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Preface

Abstract

This work seeks to address concerns voiced in the marine industry over the

confidence of design safety factors applied to sandwich cores following

reported failures in service and the introduction of new lower standards for

linear foams. Design calculations largely define the safety factor for the

sandwich structure based upon the performance characteristics of the

laminate skins with only basic criteria for the core, in terms of section

modulus, moment of inertia, core shear and density, all intended to limit skin

buckling at the compressive face. Typically, the core is the most vulnerable

component of the sandwich, and is assigned the lowest factor of safety with

no allowance for change in the material properties over time. Much of the

research on durability and the effects of environmental ageing into the

degradation of sandwich materials has been generated by the aeronautical

industry and has focused upon laminate composites with environmental

exposure specific to flight. Further information is required by marine

designers to address the knowledge gap in the estimation of risk posed by the

altered response of aged cores, especially in light of the special dispensation

offered to linear foams of equivalent density.

The approach adopted by this work was an experimental investigation into

the effects of ageing on two medium density foam types, typical of the marine

industry; a cross-linked C70.130 and a linear R63.140. Their responses to

exposure and ageing were chronicled by changes in weight and fracture

toughness. Fracture toughness values were obtained for a progression of

mixed modes from pure tensile to pure shear, mapping the deterioration of

mechanical properties over a period of accelerated ageing using a sharp edge-

crack CTS-type specimen with the same configuration for all modes.

Mechanical testing revealed increasing brittle behaviour for both foam and

micrographs depicted evidence of pitting and leaching of material from the

cell of the R63.140. Long-term environmental exposure was simulated by
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hygrothermally ageing within temperature-controlled tanks at 60°C. Cyclic

conditioning indicated that periods of interruption and drying had little effect

on total moisture uptake, but freeze/thaw cycles had the potential to be very

damaging. The linear foam, employed for its excellent resistance to crack

propagation and slam impact loading, exhibited the greatest deterioration in

properties, and almost twice that of the cross-linked foam.

The superior resistance to moisture and subsequent property retention of the

cross-linked foam, can be related to its smaller cell size, measured as more

than half that of the linear foam despite being of the same density.

The potential and limitations of thermography to assess the response of

closed-cell structural foams to damage sustained during service in the marine

environment. Thermoelastic Stress Analysis (TSA), an advanced form of

thermography, was the assessment technique selected as it provides non-

contact, full-field data in real-time. Data from TSA was used to show the

difference in behaviour between aged and unaged foams in response to local

stress from a sharp edge-crack, and the different responses of linear and

cross-linked foams. An established method for the extraction of crack-tip

stress intensity factors from TSA data was attempted for foam, though

limitations of the application arose from the local architecture of the foam

cells, struts and cell walls; the foams method of stress redistribution through

local cellular distortion; and the formation of interacting high stress pockets

in advance of the crack-tip stresses.

Keywords: TSA, foam, hygrothermal ageing, Cedip, fracture toughness
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Chapter One

Introduction

1.1 Introduction to Sandwich Composites and Marine

Applications

The essence of a sandwich construction is to mimic the principle of increased

stiffness and strength through the manipulation of moment of inertia of the

cross-section that has been exploited by the classical girder 'I-beam' shape in

order to evade the corresponding penalty in weight. In a sandwich composite,

this cross-sectional manipulation is effected by dividing the customary glass

fiber/epoxy laminae composite into an inner and outer face, separated by a

light yet rigid core. The inner and outer faces or 'skins' resist the bending

stresses, whilst the low density core resists the shear stresses and buckling of

the panel in compression'1. Figure 1- 1 illustrates the I-beam principle and

the allure of sandwich construction by tabulating the effect upon relative

strength, stiffness and weight exhibited by the section due to increasing

separation between the laminate faces.

RELATIVE STIFFNESS

RELATIVE STRENGTH

RELATIVE WEIGHT

Skin (t)

100

100

100

Core(2d) —

700

350

103

±
'J
±

Skin (541)

Skin (541)

: Skin (541)

Core

=±=Skin(V4t)

3700

925

106

Figure 1-1 Property advantages of a sandwich composite; two skins separated by a lightweight
core.

The single skin laminate is assigned a thickness of t, which is then divided by

a light core of thickness d, but of negligible strength. As the moment of

inertia I (proportional to stiffness), approximates to td2/4, and d is
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considerably greater than t, a large increase in stiffness results2. Sandwich

composites offer an opportunity for design optimisation primarily through

increased stiffness and strength without the consequence of increased weight

as illustrated by Figure 1- 1. In a marine application this may translate as

increased buoyancy, fuel efficiency or speed, as capitalised upon by lifeboats

and sailing yachts respectively, while its material properties of insulation and

low radar cross-section have been exploited for Naval applications (both

surface and submersible). The largest sandwich hulls being the 72m Visby

Corvette3 and a 75m superyacht, Mirabella V, representative of current

confidence limits in deflection and fatigue of sandwich construction4.

1.2 Understanding Production Methods, Common Faults

and Typically Reported Service Failures
While many recreational yacht hulls are still single skinned with stiffener

reinforcement and only sandwich cored decks, sandwich designs in racing

yachts are commonplace and the use of sandwich composites for motor boats

is rapidly increasing. The closed-mould vacuum processing methods available

to sandwich composites and the economics of mass production emphasising

design simplification, durability, maintainability and environmental

concerns5 have encouraged large scale boatbuilders such as Toyota and

Genmar to invest in $40M highly automated robotic plants capable of

producing up to 60,000 hulls annually.

The specifics of production are tailored to a hull design and its scale of

production, but the basic principle of the modern vacuum methods used

remains the same: The fabrics that are to form the skin (carbon or more

typically glass fibre) are layered in a dry state over the foam core sheets with

the desired orientation and encapsulated by a vacuum bag from which all the

air is removed. Under constant pressure a resin matrix is drawn through the

dry fibres, infusing the skin and core in one. Uniform resin flow and

distribution is assisted by a surface mesh (later peeled away), and by

breather holes, grooves or scoring in the core used to contour the rigid foam to
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the curvature of the hull shown in Figure 1- 2, which has been formed by a

mould built over a non porous wooden plug geometrically equivalent to the

end hull-form.

•rs?

(c)

Figure 1- 2 (a) Grooves and breather holes in core for resin flow and air escape, (b) Gap filling
and fairing of core prior to infusion of exterior skin of small-scale yacht built over a male plug

(c) Resin infusion commencement in a female mould. It is important to optimise flow
distribution uniformity especially around integral hull components.

Gaps within the core are filled to ensure structural continuity or the shear

properties of the sandwich are greatly diminished. A microballoon filler with

similar strength and elasticity properties to the core is preferable to allowing

the infusing resin to fill the voids. Resin filled scoring results in hard spots

between the faces making the panel considerably less resistant to impact. The

mould is commonly female for large scale sandwich designs but the expense is

forgone in favour of building over a male plug for small and custom builds as

builders find resin flow easier to control over a convex surface.

In practice, vacuum infusion has greatly improved production quality and

computer simulation tools allowing an infusion to be planned and problem

areas anticipated, coupled with an improved understanding of sandwich

philosophy in key areas such as joints have contributed to the lowered status

of design as a root cause of service failures as cited by industry professionals2-7

in the following ranking of industry concerns:

1. Inherently poor shear strength of core,

2. Moisture absorption in core and thermal radiation effects degrading

material properties over time,

3. Weak or degraded bond strength of the skin/core interface, (criticism

mainly restricted to skin/core bonding as a separate stage),
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4. Inappropriate application of sandwich composite design and

construction philosophy,

5. Quality of manufacture.

Despite the improvements in quality of construction, unless special attention

is afforded to the preparation of an infusion flow, it is common for voids to not

be fully infused. This invites an additional risk of damage from moisture

accumulation and may cost the hull a significant penalty in weight,

conflicting with one of the primary design requirements of a sandwich

structure.

1.3 Limitations of Design Guidelines

The principal concern of core shear strength stems from statistics that record

the most frequently reported failure mode for yachts, both recreational and

those raced during the Whitbread, Vendee Globe and America's Cup

challenges8, as well as other high-speed light craft such as rescue craft and

fast ferries as localised shear failure of the core with subsequent

delamination of the skin. The effects are illustrated in Figure 1- 3.

Recreational craft further reported delamination following localised core

failure due to small-area impact or collision as common.

Figure 1- 3 (a) Core shear and delamination failure modes of hull following slamming impact
loads,

(b) Scallop striations in core are illustrative of shear failure9.

