vinylester Resins

A different chemistry is seen in vinylester, although still a catalytic cured system. Better
mechanical properties than polyesters are achieved, and strain to failure of 3.5-7% givevinylesters
a wider appeal. The higher end of the elongation range is usually achieved through addition of
modifiers such as carboxyl terminated butadiene nitrile (CTBN), with a dispersion of these minute
suspended rubber particles acting as crack stoppers and preventing premature failure. The benefits
of modification do however come at the cost of heat distortion temperature (HDT), which in the
unmodified state is typically 100-120°C. Other appealing attributes of these resins are excellent

corrosion resistance, reduced susceptibility to osmosis, and low viscosity.

2.1.3.e Epoxy Resins

Epoxy resins (EP) are more complex systems in that many varieties are available depending on the
application. Stoichiometricly mixed two part, catalytic and single part systems cover the available
mixing options, nevertheless the number of base resins, hardeners and modifiers allows a limitless
range. Properties are therefore diverse, and as a guide, strain to failure of 7-10% can be achieved.
HDT is wide and varied with two part amine and aramine hardened systems giving ranges of 45-
75°C during room temperature cures, and the catalytic systems achieving 180°C and over with
post-cures (Marshall, 1992). Recent concerns about the toxicity of the liquid hardeners has led to

some being listed as suspected carcinogens.



2.1.3.f Other Matrices

Polyurethane and acrylic systems offer good potential in many applications, but have been limited
by the need for yet more specialised knowledge by the fabricator. Polyurethane is particularly
good for tooling production due to short cure times without exotherm, and low viscosity acrylics

offer the ability to load high percentages of aluminium tri-hydrate (ATH) for fire susceptible

products.

It is worth noting the use of thermoplastics such as polyether ether ketone (PEEK), polyether
imide (PEI), polyether sulfone (PES) and polyphenylene sulfide (PPS) primarily in the aircraft
industry. They are used to produce such items as the Airbus A300/600ST floors, where their
ability to close sandwich panel edges is exploited (Offringa, 1996). These plastics have good

mechanical properties, toughness and recyclability, but their use to date in other areas has been

hampered by cost.

Thermoset polyimides, bismaleimides, ceramic and metal matrices are also important in specific

applications, but can be considered specialised due to complex processing and raw material costs.

2.1.4 Core Materials & Configurations

2.1.4.a Foams

Polyvinylchloride (PVC), styreneacrylonitrile (SAN), polyurethane (PUR), polystyrene (PS),
polymethacrylimide (PMI) and phenolic (PH) form the backbone of this class of cores for marine
use. The aircraft industry includes several more, such as polyetherimide (PEI), that cater for their
specific requirements, but volume consumption is low in comparison. In recent years there has
been increased concern about cross-linked PVC and its propensity to out-gas. Whilst not a new
problem, it has become more widespread due to increases in demand preventing relaxation or
aging of the material prior to shipping. The result is cells pressurised with gases developed during

the foaming process, migrating over time and eventually collecting in bubbles at the skin/core

interface.

2.1.4.b Honeycomb

Phenolic impregnated aramid (Nomex®), kraft paper, aluminium and GRP are but a few of the
options when considering honeycomb cores. In general one must be careful when using such cores

in combination with skins prone to porosity, as there is the possibility of moisture being drawn
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into cells through pressure differentials. Apart from the moisture having adverse effects on
mechanical properties, the potential of this water to freeze and cause delamination is a major
concern. Properties of the aramid and aluminium are excellent on a specific basis, and hence have

seen acceptance in many areas including rail, aerospace and marine, where flooring systems are a

popular use.

2.1.4.c Timber

Often overlooked, the most popular form is end grain balsa and plywood, although numerous
timbers orientated in long grain are also used as core materials. Balsa is a ‘natural honeycomb’
having comparable properties in compression, tension and shear on a specific weight basis when
compared to PVC foam and several aramid based honeycombs. It has however been impeded by a
perception that moisture ingress will spread uncontrolled, and rot is commonplace. This is despite
the fact that Boeing, McDonnell-Douglas, Lloyd’s Register of Shipping and many other statutory
authorities have given type approval based on the fact that these problems do not occur if used
correctly. One of the biggest compliments to this core’s ability, is its recent specification by

General Motors in the floor pan of the latest Corvette (Jost, 1997).

2.1.4.d Corrugated Cores

Probably the most easily recognised in this category is fluted cardboard, but steel, aluminium and
FRP are also commonly used in more demanding applications. Latest development in corrugated
cores has centred on laser welding techniques for thin steel sections. Kattan (1996) notes the
increasing use of these structures in US Naval ships, and believes that the high penetrative ability
of the laser will provide the means by which it can be more widely implemented into merchant
ship production. Whilst progress is being made with lasers, traditional welding, adhesives and
mechanical fastening are still widely accepted in the aircraft, rail and civil sectors. Some of the
most promising development has been provided for bridge construction using the patented
Advanced Composite Construction System (ACCS). Consisting of hollow FRP blocks and planks
that can be joined together using a key system, it saw use in building the United Kingdom’s first

composite road bridge (Maunsell, 1994).

2.1.4.e Other Cores and Configurations

Concrete filled tubular steel sees enduring use in offshore platform legs, and a similar technique
has recently been developed for use as steel faced building panels (Wright and Evans, 1996).

Using a slurry of concrete to form the core jy5iz,,, presents the possibility of smooth integration



into civil engineering programs, as it is very similar to current formworking practice. Outside of

infrastructure projects however concrete has little impact due to weight considerations.

3D-space fabrics offer a one step process to sandwich fabrication. Impregnation of the woven
fabric and subsequent gelation causes the fabric to rise, with the final configuration looking
somewhat like a forest of scissor springs separating two skins. This product is used extensively in
double walled pipe enabling gas leak detection, and as fire restricting partitions on oilrigs and
ships. Pilot programs to evaluate its performance in others areas are also underway, but current

thickness limitations and processing techniques make it a rather specialised material.

2.2 Manufacturing Processes

2.2.1 Wet Lay-Up

This method is characterised by the use of liquid resin systems applied by hand or using
mechanised devices such as resin spraying equipment, power rollers, chopper guns or
impregnation machines. The techniques are suited to small production runs and in particular large

structures.