Industry points to such incidents as examples when voicing its frustrations

over design optimisation in the literature, isolating design formulations for

the greatest criticism and asserting that they are based upon test methods

that do not fully incorporate slamming, fatigue, impact and environmental
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effects10 and so become proportionately unreliable with increasing vessel

size111213. In response, classification societies such as the American Bureau of

Shipping (ABS), have recently reviewed and improved the requirements for

high speed (HSC)1415 and Naval craft16 though not yet for sailing yachts1718, and

while the specifics vary with each rule-making body, there is a common

approach. In general terms a design guideline stipulates a minimum section

modulus and moment of inertia for a sandwich section dependent on the

material and position within the hull with limitations on the core density and

thickness and emphasis on the skin thickness. The new minimum density

cited in the ABS HSC guidelines for the most vulnerable hull position is

120kg/m3 for cross-linked PVC and 80-90kg/m3 if the core is a linear PVC,

commonly selected for its energy absorption properties and excellent

resistance to crack propagation. Linear PVC receives further dispensation in

shear strength safety margins with a permitted a design load of 55% the core

shear strength (0.55xu), as opposed to the 40% of cross-linked PVC cores

(0.4TU). The subscript u is a relic of the ABS HSC and Naval rules prior to

their 2001 and 2006 revisions respectively, and refers to ultimate shear

strength as derived from the maximum load per unit area sustained by the

material in shear. -

Figure 1- 4 illustrates sample load-extension curves for linear PVC and non-

linear cores with characteristics of plastic and brittle behaviour respectively

from which xu is calculated. The use of ultimate rather than yield shear

strength in design calculations has the potential to diminish the safety

margin of core materials that exhibit more plastic than brittle behaviour. In

the latest ABS rule revisions for HSC and Naval craft, the xu term has been

redefined as minimum shear strength and provided in a table against

material type and density but remains uncorrected in other rules such as

those applied to offshore yachts. In addition to which, the truncated safety

margin of linear cores is based upon 4-point bend strength retention

experiments conducted on virgin specimens under laboratory conditions at
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room temperature (as for all specified material properties) with no specific

accommodation for any potential long-term environmental effects.

Linear PVC cores Non-linear rigid cores SZZ.\

(a) (b)

Figure 1-4 Load extension curves for shear strength determination of (a) linear PVC cores
showing plastic behaviour and (b) non-linear cores exhibiting brittle behaviour'1'

Safe design optimisation is complicated further by the introduction of ISO

12215 (small craft), a mandatory standard in Europe for craft smaller than

24m that legally supersedes classification guidelines. In a review conducted

by ABS in 2004, the ISO Standard was unfavourably compared to current

ABS standards, citing insufficient commitment to quality control, diminished

safety margins and structural requirements as some key concerns. With

respect to the core, the new ISO guidelines offer no minimum density

requirement, but instead minimum mechanical properties, which for the hull

are similar to those associated with cores of density 60 to 80kg/m3 as opposed

to the 100 and 120 kg/m3 stipulated by ABSa>. Design formulations in general

are further contested in the literature on a broader basis with references to

wave loading, frequencies and other hydrodynamic effects. The specifics of

these arguments whilst beyond the scope of this work are worth noting as it

is argued that the design hull pressures for both high speed marine vehicles21

and sailing vessels^ are frequently exceeded in unexceptional service

conditions.

1.4 The Service Environment and Loadings on a Foam Core
Comparative measurements and impact velocities recorded by Manganelli

and Wilson on a full-scalea^ and a l/7th scale model>» of an Open '60 showed
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that impact velocities greater than 2.5m/s are regularly observed in service

and loading is deemed dangerously close to the design limits and safety

margins currently adopted for these structures assuming the structure is not

weakened further still from production faults or in-service short or longer-

term damage.

The core in a sandwich moulded hull must be able to transmit these loads

across to the encapsulating laminate faces to maintain the integrity of the

structure. Figure 1- 5 illustrates the complex shape and loading pattern of a

typical sandwich composite yacht hull with possible modes of failure.

Buckling under Face wrinkling Core cleavage
edge compression in compression in compression

Failure of
compression

face in bending

Failure of tension
face in bending

10 13 16 19 22 25 28 31 35
Sea Surface Temperature°C

Figure 1- 5 Complex loadings on a sandwich yacht hull with potential failure modes26. Insert
showing global sea surface temperature (°C) 3/11/200526.
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Core materials may be at further risk from environmental factors such as

moisture or thermal radiation, which may alter the material properties in

either the short and long-term and where core density and composition may

be pivotal. The range of service temperatures the sandwich is exposed to, is

intimated by the sea surface temperatures shown in Figure 1- 5 and the

Classification society rules assertion that the core must "possess good

strength retention at 60°C'X In practice, temperatures of 65°C are frequently

recorded on the surface of white decks in Florida, and temperatures close to

the 80°C softening point of a polymer core are not infrequent, while the dark

pigmentation of Naval craft and some recreational yachts has resulted in

deck temperatures up to 113.8°C27. In addition to the effects of elevated

temperature upon the bulk material and mechanical properties of the

sandwich, its vulnerability to moisture uptake and thermal cycling fatigue is

also increased. Subsequently, seasonal exposure to freeze/thaw conditions

may invite deeper microcracks and further accelerate material ageing.

1.5 Motivation for Research
The severity of environmental effects upon the core, and the implications, if

any, for the design safety margin of the core are uncertain as much of the

open literature is focused upon the high performance laminate skins used in

the aero industry. It is clear that current design rules are inadequate to

describe all the relevant material properties required for a safe yet optimised

design. It is necessary to improve understanding of core behaviour to the

effects of a service environment, and its response to defects such as cracks

under the complex mixed-mode loading seen in service. In understanding the

tolerance of the core to such damage at different stages of its service life, it

may then be possible to assist designers in structural optimisation and

increase confidence in the design safety margins.

In order to accomplish these aims an experimental approach is obviously

necessary and raises the issue of instrumentation for damage evaluation.

Conventional instrumentation such as strain gauges are bonded the specimen
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surface with a resin, and relate changes in the electrical resistance

experienced by its foil backing as it is moved small distances closer or further

apart, to the stress experienced at the particular location to which they are

adhered. The difficulty lies in the delicate and highly flexible structure of

individual foam cells which may oblige the bonded gauges to relay

information about the bond rather than the cell response. The application of

Thermoelastic Stress Analysis (TSA), a thermographic technique is proposed

as an approach in order to exploit its non-contact, non-destructive, full-field

characteristics. Recent technological developments have made thermography

more widely available, making it a valuable diagnostic tool for marine

surveyors28. Figure 1- 6 illustrates the application of thermography, producing

results far more accurate than a tapping hammer hitherto reliant upon the

particular experience and judgement of an individual surveyor. It has

additionally provided successful results in locating areas of moisture

penetration where previous exploratory drilling for moisture meter readings

led to unreliable results.

(a) (b) (c)
Figure 1- 6 (a) Thermal image of a boat hull exterior showing an anomaly in an otherwise

uniform structure, (b) Detected anomaly marked on hull for examination, (c) Partial core sample
from marked area reveals lack of bond between core and outer skin29.

TSA supersedes thermography by combining Kelvin's principle that relates a

slight change in volume of a body to a slight change in its temperature, with

high resolution infra red detectors to allow this reversible thermoelastic effect

to be quantitatively measured and proportionally related to the change in the

sum of the principal stresses*. TSA with an early IR detector has successfully

identified the stress distribution across a sandwich T-joint, and demonstrated

the consequences of an unfilled space31, however, new advances in detector

technology and software analysis mean there is the potential to obtain far

more detailed and novel insight into core behaviour.



INTRODUCTION 10

1.6 Research objectives
Designers seeking to safely optimise a boat's design are hampered by the

uncertainty associated with core behaviour after a period in service. The

design safety margin applied to the core is determined primarily from the

material response during mechanical testing, commonly ASTM C27332, a plate

shear-strength test. Additional tests may subject a material to a four-point-

bend arrangement and determine shear criteria based upon shear strength

retention at the fatigue half-life33. Excellent shear-strength retention

properties of linear PVC foams have slimmed the design safety margins for a

core of this material. These decisive mechanical tests are conducted upon

virgin materials at room temperature where the possible effects of

environmental exposure are omitted at this stage34-3536. As design safety

margins are being progressively shaved to accommodate new materials and

new design standards, it remains unclear what portion of the design safety

margin, if any, should remain in reserve to defend against potential

environmental consequences.

The blanket objective of this work is to contribute to the debate.

More specifically this work seeks to:

1. Assist designers in the development of safety margins, by determining

the degree of significance the exposure to a marine environment may

have upon the core, and by implication, the durability of a sandwich

hull built to current design standards. Using experimental

observation, identify the portion of design safety margin consumed, if

at all, by environmental effects, and consequently comment on the

effectiveness of safety margins for the material types and densities

commonly used in the marine industry.

2. Assist marine designers in the optimisation process by evaluating the

latest developments in TSA for the potential to provide information on

the response of a sandwich core to environmental damage over its

service-life.



INTRODUCTION 11

1.7 Novelty

To accomplish the first objective, an experimental approach is necessary

based upon the identification of critical performance characteristics and

properties that can serve as degradation indicators. From the volume of

literature available in open publication, it is evident laminate skins related to

the aeronautics industry have dominated ageing research, leaving a gap for

foam cores, and with investigations of the fracture behaviour of

hygrothermally aged cores in mixed loading modes yet to be published in

open literature, the approach is novel. Additionally, in the event that

significant change to the core properties and behaviour is evidenced during

testing, the procedure may be of unique interest to designers seeking to

develop predictive service life tests.

In order to accomplish the second objective listed above, it is necessary to

address a number of new challenges for the TSA user:

1. Identify the differences in response, if any, between virgin and

environmentally aged core materials to variants of cyclic loading such

as frequency using TSA,

2. Evaluation of a damage site of an aged foam core in pure and mixed-

mode loading conditions using TSA,

3. Evaluation of the potential for extracting quantitative stress intensity

factors of a crack-tip from TSA data,

1.8 Report Layout
The work is structured into nine chapters. Chapter Two, the literature review

presents a critical review of work in open publication relevant to the changes

in material properties experienced by foam cores exposed to a marine

environment, their response to damage such as a crack, and information

applicable to the application of TSA. Chapter Three briefly describes the

experimental approach to the research and explains in greater detail what

must be done and why, in order to accomplish the research objectives.

Chapters Four and Five form the basis for the first objective, and contain the
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experimental arrangements and results relating to the hygrothermal ageing

and mechanical testing of foams respectively. Chapter Six describes the

practical issues and problems associated with TSA in the approach to the

second research objective and presents the TSA results for the foam materials

selected. A general discussion of the experimental results in the thesis follows

in Chapter Seven. Chapter Eight presents recommendation for future work,

and the conclusions are summarised in Chapter 9.
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Chapter Two

Literature Survey

2.1 Introduction

Chapter One described the objectives of this work, discussed the motivation

behind it, and placed the approach to it within context. The intention of this

chapter is to identify information useful in the implementation or

understanding of results in this work and establish the areas in which this

work may provide a new contribution. The literature survey begins with an

introduction to the core materials used in this work and includes the manner

by which ageing damage of the core is initiated, the effects of ageing damage

on the structural performance of the core and the methods used to accelerate

and characterise the damage. The survey is concluded with a gap analysis

summarising the distribution literature within open publication, to

graphically illustrate the knowledge gap within.

2.2 The Foam Core, Structure and Formation

The structural foam cores selected for large-scale marine applications are

most commonly known as PVC foams, though are actually a hybrid of PVC

and polyurea. The original formulation of a PVC foam involved an isocyanate

blend, and was created by Dr Lindermann for the Kriegsmarine in support of

Germany's war effort, with rumours of early applications in E-boats and the

Bismarck. Following WWII, the formula acquired by the French as a war

reparation, was licensed out to companies in Sweden, Switzerland, and

Germany. The original recipe has since spawned many variations and

refinements, though the two main suppliers of PVC marine structural foams
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remain as the US based DIAB Inc., and the Swiss Alcan-Airex1. It is then

unsurprising, that much of the reserch funded by the US relates to the

Divinycell group of materials from DIAB, while European interests are

largely served by Airex.

Though other structural foams have been developed from a number of

thermoset and thermoplastic polymers including polyurethane (PU),

polystyrene (PS),' styrene acrylonitrile (SAN), polyetherimide (PEI) and

polymethacrylimide (PMI), it is the PVC group which dominates the marine

market. Two types of PVC foam are available; cross-linked, and linear (both

originally formulated by Lindermann). Linear PVC foams behave in a more

ductile, elastic manner than cross-linked varieties and are favoured for areas

of impact along the hull. The codes used by the two major suppliers to

describe their cross-linked and linear products are H and HD (DIAB), C70

and R63 (Airex) respectively. Both companies have supplied cores for the two

largest sandwich craft built as discussed in Chapter One, using linear PVC

below the waterline as supplied by Diab for the Visby corvette and Airex for

Mirabella V out of Southampton, UK. Though trade publications and

fabrication professionals consider the highest quality linear foam available to

be the Airex R632, foam formulations and production methods are constantly

revised with major changes announced by DIAB for 2007.

Accordingly, the Airex R63 and C70 foams, rather than the DIAB cores were

used in this work. Many foam types are typically integrated into a hull design

in an effort to match the design requirements to specific foam properties, e.g.

the R82 range is a PEI based foam selected for its thermal stability and used

around fire hazard zones. The typical type and positioning of Airex foams as a

reflection of the design requirements within a marine sandwich is shown in

Figure 2- 1, where the suffix designates the density of the core in kgnr3. With

regard to the to environmental ageing interests of this work, the key

structural foams at greatest risk would be those parts of the hull most

frequently wetted and are primarily C70.130 and R63.140. The core design

requirements for the hull are shown in Appendix 2A.
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Engine compartments
R82.60, R82.80

Bilge keels C70.200

Floors C70.130

Hull, R63.80, R63.140

•Interiors R82.60,
R82.80,C70.75

Decks, Superstructure
C70.55.C70.75

-Bulkheads, webframes
C70.75

Figure 2-1 Typical foam core types and positioning within a marine craft3

The single most important structural characteristic of the foam is its relative

density, that is the ratio between density of the foam, to that of the solid from

which it is made, however, the composition, cell size and shape are also

significant factors4. These differences in composition and production cause

differences in behaviour and materials properties and are issues to be

considered before direct comparisons are made between similar classifications

of foams such as the DIAB H, and the Airex C70 ranges. These differences

must be remembered when surveying results in the literature,, as the

majority of published research appears to have been conducted using DIAB

rather than Airex materials. For the higher densities of 130kgm3 though

some anisotropy exists, the cell geometry can be considered globally isotropic,

and approximated as a tetrakaidecahdron5. The "cell shape is illustrated in

Figure 2- 2.

Number of Faces, f = 14
Number of edges, n = 36
Number of vertices, v = 24
Cell volume = 11.3113

Surface area 26.8012

Edge length = 361
p7ps=1.181/1

Figure 2- 2 Cell shape Tetrakaidecahedron s.
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The microstructure of DIAB closed cell cores is illustrated in the SEM

micrographs below6.

(a) (b)
Figure 2- 3 SEM micrographs of DIAB cores(a) HD130 (b) H130

Manufacturers are secretive of their foaming processes and chemical

composition so only a generalised overview can be provided here. The foam

cells are formed by mixing selected liquid polymers, additives and blowing

agents such as CO2 into molds7, to allow a partial cure under high heat and

pressure8. The resulting mass, also known as an amoeba or embryo, is

demolded, placed in a second mold and re-heated again with hot water or

steam in an expansion chamber. This activates the blowing agent and

controls the gas expansion pressure to produce foam panels approximately

1.4 x 3m and up to 20-50 mm thick (depending on sheet density), containing

closed, gas-filled bubbles or cells. The bubbles grow and stabilize as the

polymer is solidified by cross-linking or cooling9' before undergoing

'reticulation' where the faces of the closed-cells are ruptured to give an open-

cell foam across the faces of the foam sheet to assist in surface bonding.

Foams can be manufactured in densities ranging 30 kg/m3 to 300 kg/m3 by

varying the ratio of the polymer ingredients to blowing agents and adjusting

gas pressure. The gas, though carefully controlled does tend to elongate in the

direction of rise in the face of viscous forces from the polymer melt and some

anisotropy will arise10. The gas that is under pressure within the foam,

remains so for most foams, but may escape from the closed cells over time

and migrate migrates to voids or unbonded areas in the laminate and is

termed outgassing. Though the underlining problem may be the sandwich

production technique, outgassing has been blamed for accelerating
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delamination and blistering in marine construction, especially in parts made

at elevated cure temperatures with epoxy resin systems or finished in dark

colours11. Airex R63 is reported to be devoid of outgassing due to its specialist

processing stage where no excess gasses remain within the core.

2.3 The Sandwich in a Marine Environment

Despite encapsulation within laminate faces, the core of a sandwich is still

vulnerable to hygrothermal ageing damage under service conditions as

determined from surveyors and industry professionals in Chapter One.

The significance of ageing damage in cores has been discussed by Berggreen

and Simonsen12 in an investigation of the causes of debond failure modes and

damage tolerance in marine sandwich hulls, with an emphasis on

minesweepers. It was concluded that the commonly experienced failure

mechanisms of a vessel in service such as face wrinkling, are highly

imperfection sensitive, with a considerable influence on residual strength

factors. Berggreen and Simonsen presented a common approach to ageing

damage in sandwich structures, with a reliability index for an ageing

structure, showing it to be reduced as the sandwich ages, but regained with

repair when the reliability index reaches the minimum acceptable. Figure 2-

4 shows the effect of the same sudden damage to the structure indicated for

two different times during the structural lifetime, and shows structural

integrity is suddenly reduced and the reliability index lowered. Damage is

seen to be non-critical in the first damage case but critical to the second, as

the reliability instantly drops below the acceptable minimum. These

approaches to damage tolerance however, assume that that the degradation

mechanisms are reversible or repairable.
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Sudden damage event —•

Y
'initial

t [years]

ldamage1 damage

Figure 2- 4 The structural reliability index vs the ageing of the structure with a sudden damage
event indicated and its effect upon reliability. (Berggreen and Simonsen)

The general degradation mechanisms that must be considered include the

microstructural and compositional changes13, time-dependent deformation

and damage accumulation, moisture attack, accelerating effects of elevated

temperature and the synergistic effects among them.