2.2.1.a Mould Construction

A female mould is often used where its cost can be amortised over several items. For small
production runs, in low complexity parts, a melamine or medium densityfibreboard (MDF) mould
is constructed with timber or steel support frames. Melamine is the cheapest method, as the sheet
surface already has a high gloss and is easily released when coated with wax or polyvinyl alcohol
(PVA). It is limited in dimensional tolerance and surface finish, as the thin sheets must be joined
and tortured to form the desired shape. MDF sheet, laminated for dimensional stability and
subsequently sprayed with modified polyester, offers the advantage of being sandable and
buffable. Typically 1000 or 2000 grit finishes are achievable with better dimensional tolerance

than the melamine mould.

For more difficult compound curved sections, a plug can be constructed using the strip plank
technique, from which a mould is taken. These methods usually involve timber strips being
formed around a set of male plywood frames. The frames are cut by hand or using more advanced
machining methods such as CNC routing, laser or water-jet, and spaced at predetermined intervals
to ensure that the strips do not flex under their own weight and cause unfairness. Each strip is then

fastened to the framework with a sheet-rock screw and edge-glued to the preceding one using a



microsphere and epoxy blend, similar in concept to building a brick wall. Upon laminating, final

fairing and top-coating, as with the MDF, the plug is ready to take a moulding.

A more exacting tolerance is achieved using milled polystyrene blocks that can be joined together
to form a plug of any size. Rough sizing of the block using a five axis router, is followed by a
thick coating of an epoxy based primer, similar in technique to the polyester, but does not cause
styrene attack. Once this coating is precision machined, a hard durable topcoat can be applied

sanded and polished. A mould can then be taken from the plug, as with the strip planked method.

Split moulds are particularly useful for very large components, as consideration must be given to
the amount of room and machinery necessary for part removal. The split mould has been used with
success in sandwich mega-yachts up to 50m in length, with figure 2.1 showing the arrangement

and removal technique.

Figure 2.1 Split mould and removal technique.

2.2.1.b Lamination Process

In-mould wet lay-up processing with phenolic, vinylester and polyester consists of the application
of a gelcoat or primer and subsequent backing with a gunned or hand applied tie-layer of chopped
strand mat (CSM) as shown in figures 2.2.a-b. This provides a resin rich layer offering low
porosity and reduced fabric print. Following fabric layers are then applied in turn and consolidated
between each step to form the sandwich’s outside skin in a female mould, or inside skin in a male
mould. As it is likely that the total thickness of the skin will not be built up in one step, and plies
allowed to cure, a method to ensure satisfactory interlaminar performance is necessary. Abrasion
is a very effective technique and minimum surface finishes are normally 80 grit, however the best
performance with vinylester and polyester was found by Bird and Allan (1981) to be a styrene
wipe/immersion for 15min. This not only gives a better bond, but also results in a more cost-

effective solution through reduced preparation times.
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Figure 2.2.a Hand lay-up Figure 2.2.b Chopper gun assisted lay-up
Hand lay-up of the reinforcement can be improved through the use of impregnation machines,
with advantages such as higher fibre fraction, lower void content and higher impregnation rates.
Many options exist in machine types, and it is possibly the first step a fabricator should take when

modernising with a view toward increased efficiency. Figures 2.3.a-c show varying alternatives,

with the novel vacuum assisted system worthy of consideration.
NN OO

Figure 2.3.a Trough Figure 2.3.b Roller Figure 2.3.c Vacuum
(after Duckworth, 1997) (after Raymer, 1991) (after Vinogradov et al, 1995)

The second step of core to skin bonding is facilitated using the ‘wet’ or ‘dry’ method. The ‘wet’
method usually uses a CSM resin rich layer in which to bed the core either by hand or using a
vacuum bag. The core can be configured in a multitude of ways, with choice being specific to the
construction method and type of core used. Foam, as an example, can be used in plain sheet for
flat or singularly curved areas, but grid-scored, in which small blocks of foam are supported on a
scrim backing, is well suited to draping on compound sections. Once the resin has cured, the core

is then sanded, shaped and vacuumed ready for a ‘hot coat’. This coating is a thixotropic fast
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curing resin used to seal the surface of the core and prevent any possible degradation due to

prolonged styrene exposure. The second skin is now applied using the same technique as the first.

The ‘dry’ method differs slightly and involves the use of an adhesive or bedding compound
applied to the cured skin. Again the core is placed by hand, vibrating roller or vacuum, and the
adhesive allowed to cure prior to preparation and lamination of the second skin. Problems can
occur with the grid scored material when the gaps between blocks are not totally filled with
resin/adhesive. If a skin is penetrated during service, the component is very susceptible to
water/moisture penetration. Without the slits filled, water can snake its way around the core,
degrading its properties, penetrating the bondline, adding weight and even freezing, as was noted

with honeycomb.

Epoxy lamination techniques are very similar to the other resins, with a few notable differences.
Polyester gelcoats are seldom used due to strain incompatibility, and epoxy gelcoats are very
susceptible to UV degradation. Post-painted parts are therefore common and are in most cases
finished with two part polyurethane. For large structures where skins are laminated in several
steps, peel-ply must be used. This is to prevent the contamination of the interlaminar bond with
carbonised residue resulting from reaction of hardener with atmospheric moisture. Whilst the peel-
plied finish may give satisfactory interlaminar adhesion, best performance is achieved through

sanding, and is mandatory in fabrication of aircraft components (Anderson, 1997).

Long open time epoxy has given the additional benefit of co-curing in large structures. Open times
of 24hrs or more are possible and allow inside skin, core and outside skin to be cured in one step.
This procedure is always performed under vacuum and is very exacting, due to increased risk of

over-bleeding and air entrapment.

Strip plank construction, as shown in figure 2.4, is identical to that described for plug manufacture,
and is widely used to produce both small and large marine craft. Foam and longitudinally grained
timber comprise the largest percentage of core utilised in this way, however honeycombs and
directionally fragile cores are not excluded provided a suitable light fabric is pre-laminated to
either side. Strip widths range from 30mm to limiting sheet dimensions and arespiled (tapered) at
the ends to give a tight fit. There are many sectional variants including rectangular, tongue and
groove, beveled and concave/convex, however it was shown by Robson (1984) that a V-joint

configuration would provide a better quality bond and improved shock resistance.
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Figure 2.4 Strip plank construction.

Male planking is more attractive the larger a vessel becomes, as it requires the hull to be turned
one less time and frame work is less expensive. A male construction jig is erected, and the hull
stripped, laminated, faired and painted on the frames to achieve the final finished exterior surface.
The hull need only be turned once in a cradle to allow installation of internals and superstructure
and is the reason Sjogren et al (1984) working for the Swedish Navy, chose this method for

construction of their 48m ‘Landsort’ mine counter measure vessel (MCMYV).