The more critical damage mechanisms are schematically illustrated in Figure

2- 5, which represents a three-dimensional view of a marine sandwich

composite where features have been exaggerated to clarify the damage

mechanism. The structure can be subdivided into layers comprising of the gel

coat-a protective layer most commonly an isopthalic polyester approximately

0.5mm thick, a laminate skin which bonds of a fibre reinforcement within a

resin matrix to the core.

The skin in Figure 2- 5 depicts fibres in cross-ply and woven roving

formations, which are typically E-glass but may be carbon or aramid for high

performance and weight-critical applications. The most economical matrix for

use is an orthophthalic polyester resin which come to be superseded by the

isophthalic polyester group for their superior water resistance, both of which

are outperformed by epoxy resins14. The destructive mechanisms are labelled

as 1-14 in Figure 2- 5 indicated by a bracket when referred to in the text.
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Moisture is a major destructive influence and can access the sandwich core

not only through gross damage (1), but more commonly via diffusion

mechanisms15161718-19-20'21-2223'2425 through the skin (2). All polymers are

permeable to some extent due to their long chain molecular structure,

allowing water molecules to diffuse into interstitial sites of the polymer

molecule and bond to the polar groups of the polymer causing the resin to

swell26. The increased distance between polymer molecules weakens

intermolecular forces, reducing the glass transition temperature of the

polymer to produce a plasticising effect27-28-29, freeing the molecules to rotate

and translate, making Tg dependent upon chain flexibility503132. Figure 2- 6

schematically displays the typical bond structures of constituent materials of

the sandwich shown in Figure 2- 5.

0/90 cross-ply
reinforcement

Protective epoxy
top-layer

/ 2 Gel coat

10
13

14
Woven roving
reinforcement

Closed-ceil

Closed cell foam
core

Figure 2- 5 A cross-section schematic to illustrate the damage mechanisms and moisture ingress
routes of a marine sandwich composite (Size is not to scale). 1-deep exposure of fibres or core due

to accidental damage such as collision or grounding; 2- diffusion through gel-coat;3- residual
stress and swelling;4- capillary action along fibres; 5- un-wet fibres; 6-voids; 7- exposed fibres;
8- matrix cracking; 9- fibre sizing and weakened fibre/resin interphase; 10- delamination; 11-

exposed open-cells; 12-water frozen in cavities; 13- outgassing of cells;14-manufacturing
features e.g. scoring in foam panels or breather holes
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The lowering of the epoxy Tg ( originally 84°C), can be attributed to the p-

phenylene ring, which also impedes chain flexibility, resisting the rate of

moisture ingress. Though these polymers are only partly susceptible to chain-

cleaving hydrolysis which causes steep loss of physical properties, the
0

hydrophobic nature of the polymers slows the rate, but thermal activity can

accelerate it, most notably for PVC33. The rate at which this occurs depends in

part, upon the affinity that the polymer has for water determined by the

number of reactive groups it contains3435.

HOC-OC-C-0 C-CO-I

•denotes teaciive sites
Ester groups

Idealized Isopthalic Polyester

CH-,

CH2-CH-CH2-0-<^ / ^ ~ \ /~°'

0 CH3

Idealized Structure of Typical Epoxy
{Diglycidyl Ether of Bisphenol-A)

Idealized PVC Structure

Figure 2- € Schematic of the bonds of the three main constituents in a sandwich composite; gel-
coat, epoxy matrix skin, and a PVC based foam core.

Cross-linking can improve the strength of the polymer and hinder moisture

ingress by the physical constraint of increasingly blocked pathways and

molecular chains36-37, and overrides the effect of additional polar groups

formed during cross-linking that attract increased numbers of water

molecules38. However cross-linking may become highly relevant for materials

used for the foam core such as PVC, as exposure testing has shown that

moisture effects are increased significantly with the addition of cross-linked

plasticisers to PVC39. The action of swelling initiates a physical force upon

any bonded substrate, or in the case of the skin, the resin /glass interface40,

and may interact further with residual stresses from manufacture(3)41-42

Capillary paths(4) may be opened or the presence of incompletely wetted

fibres5, microvoids(6) or exposed material(7) due to damage may be

capitalized upon to form moisture 'clusters'14, which may then increase the

free volume and mobility of the absorbed moisture43. This may- lead to micro-

cracking(8)44, and significantly increased moisture absorption45 along the
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fibre-resin interface46, and further propagation of debonding assisted by any

instances of hydrolysis of coupling agentss(8) and can lead to acidic pockets

which can erode and enlarge the void(10)47.

The chemical reactions involved create molecules that are larger than the

moisture which initially diffused in, trapping them within a pocket further

attracting moisture through osmosis creating an area of local swelling, while

smaller molecules such as plasticizers or additives may be leached out. The

process also explains the increased aggression in diffusion rate freshwater

compared to saltwater which is of a higher density while smaller-moleculed

leachants may migrate within the polymer and act as an electrolyte to

enhance osmotic pressure within microcavities.

Diffusion rate is temperature dependent and may double with every 10°C rise

or slow upon decrease, which at freezing will lead to expansion of trapped

moisture(12) and accentuate internal damage such as delamination.

Increasing temperature may also increase vapour pressure within foam

closed-cells to cause outgassing(13) and greater susceptibility to moisture

ingress. Despite the wealth of work on foams by Ashby100, it has been

proposed by Cerevenka et al48 that the vapour transport is diffusion

controlled, and that upon plasticization of the cell membrane, the

surrounding hydrostatic pressure would rupture the cell and allow increased

moisture ingress48. Cut edges and open cells(ll) caused by manufacture or

damage readily absorb moisture, accelerating transport of water to the core

and core/skin interface, which may take further advantage of any waterways

from unwet(5) fibres where the resin was absorbed by the core during

manufacture.

The response of the sandwich materials to moisture as described above, may

be characterised by gravimetric analysis. Figure 2- 7 presents absorption

data taken from open literature to provide an indication of time-scale for the

degradation processes described previously. The ordinate is presented as

' reinforcements are commonly coated with a binder (commonly silane based) which may remain
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logarithmic scale of percentage moisture increase per °C immersion

temperature. Moisture uptake determined from gravimetric analysis as

maximum percentage weight increase for immersion duration on the other

axis. (Specimens normalised per unit surface area if ASTM recommended

coupon size of 1450mm2 is taken as 1 unit). The complexity of polymer

chemistry, variations in material composition, dimensions, processing,

conditioning, and experimental practice, is beyond the scope of this work, and

the test-data cannot be directly related. Instead, Figure 2- 7 is intended to

provide a comparative sense of scale for the different response between foams

and laminates.

Moisture Uptake vs Immeisicn Time for Constituent Mateiiafe of a Sandwich Composte

PVCFOAMf-IOOkgm * )H±knesst=&nm

PVCFOAM(Z00hgm -3) t=2mm

PVCFOAM(NTERNAIDFFUSKDN
"40 °e immersion Immersion Tme (wks)

GLASS£POXYRELATWEHUMOrTY(RH%)

A RH=98%

GLASS FBRBEPOXY LAMINATES

0.01 J

Figure 2- 7 Compilation of moisture absorption data from the references marked in tables of
Appendix 2C for PVC sandwich cores and glass fibre laminates.

It is interesting to note the influence of open-cut cells compared to the initial

internal diffusion across cell walls almost irrespective. of density or global

thickness. The minimum immersion time was one day, though due to the 120

week immersion time-scale, the PVC cores are appear as if to start at 0

weeks.
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General observations that could be made from this display are :

— Even for a limited exposure time and at room temperature, increasing

foam density offers greater protection against moisture ingress than

tripling the thickness.

— PVC foam cores even for a 1 day immersion time at room temperature,

can be expected to absorb approximately 100 times the moisture of the

lowest practicable grade laminate skin at elevated temperatures.

— As an isolated process, internal diffusion for foams is significantly

slower than the collective means for moisture ingress in a foam, but

appears proportionately responsive to an increase in temperature.

— Relative humidity testing of glass/epoxy laminates may be a more

aggressive ageing approach as the full moisture absorption range was

traversed within a much more limited time frame than immersion.

— Ageing rate in relative humidity tests is largely controlled by

percentage relative humidity, whereas for immersion tests,

temperature is the controlling variable.

— In terms of moisture absorption alone without regard for other

structural or material properties, the significance of immersion time

for glass/epoxy laminates appears limited after 15 weeks irrespective

of conditions. Overall, an apparent maximum absorption level is

reached quickly as characterised by the pure epoxy data envelope.

Prolonged immersion does not to appear achieve proportionately

increased absorption of the material itself but may relate to trapped

moisture within crevices and voids along fibre pathways as increasing

the fibre volume fraction also decreases the percentage moisture

intake. Immersion ageing involving laminates may then be considered

limited to a maximum of 30weeks for room temperature immersion
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rather than 120 weeks (unless examination of other material

relationships are required).

2.4 Summary of Foundations of Ageing Modelling

The majority of published composite hygrothermal ageing papers are

sponsored by the aeronautics sector and are generally dedicated to carbon

fibre epoxy laminates49. Tests vary with experimenter, which can lead to

anomalous information that is correlated with difficulty as the experimental

variables are inconsistent50. A table summarizing details from the literature

is located in Appendix A2-B, and shows comparisons between the materials

used, the exposure conditions and some basic results. The references relating

to the table are numbered with a suffix T . Predictive models of moisture

absorption have been well documented and generally share a common

approach51'525354'55 based upon Fickian diffusion56. Modelling the kinetics of

polymer deterioration is difficult and highly complex. There are many

variables, many of which are interdependent; Not all occur simultaneously or

progress at the same rate and few maintain their rate57.

Analytical models to accurately describe the ageing of foam, the hygrothermal

ageing of foam, the moisture uptake of foam, or the change in any foam

property with time andservice life do not currently exist68. The attempts that

have been made, are necessarily built upon simplifications and assumptions.

Core foams, as all polymers, may be formed of many functional chemical

groups organised in diverse ways and combined with additives such as

antioxidants, inorganic fillers, plasticizers, colorants and processing aids

which when combined with variations in manufacture and in-service

operational conditions, determine the degradation chemistry59. The most

successful models to date are based upon the mathematics of

diffusion14'1718'60'61'62-63'6465 66. In the engineering forum, the first and second

Fickian diffusion laws are cited frequently23'67'68'69'70 the principals for which

have been well explained in a volume by Crank71 though their full

implications are beyond the scope of this current work.



LITERATURE SURVEY 27

2.4.1 Accelerated ageing

The primary purpose of employing an accelerated ageing technique in this

research is to emulate the changes in physical properties experienced by the

foam over its service life as a core in a structural sandwich in a marine

environment. Despite the complexities of modelling polymer kinetics

described above, it is necessary to attempt a broad synchronization of the

accelerated ageing time-line with a real in-service time-line in order to

establish the feasibility of the approach and provide an initial estimate for

experimental immersion times and conditions. Though a significant amount

of research has addressed the ageing and degradation of polymers and

composites72i73i74i75'76'77'78>, few can be considered applicable to specimens other

than those tested as evidenced by the variety of tests in the academic open-

literature79-80 and lack of official standards suitable for marine applications.

The standards applicable to core materials are listed in Appendix A2-C.

Commonly, the accelerated ageing conditions are induced by a temperature

increase beyond the service-envelope and glass transition temperature (Tg),

of the polymer, the resultant microstructural changes are attributed to

ageing rather than thermal degradation which may not be a true reflection of

a specimen aged to the end of its service life. Analysis of the water used to

hygrothermally age specimens by immersion using FTIR1 to characterize

remaining matter and determine the presence of leached substances has not

been found to be commonplace81. These difficulties have been acknowledged in

a review of accelerated ageing methods by Gates and Grayson79 who promote

the understanding of molecular morphology recommend sub-Tg temperatures

as the most reliable means to accelerate ageing and concur with McKenna82,

Crissman83, Janas84 and Read85 in the use of time-temperature superposition

and time-ageing superposition methods86'87. Synchronization of accelerated

and real-time lines would be achieved by matching ageing 'symptoms' of test

specimens with specimens taken from carefully logged service conditions of

the aeronautical structures discussed. An approximation termed the '10-

1 Fourier Infrared spectroscopy
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degree rule'88 and is used as standard in the medical industry89-90, to provide a

conservative estimate for the demanding applications of PVC materials. It is

based on collision theory-based Arrhenius91 model, and accelerated ageing is

conducted at a single temperature to determine the approximate value that

the chemical reaction rate increase by a factor Qio for every 10°C rise in

temperature. For PVC the typical value suggested is Qio=2 unless another

coefficient has been previously determined experimentally. Protocol

guidelines then select the maximum test temperature possible which does not

exceed the material glass-transition temperature Tg, or heat distortion

temperature less a 10°C buffer92 and a 60°C maximum limit. This is due to the

decline in accuracy of the assumptions on which this method is based, as

greater geometric multiplication factors are applied with a greater deviation

from the ambient temperature, amplifying the error. It is of interest to note

that a large selection of accelerated ageing methodologies presented in the

literature apply temperature without reference to the material under

examination, and temperatures in excess of 80°C are commonly93-9495'96'9798. A

summary of the Ageing standards is summarised and tabulated in Appendix

A2-D

2.5 Deformation and Failure Behaviour in Foam

The failure behaviour of a foam, the propagation of a crack or the path it

takes, depends not only upon the loading conditions, but also upon the ceil

morphology of the foam99. The loading conditions and failure mechanisms of

interest to this study were described in Chapter One.

One of the most comprehensive accounts available is by Ashbyl100 which

describes, with amassed experimental evidence in support, the theoretical

relationships between cell geometry and fracture behaviour under various

loading conditions. From Ashby, rigid structural foams such as the C70

considered in this research, exhibit linear-elastic behaviour up to the point of

fracture when under tensile stress. Under compressive stresses, an initial

linear-elastic relationship is soon surpassed by a prolonged plateau of cell-

collapse truncated by a regime of densification101. Energy absorption from
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compressive loads was found by Charkravatry et al102 to be strongly

dependent on both the strain rate and foam density. The foam material

exhibited a strain rate limit beyond which densification would occur and the

core behaved as a solid. This limit was found to be higher for higher density

foam.

On falling-tup tests producing an impacting compressive load as conducted on

low density foam by Erickson et al103 , the energy absorption from a low-

velocity impact increased with increasing temperature, but decreased by the

same amount for a high velocity impact over the same temperature range.

However, residual strength of the sandwich panels tested remained

unaffected by temperature for both impact velocities. The effect of

temperature on impact behaviour was attributed to a combination of the

temperature dependence of the constituent materials at 75°C, and a change

in damage mechanisms.

In shear, the stress-strain curve displays similarities to both tensile and

compressive loading scenarios, though influence of shape anisotropy is more

pronounced as the thin cell walls are substantially weaker in compression

than tension, the dominating failure mechanism in the initial stages of shear

is shown to be buckling, and plastic folding of the cells. The structural

performance of the foam increases as the ratio between solid material/cell-

volume increases, so that higher density foams are structurally more sound.

Shear testing conducted by Kanny et al6 on PVC HD130 and H130 cores

adhered to steel plates, one of which was pulled to effect a shear force, and

indicated that failure would be preceded by the formation of micro cracks just

below the interface. The cross-linked H core was seen to develop

approximately 15 microcracks with a quasi-brittle fracture surface, but the

HD would formed more than 20 microcracks and behaved in a more ductile

manner. The cracks then coalesced into a dominant crack and propagated

parallel to the steel plate before kinking at 45° and propagating toward the

moving plate.
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(a) (b)

Figure 2- 8 Shear fracture surface ofDIAB cores (a) HD130 (b) H130

The tensile and fracture behaviour of PVC foams was experimentally and

systematically studied by Kabir et al104 using tensile prismatic bar specimens

and mode-I fracture tests were performed using single edge notched bend

(SENB) specimens under three-point bending. The tensile behaviour of H130

and HD130 foams as illustrated in Figure 2- 9, was found to be very similar

which they asserted indicated that cross-linking and cell orientation had a

minimal effect on the tensile strength and stiffness especially when compared

to the distinctive trend for density in Figure 2- 10. The maximum stress was

taken as the tensile strength, and the yield stress is calculated based on the

0.2% offset method.

However cross-linking was reported to have a significant effect on the

fracture toughness, with higher cross-linking resulting in lower fracture

toughness. This was explained as being due to the 40% smaller cell size lesser

of the HD130 foams compared to H130 foam, which yielded a lower length-to-

thickness slenderness ratio for this material and made its cells less prone to

buckling, thus increases its fracture toughness. Another reason suggested by

the authors was the crack path; the greater number of faces, cells and solid

edges of the HD130 foam making it an intrinsically tougher material.
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Figure 2- 9 (a) Tensile response of H130 and HD130 in flow direction, (d) Tensile response of
H130 in flow and rise directions of cell orientation (Kabir et al)
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Figure 2-10 Experimental tensile properties ofDIAB H core with respect to increasing density
(Kabir et al) (a) Tensile strength and tensile modulus vs density of core (b) fracture toughness vs

relative density of PVC core

As there is no ASTM standard for Mode I fracture toughness of foams, Kabir

et al relied upon ASTM standard D5045 and conducted a parametric study on

single edge notch bend (SENB) specimen dimensions. Their results are
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reproduced in Figure 2- 11, and show that fracture toughness for H130

decreased until a stable value achieved at 35mm, though width had no effect.
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Figure 2-11 Effect ofSENB dimension variation on fracture toughness in mode I (a) specimen
height (b) specimen width

The tensile response of a hygrothermally aged foam will differ if it is tested in

an in-situ or dry condition. Without encroaching into molecular polymer

chemistry, if tested in the wet condition, the presence of water molecules

within the polymer chains act as lubricant serving to procure plasticizing

behaviour. If a specimen is tested in the aged, but dry condition, the loss of

leached plasticizers and stabilisers, may induce brittle behaviour. The

differing responses are shown schematically in Figure 2- 12. The linear

elasticity seen is caused by cell wall bending and stretching105.