2.2.2 Pre-Preg Lay-Up

A technological step forward from the wet methods, pre-pregs allow a much cleaner working
environment and minimal exposure to hazardous volatiles. Any fabric can be supplied as a pre-
preg, but light woven and uni-directional carbon constitutes the bulk of consumption. The
production of uni-directional pre-preg ensures high fibre fraction, as tows are splayed before
passing through epoxy, polyimide or bismaleimide resin impregnating equipment. This splaying of
fibres eliminates resin pooling between fibre bundles, providing a more homogenous material, and

preventing the need for weft binding threads.

Thermoset binding threads are however used in many instances where the pre-preg fabrics are to
be split into tapes. Commonly called ‘sticky string’ they provide the fabricator with improved

handling characteristics, as a selvedge is not required to hold a fabric’s form.
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2.2.2.a Mould Construction

Pre-preg lay-up methods involve the use of a mould that has a similar expansion coefficient to the
cured part, particularly for high temperature cures of 350°F+. Steel and carbon moulds are
therefore used extensively for aircraft components, where exacting tolerances are necessary. Low
temperature curing pre-preg, around 80°C, is available for slightly less demanding applications
such as yachts, and since the temperature gradient is not quite as severe, laminated plywood

moulds are acceptable.
2.2.2.b Lamination Process

The technique of pre-preg construction is best shown diagrammatically in figure 2.5. The mould
surface is prepared with wax, PVA or one of several proprietary polymer blends, prior to
positioning of the first layer. Further layers are applied in turn and it is sometimes necessary to
remove interlaminar air as an intermediary step by debulking. It may also be desirable to cure the
skins separately at this stage, or alternatively a co-curing operation will require film adhesive if
insufficient resin is available to afford a bond to the core. It is recommended that solid cores, and
in particular foams, be presealed prior to positioning. This is to safe-guard against excess resin
consumption, but also in some instances cross-linking being inhibited by migratingplasticisers at
the core/laminate interface. The lamination procedure is then completed with film adhesive,
required number of pre-preg plies, peel-ply, perforated release film, bleeder, release film, breather,
caul plate, breather and finally vacuum bag. The completed assembly can now be placed in an
oven or autoclave with the temperature curing profile highly regulated to ensure adequate flow and

cross-linking of the resin.
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Figure 2.5 Schematic of pre-preg construction.
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The autoclave is used extensively in aircraft operations to produce sandwich parts such as the
Airbus A130 rudder, which comprises a mixture of £45° carbon and 0°/90° E-glass pre-preg on a
Nomex® core, giving optimum stiffness and strength. In contrast, low temperature oven cures have
produced many of the worlds leading yachts, including the America’s Cup winning ‘Black Magic’
from New Zealand. On a larger scale, a comprehensive study by Enlund (1995) showed the
feasibility of producing the composite sandwich hulls and superstructure on a 150m catamaran
ferry. FEA showed that it was necessary to use carbon fibre laminates in order to obtain adequate
global stiffness, and cores of end grain balsa and aluminium honeycomb provided the local panel

rigidity.
2.2.3 Secondary Bonding

Pre-cured composite skins, timber or metal can be post-bonded to cores using a variety of
adhesives, including methacrylate, epoxy and polyurethane. The bonding process requires use of a
vacuum, autoclave or hydraulic press to ensure skin to core contact and avoid possible
delaminations. Thermoset liquid resins or film adhesives are most commonly used, with surface
preparation still being of vital importance; even though some of the resins are less susceptible to

contaminants than others.

Film adhesives have several advantages over liquid systems, which see them used widely in
aircraft applications. They offer constant glue line thickness, and when processed at temperature
do not flow excessively, only requiring a breather or silicon pressure cushion during consolidation.
Honeycomb structures in particular benefit from their thixotropy, as this property allows the resin

to form a perfect fillet on the cell wall.

Secondarily bonded metal skin, honeycomb and polyurethane cored panels are used extensively
throughout the world to clad buildings, where low weight and optical flatness provide an architect
with functional aesthetics. The Stockholm Globe Arena, clad with aluminium skinned honeycomb

panels, is perhaps the epitome of this system (Karlsson and Astrém, 1997).

Other large consumers of similar secondarily bonded panelling are the fast ferry and rail
industries, where metal or phenolic skins provide the necessary fire restricting properties required
under government regulations. Strict guidelines are set down for each industry; IMO Res. A653
for maritime structures and for rail, country dependent statutes based on rating basic performance

indicators — smoke, combustibility, flame spread and radiance.
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2.2.4 Resin Infusion

There are many techniques and trade names that revolve around the world of resin infusion e.g. Le
Comte and Seemann Composites Injection Moulding Process (SCRIMP"). The basic principle
however uses either closed mould injection or on larger components open mould vacuum assisted
infusion, shown in figure 2.6. It is the open mould method that has been used widely in recent

years with success, achieving fibre weight fractions of around 70% with consistency (Horsmon,

1994).

Nylon Bagging Film
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Distribution Medium
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Figure 2.6 Schematic of resin infusion process (after Critchfield et al, 1994)

%

The manufacturing technique relies on a vacuum impervious mould into which dry reinforcement
is placed. The actual placement of the cloth can be difficult, particularly on vertical surfaces, and
so adhesive aerosols are used to hold it in position while the core, subsequent layers of fabric and
peel ply are arranged on top. A distribution medium, network of infusion and vacuum lines, and
finally the vacuum bag itself then cover this assembly. Upon pulling a vacuum, pre-mixed resin is
allowed to be drawn into the part at various strategically placed reservoirs, with the vacuum lines

and infusion points being turned on and off to keep the resin front moving and facilitate total

impregnation.

The resin viscosity is one of the key aspects in the infusion process, as without a viscosity in the
range of 100-300cps the process is just too slow, and reservoir exotherm becomes more likely.
Consumables are obviously high, as the resin filled medium and lines must be discarded after each
use. The appeal of this system is that it can be used to produce a large structure in one step with
nearly all appropriate stiffening included. Several large structures have been built to date including
a 28m yacht (Professional Boatbuilder, 1996), scaled 38m AMT US Marine landing craft
(Critchfield et al, 1994), 22m landing craft (Le Comte, 1986) and a scaled midship section for 85m
naval combatant (Nyguyen et al, 1997).
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2.2.5. Filament Winding

Most often automated, filament winding is best suited to constant or linearly tapering sections as a
mandrel is employed as a mould surface. It involves the placement of roving bands along
predetermined optimum load paths, and can take several days to complete a large part. For this
reason it is crucial that the resin resists any possible exotherm initiated cure and also has sufficient
gel time to allow a primary bond between passes. Core placement techniques are as described for

wet lay-up and excellent consolidation can often be achieved with the aid of shrink tape.