ELASTIC-PLASTIC FOAM
TENSION

-•Cel l Wall Alignment

-•Plastic Yield
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Figure 2-12 Schematic tensile stress-strain curves for elastic-plastic and elastic-brittle
behaviour of foams.

In the plastic foam, the cell walls undergo plastic bending and rotate towards

the tensile axis to yield to produce a rising stress-strain curve until
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fracture106. The brittle foam linear stress-strain curve is quickly truncated by

fracture as a crack nucleates at a weak cell or pre-existing flaw causing cell

wall failure, which is fast in tension, but more resilient in compression.

Li and Weitsman107determined from face/core debonding fracture tests on

sandwich beams of H100 and H200, that sea water immersion at room

temperature had caused irreversible" damage to the microstructure about the

crack-tip. It was found that seawater absorption at the crack-tip region had

decreased the debond fracture toughness values of the foams by 36% (H100),

and 17% (H200). The plasticizing effects of moisture were noted by an

increase in toughness by 31%( H100) and 8% (H200).

The properties of the core are also seen to change when it is exposed to

variations in temperature of the scale seen in service as described in Chapter

One. The effects of temperature on C70 and R63 (presented in Appendix 2E)

were obtained by private communication from Airex as details remain

unpublished in open literature. It was reported that the effects were

dominated by the composition and the processing technique, with the

behaviour of E63.140 very similar to that exhibited by R63.80. The shear

strength and modulus of the C70.130 drops by 10% for a 10°C increase from

room temperature. The R63.80 is twice as sensitive and suffers 20% loss in

property for the same temperature increase. These results correspond to

changes observed in high strain rate compression tests by Thomas et al for

DIAB H130 and HD130 foams at different elevated temperatures108. It was

found that the amount of recovery the foam underwent could be influenced by

cell size. Prom SEM microscopy, Thomas et al observed that the DIAB HD130

foam was possessed of a smaller cell size and contained a lesser internal

gaseous volume than its cross-linked counterpart. It was concluded that this

lesser internal volume therefore provided a lesser restoring force and

supported findings from a previous study that found the impact response of

higher density and smaller celled foams, recovered least at elevated

temperatures109. It was also observed noted that at a low strain rate, the

H130 outperformed the HD130, but the properties were reversed for a high

strain rate regime.
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The fracture of foams is commonly discretized into steps of one unit cell

width110, progressing when the crack-tip stress is sufficient to cause the

nearest cell wall to fracture111. Relationships developed by Ashby and

supported by experimental data collected by Brezny and Green112113114, treat

the cells as a construction of beams and struts and calculate forces using

bending moments and is dependent upon the mechanical properties of the cell

wall material115. A stress intensity factor approach yields fracture toughness

values for a global foam structure as a function of density, an approach

apparently validated by successful application to four cell geometries of a

PUR foam by Folwkes116. Other hypothesised approaches to characterise the

average cell diameter as an average flaw size for implementation in Linear

Elastic Fracture Mechanics (LEFM) has been generally found to be

inadequate, where work by Mclntyre and Anderson has determined that the

inherent flaw size is greater than the average cell diameter117. Further

investigations conducted most notably by Zenkert reveal that the mode I

fracture toughness of the marine grade structural foam will increase linearly

with a corresponding increase in average cell size and applications of LEFM

were shown to be successful in predicting an apparently higher mode II

fracture toughness118. In-depth studies conducted by Zenkert have also shown

that mixed-mode and mode II crack propagation may be predicted by the

strain energy density function as proposed by Sih119, and found to be

comparable to the hoop stress120 criterion for accuracy. Other experiments on

crack wedges have supported the opening stress-criterion supported by

Grenesdtedt121, however, all these tests were conducted using the traditional

means of applying a mixed mode or shear force such as four-point bend tests

on sandwich beams. It is only work conducted by Noury122 that has used the

same specimen in a rotating test rig to obtain full range mixed-mode

conditions. Noury's findings supported the accuracy of the hoop stress

criterion as an estimate, second only to a criterion specifically developed to

the test-specimen configuration.123 The principles of the Noury rig and a

comparative critical review of alternative methods for obtaining mixed-mode

failure in cores is presented in Appendix 2F.
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Direct measurement of cell-wall moduli using conventional testing has proved

difficult due to the small size of the specimens and the variation in their

cross-section along the length100124125. Commonly slip or local deformation at

loading points where the specimen is gripped mechanically or adhesively, can

result in underestimation of the true modulus. The most reliable method has

been judged to be ultrasound 10°.i26,i27 Further studies by Brezny'and Green128

calculated fracture strengths from painstaking fractographic analysis of

broken cell walls, from which the incipient crack-size was inferred and

combined with the known material fracture toughness, and is referred to by

Gibson and Ashby as "approximate, but better than nothing"100. It becomes

evident from the literature, that there is scope for an improvement in the

techniques used to obtain stress data about a damage site in a foam core.

Introduced in Chapter One, Thermoelastic Stress Analysis (TSA) is a full-

field non-contact method which can remotely provide information on the

surface stress field of a structure. TSA has provided promising results for

composites, able to visualise the stress surrounding a crack-tip. The

methodology was first published by Stanley and Chan129 by examining cracks

propagating from a small hole in a large plate (with crack length to plate

width ratios from 0.1 to 0.3), to derive a relationship between the stress

intensity around a crack-tip, and the detector signal. Full mathematical

derivations of their now established findings have been reviewed fully in the

literature 130.131,132 Another a full-field, non-contact technique that has '

benefited from recent technological advances is Digital, Image Correlation

(DIC). DIC uses two camera devices to effectively track the movement of the

naturally occurring, or applied surface pattern during the test. This is done

by analysing the displacement of the patterns within the discretised

interrogation windows of the whole image. The maximum correlation in each

window corresponds to the displacement, and this gives the vector length and

direction for each window133. Though unavailable for this work at the time,

DIC shows great potential for foam core testing, despite little information on

the application found in open literature at the time of writing. A critical

comparison of detection techniques applicable is listed in Appendix 2G.
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2.6 TSA, Applications and Implications for Foam

The theoretical principles of TSA are based upon the thermoelastic effect first

formulated by Lord Kelvin in 1853134, though experimentally, the full

potential of TSA could only be realised through the recent advances in high

resolution infrared detectors. The TSA system used in this work is the Cedip

Silver system. The principles behind TSA are well documented and need only

be summarised briefly here,135 and additionally many of the algorithms

concerning the operation of the system are both highly complex and

confidential. It is therefore the purpose of this section to provide a brief and

functional understanding of the TSA system used in this work in order to

interpret results, rather than a dissemination of the operation and the

validity of the principles behind it.

2.6.1 The thermoelastic effect

The founding tenet of TSA is that all materials experience a change in

temperature if their volume is changed by an applied force. Induced either by

a compressive stress (which heats the material), or by a tensile stress (which

cools it). Under cyclic stress, (typically sine wave form), the net prevailing

load, compressive or tensile, determines whether the stressed object is heated

or cooled, the reversible conversion of this mechanical/thermal energy causes

the thermoelastic effect. The material must not be stressed beyond its elastic

limits with no significant transport of heat between loading and unloading

the object or the energy conversion can no longer be considered reversible.

The latter is accomplished by ensuring the load is applied rapidly arresting

any significant conduction.

The Cedip system comprises of a 320x256 focal plane detector array, (that is

essentially a photon counter), with a frame rate possible of up to 380Hz. with

associated complex signal processing software. The photonic energy detected

emitted by the specimen as it cycles under a load, is essentially counted and

registered as an electrical voltage which is expressed as a Digital Level (DL).

Figure 2- 13 illustrates the arrangement of the TSA system for operation.
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Servo-hydraulic test machine

Figure 2-13 Illustration of Cedip operational arrangement and signal processing software

The associated signal processing software Altair can then correlate the

measured signal to that of the ideal signal, by relating to a reference signal

that is input from the cycle-inducing test-machine. The algorithm used is a

relationship similar to the least mean square methods but essentially the

signal is mixed with a reference signal that has been cleaned and normalised

in signal processing, then and the time-lag difference or phase between the

reference and the detected signal may be provided (stored as a *ptp file).

Altair is also able to return a change in the peak to peak value of the signal,

the conventional TSA result for AT. The system works in DL as a base unit,

before using an algorithm and factory pre-set temperature calibration tables

to return data as a calculated temperature in units of °C. The DL signal for

each pixel is first converted to T, before the difference between the peaks is

calculated (stored as *ptw). The algorithm used by Cedip to calculate

temperature is expressed as:

Q =Tatm [e * f (Tobject)+(l-£) f (Tbackground)] (1-Tatm) * f (Tatmosphere) Equation 2- 1



LITERATURE SURVEY 38

Where Q is the quantity of radiation, e is the emissivity, Tobject is temperature

of the object (K), Tbackground is the background temperature (K), though is

actually measured by a detector behind the lens, and Tatm is the transmission

factor in atmosphere %. / is a calibration factor which defines the

experimental constant arid uses non-linear look-up temperature calibration

tables from a calibration file-manager that Cedip have determined to

compensate for the system and for any increase in camera body temperature

during operation.

The Cedip manual describes the relationship between thermal stress and

strain in an isotropic, elastic element as given by the following equation:

\ ~ v) a + 2aAT Equation 2-2
E

AE=

where As is the change in the sum of principal strains, Ac is the change in the

sum of principal stresses (Pa), E is Young's modulus (Pa), v is Poisson's ratio,

a is the coefficient of linear expansion (K1), AT is the change in temperature

(K). Ae and Ao are described as invariants that are more scalar than vector.

The relationship for the thermodynamic analysis of the reversible, adiabatic

behaviour of a stressed, elastic element is provides by Cedip as:

AT=-3TaKAe Equation 2-3
c

where T is the absolute temperature (K), K is the bulk modulus (Pa) p is the

density (Kg.nv3) Cv is the specific heat at constant volume (J. kg^.K1). Ae is

the volume dilatation, so from the relationship in Equation 2-2, if there is no

volumetric change in the element (pure shear for example), then there will be

no change in temperature under elastic conditions. By using the known

relationship between Cv and Cp, the specific heat at constant pressure, Cedip

combined equations 1 and 2 to form the following basic equation describing

the thermoelastic effect for an isotropic material (foam):
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aT Acr +A(XV) Equation 2-4

This relationship showing that for the small temperature change, AT, is

directly proportional to the change in the sum of principal stresses in the

material, A (ox+oy), is only valid if adiabatic conditions prevail and achieved

by cyclic loading, recommended at a frequency greater than 3Hz, to achieve

the reversible effect between mechanical and thermal energy. The

thermoelastic coefficient Km is given by:

K =-^— Equation 2-5
m

 Pcp

and not to be confused with the relationship between detector signal S, and

stress summarised below132,

S = A K + CM Equation 2- 6
A i

where A is a constant dependent upon the system parameters, the material

and the surface condition. S is representative of DL as recorded in the TSA

mode of the systems (i.e.ADL though still depicted as a DL unit)

For the purpose of these experiments the value of A (inclusive of all

variations in system and specimen), is determined experimentally as an

initial stress value can be obtained directly from the applied load and the

cross-sectional area of a specimen loaded in uniaxial tension. Though in

theory, mode II, pure shear cannot be detected using TSA, it is expected that

the presence of a crack would create a complex stress field within the foam,

which should allow mode II to be detected.

The assumptions of the thermoelastic relationships above, require isotropic

and adiabatic conditions to be respected. With regard to the application of

TSA to foams, successful TSA and FEA modelling conducted by Earl on a

sandwich T-joint136 assumed the core to be isotropic, and fatigue tests and a

comparison of stress intensity factors for closed-cell foams conducted by

Noury122 in both x and y directions of foam rise concluded that the tested
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foams of Airex closed cell C70.90,130 and 200 showed only a 5.83% difference

between orientations for the highest density in mode I and 2.93% for mode II.

Experimental observations made with regard to differences in the cell

morphology with respect to direction of rise, treat the foam microscopically,

rather than as a bulk material, additionally, from Noury's findings, a higher

density foam of 130kgm3 may be approximated homogeneous, as significant

changes were observed predominantly in mode II for a core of 90kgnr3.

With regard to the adiabatic requirement, occurrence of non-adiabatic

behaviour has been addressed frequently and most notably for metals and

well summarised by Dulieu-Barton and Quinn137 who identify three key

influencing factors listed in order of severity:

i. Geometry dependent factors- such a geometric feature which creates a

temperature gradient and therefore a stress gradient.

ii. Material dependent factors- such as material thermal conductivity

which relates to thermal diffusivity (y = k/pCp ).

iii. Test dependent factors — Selection of applied loading frequency, or

paint coatings.

Heat conduction is theoretically minimised in the examination of a low

thermally conductive material138, but in a practical experimental sense is not

expected to be absolutely absent. The size of the affecting heat conduction

zone is proportional to the thermal conductivity of the material, extending,

radially from the plastic region of the crack-tip. Examination of the TSA-

signal magnitude and phase data along the straight-line crack-path

originating from the crack-tip provides an indication of nonadiabatic severity,

which in the case of high thermally conductive materials can differ from

theory by up to two orders of magnitude for a sharp crack-tip.

Non-uniform hygrothermal ageing of the foam specimens is expected to have

an effect if there is a loss of plasticizers and stabilisers causing an increase in

the bulk brittleness of the specimen, it is possible some increase in thermal

conductivity may have implications for a possible plastic zone about the
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crack-tip. The thermal conductivity of the polymer would still be very low

compared to other materials such as epoxies. To put foams within context, if

aluminium alloys possess thermal conductivities in excess of 200W/mK, steels

are approximately 45 W/mK, low thermally conductive epoxies are 0.5W/mK

solid PVC is 0.12 W/mK, while foams exhibit the lowest known values of

thermal conductivity at approximately 0.03W/mK. In a practicable sense,

foams may be considered the ideal non-adiabatic material.

Standardisation of surface emissivity commonly achieved by layers of non-

reflective spray paint may not be possible for foams with irregular surfaces of

open cut cells. Additionally, experimental testing conducted by Dulieu-Barton

and Quinn137 indicated that TSA signal could lose approximately 7.5% of its

signal strength with every coating of spray paint, and be further attenuated

by the presence of irregularities in the paint surface.

2.6.2 Stress intensity factors from TSA

Much of the work on stress around a crack-tip has been conducted primarily

for metals, for which there have been numerous publications139-140141.

The method most widely used referred to was initially determined by Stanley

and Chan129 then developed by Stanley and Dulieu-Smith130131a technique

based on the fact that isopachic contours in the crack tip region generally

take the form of a cardioid which is a known mathematical shape. From

geometric calculations stress intensity factors can be derived. Though other

methods were developed 142-143144"145 with .reference to section 2.5, and Noury's

work on fracture of PVC foams, can be described with Linear Elastic Fracture

Mechanics (LEFM). The basis for which is the Westergaard equations146

which is given below for completeness where Ki and K2 are the mode I and II

stress intensity factors respectively and x,y,r, and © are co-ordinates (both

Cartesian and Polar) as shown in Figure 2- 14.

l-sin(0/2)sin(30/2)
l + sin(0/2)sin(30/2)

sin(0/2)sin(30/2)

K-,
-sin(0/2X2cos(e/2)cos(3e/2))
sin(0/2X2cos(0/2)cos(30/2))
cos(0 / 2)(l - sin(9 / 2) sin(30 / 2))

+... - aox Equation 2- 7
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The final term aox compensates for differences in the applied-stress field but

is commonly treated as extraneous130147148. It is important to note that the

Westergaard equations are only considered valid if there is no interference to

the crack-tip stress field by other factors such as edge effects149. Combining

with the TSA equations and neglecting the higher order terms from the

Westergaard equation Stanley and Chan were able to obtain the familiar

relationship;

IK
ox +ay= r ' cos(e/2) = al+a2=AS Equation 2- 8

V2JI7-

Graphically plotting Ox+Gy provides what is visually recognisable from TSA

images as a cardioid curve. A term first used by de Castillon in Philosophical

Transactions of the Royal Society in 1.741, the specific geometry of a cardioid

curve has been used to provide the location of the crack-tip150 by using TSA

data as software programme input. More sophisticated curve-fitting has been

recently developed based on Genetic Algorithms and Differential Evolution151.

Curve fit programs are commonly employed to smooth the raw TSA data, to

compensate for experimental noise and obtain an image closer to the

theoretical ideal of the cardioid. Figure 2- 14 depicts a representation of the

cardioid geometry present at a crack-tip which can be defined as the trace of

a point on a circle that rolls around a fixed circle of the same size. A crack

subjected to load produces a cardioid which rotates about the crack-tip in

response to mixed-mode loading.
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Figure 2-14 Geometry of a Cardioid and crack-tip exaggerated for clarity.