McLarty (1983) demonstrated, using a 1/48" scale model, that it is possible to construct large
sandwich structures such as ships using modified filament winding methods, but its use in full
scale production did pose some practical difficulties. More recently rail carriages have proven
popular item with sandwich-winding technology (WiTEC) developed by Schindler Waggon
(Huybrechts, 1998).

2.2.6. Other Methods

Karlsson and Astrém (1997) describe the methods of continuous belt pressing, pultrusion and
compression moulding. These are but a few more of the options successfully employed to produce
large sandwich structures. Each requires large capital investment as the machines must be purpose
built, but once operational they are well suited to high volume output. Inflexibility plagues such

operations, as they cannot easily be adapted for different materials or prototype runs.

Bearing in mind geometrical limitations, any of the discussed materials and fabrication techniques
can be used for large structures, provided suitable joining methods are utilised. It is these methods

that hold the potential for increased acceptance and use of advanced sandwich structures.

2.3 Modular Construction

The concept of modular construction is not new, and some of the more optimised methods are seen
in civil engineering projects. A building for example can be constructed using pre-fabricated
sections giving numerous floor plan combinations and some degree of flexibility in catering for
customer’s tastes and site restrictions. This in turn enables modules to be produced using
production line techniques, minimises the number of variables for the manufacturer, thereby
reducing costs and increasing efficiency. Storch (1997) gives an excellent insight into these

relationships using car industry manufacturing techniques as applied to shipbuilding.
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It is these production line techniques that have spurred interest in modular sandwich construction
of both small and large ships (Leake and Calkins, 1996). The reasons behind the desire for such a
system are a direct result of increasing skilled labour costs, and a general industry need for

accessibility to higher technology composite construction methods without the capital investment.

These increasing labour costs see a rising number of commercial projects going offshore to semi-
skilled labour markets. Even if the vessel were for local capital investment in a skilled market,
import tariff protection is not usually sufficient to offset the gains that can be made by building
offshore. The use of these labour forces does however come at a cost, and can in some instances be
characterised by long lead times and low quality, hence the niche builders of high performance

yacht should remain safe from competition for years to come.

Globally the marine composite labour market could be broken up into skilled, semi-skilled and
non-building regions. Table 2.1 shows a typical comparison of labour based on the author’s
experience, giving some idea as to the potential monetary savings offered by using a semi-skilled

labour force.

Skilled Rate ECU/hr | Semi-skilled Rate ECU/hr
USA 34 China 7
EU 38 South Korea 13
Australia/NZ 30 Philippines 9
South Africa 17 Taiwan 13

Table 2.1 Typical regional labour rates for skilled and semi-skilled marine composite fabricators.

The advantage of modular construction is its provision of a more level playing field. It offers the
ability for the skilled market to compete in their own region, as a direct result of significant
reductions in assembly time. The semi-skilled market can also benefit from modules constructed
in skilled regions, as it gives them access to higher technology composite materials that they can
assemble with current abilities. Obviously this is a simplification of the economic impact, but the

basic ideas can hopefully be grasped from this rationale.

There exists two prevailing trains of thought on the subject of modular construction, with each

having its own merits and disadvantages. In fact, in some instances a combination of the two ideas
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may prove an ideal solution to specific vessel geometry. It must not be forgotten however that the

ability to effectively join components lies at the heart of either system’s success.

2.3.1 Moulded

Any of the previously discussed manufacturing methods in earlier sections could be suitable for

module production, depending on the variables imposed.

Advantages

(i) Moulded surface finish.
(ii) Ability to produce complex curvatures.

(i) Integral stiffening, recesses and edge closures can be included.

Disadvantages

(i) Low flexibility in catering for alternative designs or changing sections.
(i1) Cost effective only in large production runs.
(iii)) Voluminous for export projects.

(iv) Difficult to control dimensional tolerances.

Sections are produced either in turn or in separate production cells as blocks, being returned to a
centre facility for final assembly. These block techniques offer the ability to introduce utilities

such as plumbing, electrics etc. with increased access giving far more flexibility in time allotment

to the project manager.

The practical use of moulded sandwich modules has developed in a wide and varied range of
disciplines. Industry specific evaluations include cost effective housing by Woldesenbet and

Vinson (1996), Chalmers’ (1994) appraisal of large marine vessels, and a wellhead protection

assessment (Brevik, 1996).

2.3.2 Panel Developed

Possibly one of the oldest forms of construction known to man, its origins can be traced back some
40,000 years to the nganda or aboriginal bark canoe. Flat sheet of any material can be singly

curved into conically developed shapes i.e. Gaussian curvature is zero, and this method has been

readily adopted by metal shipyards of the current day.
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Metal shipyards have integrated many productivity and quality based improvements to panel
forming methods over the past 35 years. Hooper (1986) and Lamb (1995) give a detailed history of
numerically controlled cutting and lofting routines, to which the majority of advances can be
attributed. Processing improvements also improved during this tinie, noticeably laser cutting and

line heating for compound shell forms (Shin and Kim, 1997).

Use of developed composite sheet, and in particular sandwich has been limited to flat sections
such as bulkheads and decks. Currently a few exceptions are gaining momentum, with an example
modular hull kit shown in figure 2.7. Perhaps it is for aesthetic reasons, or maybe shipbuilders
have not really considered the advantages associated with sandwich plate forming, but use in hulls

and superstructures (Reichard and Neyhart, 1997) is seen only in a handful of cases.

Advantages

(i) Cost effective regardless of component numbers.
(i) Easily joined and aligned.
(ii1)) Excellent dimensional tolerances.

(iv) Optimal stacked volume for shipping.
Disadvantages

(i) Limited to singly curved surfaces.
(i) Exterior faces require fairing and post-painting.
(i) Difficult to include inserts.

(iv) All sections require tabbing laminates; either pre-cured or wet.

An additional advantage of each system is the realistic possibility of implementing third party
contractors to further reduce lead times and again reduce capital expenditure. This opens the doors

for a traditionally metal shipyard to embrace advanced composite sandwich technology with

reduced risk.
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Figure 2.7 Assembled internal framing and CNC routed panel kit-set.



2.3.3 Typical Joints

Various joints currently used in a wide range of industrial disciplines for single skin and modular
sandwich assembly are show below in figure 2.8. A discussion on the relative merits of each when
used in single skin composite construction for an MCMYV can be found in Dixon ez al (1973) with

Joint specific analytical methods covered in the following chapter.

Single Overlap

Double Overlap

Single Step-Lap

Single Scarf

Double Scarf

External Patch

Internal Patch

External Scarf

Figure 2.8 Typical adhesively bonded modular joining techniques.
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CHAPTER 3
JOINING SYSTEMS

3.1 General

Undoubtedly one of the most important features of a modular system is the joining method.Niu

(1990) suggests the six items that should be addressed during joint design as being

(a) The loads which must be transferred.

(b) The region within which it must be accomplished.

(c) The geometry of the members to be joined.

(d) The environment within which the joint must operate.
(e) The weight/cost efficiency of the joint.

(f) The reliability of the joint.

The last two items are part of an optimisation processes in which the basic components can be sub-
categorised to accommodate further factors including availability, volume efficiency and

production time.

Mechanical fastening, adhesive bonding and welding are the three choices when considering
joining methods and a combination of these techniques is often used in fail safe designs, or for
corrosion prevention. As composite structures, and in particular sandwich become more prevalent,
there is a necessity to further investigate joint configurations, analysis options, and failure modes
with a view to their practical and economic implications. Excellent reviews, although now dated,
are provided by Godwin and Matthews (1980) and Matthews et a/ (1982), on joining of fibre-

reinforced plastics.

Whilst it is recognised that mechanical fastening and more recently welding of composites, are
valid methods of joining, the focus will be on adhesives. This restriction is imposed since
mechanical fasteners are not usually the most suitable for the thin skins, as seen in sandwich
structures. Similarly welding, requiring specialised equipment, in some instances could be

considered a method of adhesive bonding.

Adhesively bonded joints have inherent stress concentrations as a result of maintaining strain

compatibility, but with proper design should not reduce structural efficiency.
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3.2 Lap Joints

The type and configuration of joints for adhesive bonding is limitless. Available analysis
techniques play a vital part in constituent materials and fabricated geometry decisions, and it is
important to understand the development and application of these principles. Use of the

characteristic equation

Ty =77 (3.1)

for calculation of average shear stress (1,) over a given bonded area (/) and under force (P), as
specified in ASTM D1002 (1997), has long been the basis for many uninformed design
calculations. Indeed, Adams (1986) comments on safety factors exceeding 10 often being

incorporated into designs, and notes that they contain a large contribution towards ignorance.

Hart-Smith (1993) is another who is very concerned about propagation of incorrect design
principles and devotes an entire paper to discussing the pitfalls of using data from tests such as
ASTMD1002. He shows that the test results can only be applicable for the materials and overlap

length being tested; there can be no reliable extrapolation of this data unless all components are

fully scaled.
3.2.1 Theoretical Foundations

The earliest work on adhesive bonded joints, and in particular lap joints, has been attributed to
Volkerson (1938), although in reality the analysis was for riveted plates. His work centered on a
‘shear lag’ model that neglected the effects of joint eccentricity, and considered only adhesive
shear deformation and adherent elongation. Whilst this linear elastic analysis was simplified, and

is more representative of a double lap joint, it formed the foundation for this area of study.

According to Volkerson the shear stress distribution 7, in an adhesive layer can be described by

-1
T, = P Gy 1 N 1 1 sinh(x) + 1 N cosh(A) cc.)sh(ﬂx) 32)

where

G
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and E;, E, are Young’s modulus, #, f, thickness and v;, v, Poisson’s ratio for the respective
adherents; E; the Young’s modulus, G; shear modulus, #; thickness and v; Poisson’s ratio of the
adhesive; [ lap joint length, 4 lap joint width and P applied load as shown schematically in figure
3.1. Volkerson may perhaps be the ‘pioneer’ of this field, but Goland and Reissner (1944) could
also be considered in this light. Their analysis provides two theories, taking into account the
bending moment and resultant joint rotation, neglected by Volkerson. The applied load was related
to the resultant moment by a factor ‘4’, however their methods are still limited by the assumption

that shear and peel are constant across the adhesive thickness.
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Figure 3.1 Joint rotation through eccentricity of load.

Goland and Resisner’s first theoretical model centres on the adhesive having negligible thickness
and moduli similar to the adherents eg. a wooden joint, whilst the more widely accepted second

model which follows, allows for adhesive film flexibility and is more representative of a metal

joint. Shear stress 7, and peel stress o for E,=E,=F and t,=t,=t are expressed as

Ty = Z["f 0+ 3@% 3 - k)} (.4)

(3.5)

o = ot? (R2/12 K2+ 2k cosh(/l)cos(/i)) cosh(Ax c)cos( /c)
7 C2R] |+ (Rlxlz k/2 + Ak’ sinh(4)sin( /?.))smh (Ax/c)sin(ix/c)

where
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Goland and Reissner’s second theory is further restricted by imposing a validity range based on the

following

tE
G 01 ad  Erogg (3.6)

N )

This range was subsequently eliminated by Chen and Cheng (1983) using two-dimensional
elasticity theory together with the variational theorem of complementary energy. They noted, as
does Adams et ol (1997), that many cases lie outside the limits stated above in (3.6), as adhesives
are becoming increasingly a compromise between the so-called inflexible and flexible genre i.e.

they exhibit elastic-plastic behaviour prior to failure.

One of the aims during the development of these closed form solutions for lap joints, was to satisfy
the adhesive’s stress free boundary condition, characterised by the law of complementary shears.
Goland and Reissner, noted this anomaly in their work, and the first real attempt at satisfying the
condition was made by Volkerson (1965). Unfortunately Adams ez al (1997), notes that Peppiatt

found numerous errors in Volkerson’s paper and was therefore unable to obtain meaningful

results.

Although his work is surprisingly rarely cited, Allmann (1977) derived a solution that satisfied the
stress free boundary condition for a symmetrical lap joint. He notes that for non-identical
adherents the solution gets unnecessarily complicated and therefore prefers approximate numerical

techniques should this situation arise.

Aircraft bonded patch repairs often consider adhesive plasticity in wet/dry environments and hence
Hart-Smith (1974) developed a simple equation to estimate the joint’s load carrying capacity (P).

Large safety factors are still required, but the basic equation is simply
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P=20ne, (4. +7,)Et)" 3.7)

where 7, is the effective yield stress of the adhesive, y and y, are-the elastic and plastic strain to
failure assuming no elastic-plastic phase in the stress-strain profile, 7 the adhesive thickness, ¢

patch thickness and £ modulus.

Overlap length (/) still requires determination to ensure that the adhesive has sufficient area in the
‘elastic trough’ i.e. at maximum load potential creep is prevented by a given central area of

adhesive under elastic conditions. Minimum design overlap can be given as

I= [f_ + %J - safety factor 35

where A is given in equation (3.3), and £; is calculated as z/j..

Edge effects can be further complicated by the presence of spew fillets, that occur when excessive
resin is squeezed from the joint. Whilst in some instances a knife is used to clean the surface when
the resin is ‘green’, Adams and Peppiatt (1974) have observed that it’s presence is actually
beneficial, reducing adhesive stresses by up to 30% when in triangular form. Practical tests by
Adams and Davies (1996), evaluating a combination of fillet and adherent profiling shown in

figure 3.2, have shown even more exceptional increases in load carrying capacity.

——¢§ CFRP ]
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Faiure=4.85kN

STEEL _}

<z .
% STEEL | —— Failure=9.53kN

“Q?W Mmfm"%

N

Failure=25.93kN

Figure 3.2 Adhesive and adherent profiling with associated failure load.

Adherent profiling to achieve a near uniform shear stress distribution is not a new concept, with a

quadratic form first proposed by Adams ez a/ (1973). The practical limitations are obvious,
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however Hart-Smith (1981) also investigated the more concerning aspect of edge ‘pinch off” under
elastic-plastic adhesive conditions i.e. at the lap ends adhesive thickness is reduced. The problem
is most pronounced where autoclave or vacuum pressure is used for joining components, and is not
easily detected by NDT since the bond line is usually continuous. As the adhesive thickness
reduction occurs at the most crucial location, i.e. in the vicinity of the free edge, a 50% decrease in

adhesive thickness can result in a 50% increase in shear stresses.

3.2.2 Finite Element Methods

Whilst Hart-Smith prefers the continuum mechanics approach in analysis of bonded structures,
Adams (1986) sees FEM as being the only accurate solution for determination of adhesive and
adherent stress distributions. Adams’ preference is particularly poignant since it is the only

technique that can adequately account for adherent plasticity and the presence of spew fillets.

Early finite element analysis by Wooley and Carver (1971) used a program based on linear
displacement functions within triangular elements. It gave excellent correlation withGoland and

Reissner’s work, but as Adams (1986) points out, made no allowance for adherent flexure.

More recent methods by Bezine et al. (1996), allow for material plasticity and adherent bending,
and are a good compilation of various techniques previously employed by other authors, including
Crocombe and Adams (1981), Lin and Lin (1993) and Tsai and Morton (1994). They show the
presence of significant through thickness stresses, which are confirmed by use of a photoelastic
model. The resultant effects of adherent beveling also substantiate the findings of Adams (1989),
showing a somewhat linear reduction in peel stresses proportionate with bevel angle, and only

appreciable reductions in shear stresses for included angles of the adherent less than 30 degrees at

the adhesive interface.

Practical application of adhesive theory is invaluable as it demonstrates the true value of this type
of research. A missile fin constructed using a metal hub and either of two alternate composite
winglets in Boron/Epoxy (Br/Ep) and Boron/Aluminium (B1r/Al) was analysed using FEM by
Allred and Guess (1978). A subsequent validating test program showed that laminate transverse
tensile failures dominated the Br/Ep, whilst conversely adhesive failure limited the Br/Al. An
interesting development during this work was the implementation of through thickness bolts near
the ends of the double lap, controlling peel and allowing a 25% increase in load carrying capacity

of the Br/Ep laminate.

27



3.2.3 Through Thickness Stresses

Not to be confused with the across width or in-plane stresses, through thickness or out of plane
stress is often the limiting case when considering bonded composites. Shenoi et al (1992) has
observed the scarcity of reliable interlaminar tensile data, and commonly unidirectional transverse
properties are used to model the limiting case. The failure sequence is particularly apparent in

thick composite adherents as shown in figure 3.3.

v

— L
" 3
(©) (d)

Figure 3.3 Demonstrating (a) peel and shear stress distribution and (b)-(d) failure sequence.

Unless moment restraints can be applied to the joint, Kinloch (1994) believes that the single lap

should not be used as the basic configuration of a load-bearing composite connection.

3.3 Scarf and Stepped Lap Joints

The scarf joint and stepped lap have not received as much attention as their counterparts single and
double lap joints, but hold special interest as the only joints that can offer continuity of thickness.
Depending on aesthetical or various practical reasons, they may be more suitable or the only
choice for a given set of circumstances. Hart-Smith (1974) describes the scarf joint as
mathematically the most difficult to solve, due to the governing differential equations not

possessing standard closed form integrals. In fact, the smooth scarf could be considered the

limiting case of a stepped lap joint.
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3.3.1 Theoretical Foundations

Early analysis of the scarf joint in tension by Lubkin (1956) showed that stresses were constant
along the scarf joint provided the adherents have equivalent elastic properties. For non-identical
adherents under plane stress, Lubkin was also able to determine the single scarfiangle that provides

homogenous elongation of the adhesive layer, given by

a =tan” _ELM (3.9)
v E, |E; ~v,

14 14
EX VX

where the plane strain problem is evaluated by substituting E, = (—77 and v, = (1 - )
1-v!

X

with primes dropped.

Later work by Erdogan and Ratwani (1971) developed stress distributions for non-identical
adherents using two-dimensional elasticity in both plane stress and strain, with a view to its
application in bonding isotropic to orthotropic adherents. Reddy and Sinha (1975) extended their
work to cover each adherent as orthotropic, and in Reddy and Sinha (1976) also included
temperature effects. Their findings supported the theory that smoothly tapered joints are the most
efficient at load transfer and also found that increasing adhesive thickness reduces shear strength,

while increasing adherent modulus raised shear strength.

Chen and Cheng (1990), propose a different method of analysis for the scarf joint based on their
previous techniques in Chen and Cheng (1983) cited above. They were able to show the existence

of stress concentrations near the free edges and develop the following new criterion for Lubkin’s

single uniformly stressed adhesive angle &

w=tan” |oE/ BN (3.10)

generally having no solutions unless

_E B[, _E _E
[v3 Z, VIJ/( EI) [v3 Ezvzj/[l E2]>0 (3.11)

It should be mentioned that Thamm (1976) demonstrates that a fine tapered edge is required for

the scarf in order for this joint to be structurally viable. Even an adherent taper to 10% of the
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original thickness will result in a single lap joint proving more efficient at load transfer than the
scarf. Whilst introducing increased difficulties in machining, it is not impossible to achieve
adequate tapering, and particularly with composite adherents, stacking sequence plays a vital role

in achieving the featheredge.

The scarf in pure bending is an interesting aberration in the history of jointanalysis, as to date all
resources have been focused on either tensile or compressive behaviour. Wah (1976) gives a brief
and somewhat incomplete presentation of an approach using stress functions for determination of
shear and tensile stresses developed under joint bending. It is this work that forms the focus of the

next chapter, as it will be shown to have direct implications on sandwich structures and their

flexural response.
3.3.2 Finite Element Methods

A limited amount of documented work has been published on scarf and stepped joints using FEA,
and may be due to proprietary industry knowledge or the fact that analysis consumes considerable
CPU time. Some of the earliest models were produced for use in flight vehicles by Barker and Hatt
(1973), concentrating on bonding of unidirectional boron/epoxy (Br/Ep) to aluminium using the
scarf and single step lap. Their work shows good correlation with the closed form solutions

developed by Erdogan and Ratwani (1971), and demonstrates that the scarf is best suited to joining

dissimilar materials.

The question does however arise: what happens to the stresses when the laminate has a multiple
layer stacking sequence? Interlaminar stresses obviously develop, which in some ways could be

considered analogous to transverse tensile stresses in lap joints.

Further expanding on the scarf joint, Johnson (1989) looks at the effects of ply stacking sequence
on the stresses developed within the adhesive and adherents. The results show the adhesive
interface shear stresses to oscillate about an average determined by Erdogan and Ratwani’s
solution. Similarly the longitudinal stresses developed in both the Br/Ep and aluminium show the

same trend, with increasing ply numbers reducing the limits of the stress band and tending toward

the exact homogeneous solution.

3.4 Failure Criterion

To date there has been no reliable and accurate adhesive failure criterion that can be applied to a

wide range of situations. Adams et al (1997) suggest the use of upper bounds that have inherent



factors of safety, with others such as Clark and McGregor (1993) and Crocombe (1989) preferring

an averaging range.

The application of failure or yield criterion can be looked at in two parts, the first is cohesive and
the second adherent. It is assumed that the bond between the two adherents is sufficient that
surface inconsistencies play little part in failure, otherwise much more complex probabilistic

techniques must be used (Hart-Smith, 1981).

Cohesive failure, or yielding of the adhesive matrix should consider both tension and compression
charactersitics of the polymer. Raghava er al (1973) proposed a modified von Mises criterion for

adhesive yielding taking into consideration these differences and can be described as follows
(01 -0,)V +(oy~0;) +(0; ) +2(C~T)o, + 0, + 05)=2CT (3.12)

where o1, o and o3 are the three principal stresses and C and T the absolute values of polymer

compressive and tensile yield strength.

Jangblad er al (1988) showed that these methods, which are subject to ASTM standardisation for
bulk adhesive property determination, show considerable scatter. An experimental method, based
on butt and thick adherent lap joints, for adhesives used in sirw was therefore developed to

significantly reduce test sensitivity.

There are many difficulties associated with testing of adhesives, such as inevitable void formation
and surface striations that can initiate premature failure. Many manufacturers of adhesives
therefore neglect to perform compressive tests due to out of plane motion prevention necessitating
bulky specimens. This added bulk tends to increase the potential of flaws. Vacuum techniques can
be used for air bubble removal, but in many instances the required pressure falls below the vapour

pressure of diluents used in formulation of adhesives and their subsequent boiling exacerbates the

problem.

For this reason several studies on epoxies have been conducted in order to determine compressive
to tensile strength ratios and eliminate the need for a full complement of mechanical properties.
Sultan and McGarry (1970) found the C/T ratio to vary from 1.28 to 1.35 for epoxy, with a later
study by Pick and Wronski (1975) narrowing this range to 1.33, which incidentally was the same

as that found by Raghava et al for PVC.
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In practice however Suzuki (1987) found that failure criteria is adhesive type dependent, with a
maximum principal stress criterion suited to brittle adhesives and an unmodified Von Mises to
ductile. Suzuki determined that the maximum stress predicted by finite element solutions did
however overestimate the stress in a bonded joint, and hence introduced the idea of a boundary
layer. The boundary layer can be considered analogous to the notch sensitivity of the adhesive and
is shown in figure 3.4. Failure prediction is therefore based on the stress at a given distance from
the free edge. A comparison of finite element and experimental results on bonded steel butt joints
showed this value to be independent of adhesive thickness; giving a 0.02mm boundary layer for

brittle adhesives and 0.2mm for ductile.

!— Boundary Layer Depth

Figure 3.4 Boundary layer depth — as a concept for scarfed sandwich skin strength prediction.

A similar concept was introduced by Thomsen et al (1998) for failure prediction at ply drops, in
laminated sandwich skins under tension. They introduced a characteristic length ', in essence a
boundary layer, with failure prediction based on maximum principle stress. This failure criterion
agrees with that determined by Suzuki, as laminating resins can normally be considered brittle.

The characteristic length is determined by the following

(3.13)

where E, is the bulk resin elastic modulus, ¢, the adhesive interface thickness of the dropped ply,

D!. primary bending stiffness of the base laminate, and « a scaling factor determined from
11

tot

a= Dll
Dtot __Dl
11 11



where D} is the combined flexural rigidity of the base laminate and dropped ply.
Adherent failure is normally far easier to determine with VonMises criterion sufficing for metallic
adherents. When using polymer matrix composites Adams (1986) suggests an essentially linear
criterion, and Tong (1997) offers several proposals based on existing laminate failure theories

(Nahas, 1986).



CHAPTER 4
METHODOLOGY

The concept of characterising a joint as a unit for sandwich construction offers immense potential
provided the parent material being joined has guaranteed minimum mechanical properties. If this

is achieved then the joint could be considered analogous to a weld in metal structures.

4.1 Experimental

Making a decision on the best materials to use for a joint analysis is important, as it reflects on the
applicability of experimental results to real world structures. It is intended that a compilation of

several prior and proposed experiments will offer the best step forward. Aspects to be considered

include

(i) Sandwich panel impact
(ii) Laminate coupon tests

(ii1) In-plane joined sandwich

with each following on from the other. Impact will consider constituent materials in generic form
i.e. reinforcement and resin. A fundamental approach to impact is necessary to give a basic view
of the benefits associated with the constituent materials of a composite sandwich panel. Linked to
the materials is the ever present question of cost. Financial considerations should never be
forgotten, particularly in markets where material cost form a significant portion of final price, an

example of which is the marine industry.

Laminate testing is a progression from impact evaluation, as mechanical properties are necessary
for further analytical and numerical techniques. Together with material sourced from other

literature this data was used for the description of various joints mechanical attributes.

Ultimately the goal is to characterise an in-plane sandwich joint. It is therefore necessary to select
several joining methods and develop an experimental technique from which relevant information
can be extracted. This information includes joint stiffness comparison, neutral axis movement
relating to a failure progression, ultimate load carrying capacity, and finally the micro and macro

morphology of failed regions.



It is expected that the scarf will form the basis of analytical and numerical methods as it has

distinct advantages from a practical perspective, which are discussed in the next chapter.

4.2 Analytical

Choosing a closed form solution from which to estimate joint stresses can offer reduced
complexity and rapid strength estimation when used as a design tool. Validity of assumptions and
range of applicability must be given careful consideration, but it is always comforting when a

realistic answer exists within the prescribed bounds.

Methods that can offer solutions to joint interface stress distributions were discussed earlier and it
is Chen and Cheng (1990) together with Wah (1976) that will form the focus of the analytical
investigation. It must be noted that their choice is based on the belief that a scarf joint will offer
the most promise from a practical as well as mechanical stand point. Adaptation of lap joint theory

to a scarf geometry is not dismissed however, as shallow angles tend toward pure shear in scarfs.

4.3 Numerical

Proprietary software such as Ansys, that package all the tools necessary for finite element
solutions are invaluable. A linear elastic approach was used for a limited parametric study of scarf
joints, as little work has been performed in this area. The progression will be from homogenous
joints in tension, through flexure and finally application to a sandwich, with consideration given to
plane stress as well as plane strain. From this position it will be possible for some general

observations and recommendations to be passed, based on interfacial and internal stress

distributions.

A further and final step is finite element results comparison with the chosen analytical and test
models. This will provide an indication as to the validity of assumptions in each, and prove that

one or both methods are suitable to joint stress prediction.

Each aspect and method of joint characteristation therefore ties into the next. This approach sees a

logical progression from experimental, through analytical and finally finite element methods.
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CHAPTER 5

EXPERIMENTAL PROGRAM

5.1 Preliminary Program

The requirement for an understanding of the basic constituent materials was important in test
program design. Preliminary mechanical tests were carried out during the period 1995-97 at
Queensland University of Technology and University of Southern Queensland to develop the
foundation for panel joining principles. A parallel program in production methods was also run in-
house at ATL Composites, to ascertain efficient and adaptable sandwich joining techniques, with

an emphasis on marine vessels.
5.1.1 Impact Testing of Skin Laminates

The advantages and disadvantages of using particular types of resin, reinforcement and core, has
been an endless concern for fabricators, with characteristics of each discussed in chapter 2. Their
decisions are influenced by many factors including salesman, colleagues, industry standards and
familiarity. This prompts the question, what is best? No easy answer exists, but some comparative

tests show the distinct advantages of certain systems.

The impact testing of a sandwich enables a comparison to be made between different laminates on
a given core. Should it be possible to decrease the skin thickness through equivalent impact
resistance while still retaining the same flexural strength and stiffness of the comparative sandwich
laminate, then substantial benefit can be gained by considering the resulting reduction in joint
dimensions. Flexural property compensation for the thinner skin is possible by making a relatively
small increase in core thickness. With this new sandwich laminate the thinner skin is directly
responsible for shorter lap and scarf lengths, minimising intrusion into the sandwich structure and

having associated benefits such as reduced machining, material and labour.

5.1.1.a Test Standards

A large number of impact apparatus exist, and are in continual development. The relationship
between the tests and the physical structures actual service conditions is difficult if not impossible
to predict and quantify. This has led to impact testing, in this study and in general, being a more
qualitative exercise measuring the area of delamination, debond and fibre breakage, in order to

establish a ranking of materials thought most suitable for the intended purpose.



Marine standards give guidelines to such tests, several of which are detailed in Appendix A,
including American Bureau of Shipping: Tamura (1991), Australian Standards (1993), and Det
Norske Veritas: Wiese et al (1998), although many other test standards pertaining to industry

specific requirements are widely used.

An interesting point is that no reference to projectile ‘bounce back’ is mentioned in any standards.
This ‘bounce back’ and subsequent hits are of extreme importance in a qualitative analysis since
each specimen should be subjected to the same impact energy. The author has witnessed several
instances where balsa and PVC foam has been compared without arresting the projectile after the
first hit, under supervision of marine surveyors. This of course is detrimental to balsa core since
the PVC foam can deform and absorb a large amount of energy, thereby greatly reducing the total

impact energy associated with multiple hits from projectile bouncing.

5.1.1.b Experimental Program

A test program conducted by ATL Composites Pty Ltd, under contract CET3230/1(1995) and
subsequent in-house programs, showed substantial dependence of delamination resistance on resin
and reinforcement type. The tests involved changing resin systems, together with reinforcement

type and weight, while leaving the core material as a fixed parameter.

Tests were performed under guidelines to DR 91044, a draft precursor to Australian Standards
(1993). Incremental drop heights of 500 mm up to 2500 mm, using a 100 mm diameter round nose

projectile with a mass of 15 kg, were documented.

5.1.1.c Experimental Results

Figure 5.1 details a representative crack and delamination profile for typical polyester, woven

roving and CSM laminates at the final 2500 mm drop height, using the round nosed impactor.

B Skin fracture Skin delamination

Sandwich Laminate

225g CSM (w=40%)
450g CSM

600g WR (w=50%)
450g CSM

6mm Al-600 Balsa Core
450g CSM

600g WR

450g CSM

Resin: Isophthalic Polyester
Fibre: E-glass

Top Face Bottom Face Total Mass = 8.76 kg/m?
Reinforcement Mass = 3.23 kg/m?

Figure 5.1 Fracture and delamination of a typical polyester laminate — 200 mm inclusion zone.
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