There are three parallel tangents to the cardioid with any given gradient

separated by 120°; the tangents at the ends of any chord through the cusp

point of the cardioid are at right angles; and the length of any chord through

the cusp is 2a; the curve perimeter is 8a; and the area 3/2na2. Derivation of

the mixed-mode stress intensity factors from TSA data and cardioid geometry

developed by Stanley and Dulieu-Smith152 (1993), to incorporate K2 in the

form:

Equation 2- 9

and when re-arranged for r becomes:

Equation 2-10
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From the particulars of cardioid geometry rmax is the length of any full chord

through the cusp of the curve, and the area enclosed by the curve shown in

Figure 2- 14 is denoted 2, and is related to rmax by

£-_ A
8

[(K2 + K2
2)/A

2S2J Equation 2-11

If the line of the crack is represented by 9=0, then let between the crack and

the x-axis be known p' and by substituting r=y/sin(9+0) into Equation 2-12

(also Equation 2-8)

=-cos(0 / 2) = <7j + a2 = AS Equation 2- 12

obtaining the partial derivative, solving for when it is equal to zero to obtain

solutions of the amax tangents for a specific S value, Stanley and Dulieu-Smith

derived a SIF relationship which they renamed Ci

tanp , J #i r Equation 2-13
I A

Similarly equation 2-11 is rearranged:

JK? + K\ = A2S\j^ = C, " Equation 2-14

So the individual SIFs can then be described as

K, = [C,C2
2(1 + C2

2jf Equation 2-15

K2 = [c, (l + C2 )f2 Equation 2-16

These equations commonly form the basis of cure-fit routines such as

Fracture Analysis of Crack-Tips Using SPATE (FACTUS) developed by

Dulieu-Barton et al150 which provided increased accuracy in the location of

the crack-tip to allow determination of r and subsequently Ki and K2.

FACTUS receives each Deltatherm image as a matrix of signal values. The

signal magnitude range is divided into eight equal intervals, and the pixel

positions where each of the eight divisions occurs is then calculated, allowing
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a cardioid of constant signal magnitude to be traced therefore yielding nine

cardioids. The data is further refined by interpolating between the raw-data

points to smooth it and minimise effects of signal noise. A further option of a

two-dimensional Gausssian distribution over a nine-point array is available

to further filter data, but is a 'destructive' process as original data is

irreversibly replaced with smoothed Gaussian interpolations.

A more sophisticated curve-fit routine developed by Dulieu-Barton and

Worden153, is that based upon a genetic algorithm (GA) incorporating a fitness

function which allows the cusp (origin) of the cardioid to be described by

Cartesian co-ordinates, and the cardioid itself by polar co-ordinates. The

principle of operation of the routine has been described by the authors as

Darwinian natural selection. A fitness function is applied to the TSA data, or

'members of the current population'. Points that are 'fit' are selected, the rest

chosen by 'roulette-wheel' selection. Points are then taken in pairs known as

'parent' points which are then 'mated' to produce the next generation in the

population. To ensure increasing fitness of the population 'parent' points are

actively composed of one fit and one less fit parent. If a point is extremely fit

(known as 'elite'), it is prevented from mating repeatedly and reducing fitness

of the overall population by being carried forward to the next generation

unchanged, and to prevent the sequence from stagnating, 'new-blood' is

introduced into the population whereby points chosen at random are

introduced into the iterations. The sequence is repeated from the start with

the application of a fitness function until no further improvements can be

made. However, once the cardioid curve has been generated from the GA,

where the Stanley-Dulieu-Smith equations are again utilised to determine

SIF's. Results have shown near perfect and symmetrical cardioids effectively

correcting distorted data which could not be accomplished by the FACTUS

method and also revealed the importance of attaining the cardioids as only

the nearest cardioid to the crack-tip yielded the anticipated SIF's.

Application of the GA method gave only 1% error from the theoretical, while

for Mode I SIF's and Mixed-Mode (30°) K2 was predicted with only a 2% error,

and Ki with 7%. Reasons suggested for this were that for the metal plate

tested, the accuracy of the Westergaard equations declines with distance from

the crack-tip, and possibly the neglect of the far-field stress term.
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The applied stress itself was been calibrated with use of strain gauges on

metallic specimens154, though a comparative review of non-destructive means

to analyse the stress field around a crack-tip conducted by Patterson and

Olden155 stated that strain gauges are not preferentially used to determine

the strain field around a crack tip primarily because their finite dimensions

means the signal output represents the average strain over their length, and

was found to underestimate SIF at short crack lengths, and overestimate at

long crack lengths156157158159, while TSA was found to be highly sensitive to

interference stresses such as edge effects. Patterson and Oldens's findings

seem to preferentially support TSA with special relevance for' sensitive

specimens such as the PVC foam cells.
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2.7 Gap Analysis and Summary

Considerable research has been published regarding hygrothermal effects on

laminates, with sandwich and especially foam cores in the minority. An

overview of the research published in open literature is graphically presented

in Figure 2- 15 based on a coxcomb format. Each sector represents an interest

of hygrothermal ageing of marine sandwich composites. The sectors are

scaled with respect to the number of papers reviewed (i.e. the larger the

sector, the greater the percentage of research addressing that area). Each

sector is distinguished by shade indicating volume of research, the darker the

shading the lesser the research conducted, visually representing gaps in the

knowledge at which new research should be ideally aimed (i.e at the centre

bulls-eye of the graph). The review, though extensive is not exhaustive as the

focus was placed on materials and methods of primary relevance to the

marine sector*, though it is believed that the papers included1 accurately

portray the division of research available in open publication.

TSA APPLICATIONS

Metals 71%

Laminate 25%

INDUSTRY SPONSOR

Aeronautics 65%

Other 21%

MECHACNICAL PROPERTY

Static Mode I 37%

Static Mode 1131%

Compressive/Impact 19

STRUCTURE

Skin 83%

Sandwich 9%

CORE MATERIAL

PVC Cross-Linked 83%

PVC Liner 7%

TEMPERATURE

65-130"C 62%

Upto60°C21%

SKIN MATERIAL

Carbon/Epoxy 57%

Glass/Epoxy 36%

MOISTURE

Immersion Freshwater 41%

Relative Humidity 39%

Figure 2- 15 Distribution of research; knowledge gaps represented by darkest shading at centre.

* Preferentially reviewed papers on glass fibre/epoxy resins and PVC closed-cell foams.

* primarily from journal publications rather than conference proceedings
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Despite encapsulation in laminate skins, the core is still vulnerable to the

effects of hygrothermal ageing, and with respect to absorption timescales, has

the potential to deteriorate far more rapidly and progressively than the skin.

A large amount of work has been amassed on moisture uptakes of small

laminate coupons, largely composed of unidirectional plies in combination,

with few publications detailing effects of woven roving reinforcements.

Research is balanced between exposure to a relative humidity and

immersion, in a continuous rather than cyclic conditions, which are

principally restricted to simulation of aircraft service-conditions

incorporating oil/fuel immersion with experimental analysis commonly

conducted without reference to microstructure or other issues considered

interdisciplinary. This experimental approach may extend to the methods

used for acceleration of ageing, the condition and exposure time for which,

have largely been individually determined and dependent on the application

and are rarely expressed with respect to material Tg. From accelerated

ageing of PVC in the medical industry, it is estimated that PVC foam should

ideally be artificially aged in temperatures not exceeding 60°C, Systematic

analysis of data produced by non-standardised means is extremely difficult as

many of the variables which critically affect the data are omitted such as

specific processing or production route.

Only a small amount of research has been published on hygrothermal

exposure of sandwich panels, which then largely focus on the skin or interface

rather than the core.

With regards to the core, DIAB and Airex are the two largest competitors in

marine structural sandwich materials, and both foam types have been used

in large scale marine applications. The Airex linear formulation is considered

highly successful and has prompted classification societies to reduce design

safety factors in its favour. DIAB planned new production methods and

reformulations for 2007. Much of the research in literature on foam materials

is conducted on DIAB H and HD materials, a US based company with large

production facilities in Sweden. There appears to be a correlation between

foam type used and research funding origin. \
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The static and fatigue failure of foam cores has been dominated by research

involving Ashby, while Zenkert is noted for research on sandwich structures

though due to the traditional difficulties in obtaining consistent data in

mixed-mode loading, experimental research has focused upon mode I and/or

mode II. The overwhelming gap in the knowledge appears to be in the

response of hygrothermally aged sandwich and/or foam core to a mixed mode

loading condition, for which no publications could be located at this time.

The behaviour of the foam is highly dependent upon the microcellular

geometry as well as the chemical composition of the polymer used. Of these,

relative density is significant. Though wary of the differences between HD130

and R63.140, and H and C70.130, their cell morphology, chemistry and

production techniques, and so not directly comparable despite similar cross-

linking and bulk density values, similarities in behaviour are expected with

multiple microcrack formation in shear and a strong dependence of fracture

toughness properties on cell size and morphology.

A hygrothermally aged foam may exhibit increased plasticity and toughness

in its wet condition as moisture acts as a lubrication within polymer. In its re-

dried state, the core may suffer from plasticiser loss and exhibit increased

brittle behaviour and irreversible microstructural damage to the cells. The

excellent crack propagation resistance of linear foams may then become

compromised. It is unknown if the structural integrity lifetime of a marine

sandwich would be adversely affected if the reduced safety factor for linear

foams were taken advantage of during design.

A further issue associated with mechanical testing, is the manner by which

the property is measured. Most commonly in the reports reviewed herein,

strain gauges are attached to specimens to corroborate the load deflection

curves obtained directly from the force-applying mechanism. Other non-

destructive techniques employed have been acoustic emission and

photoelasticity, which endeavour increase experimental accuracy by

accommodating the sensitive nature of both foam materials and crack

propagation. Thermoelastic Stress Analysis (TSA), is accredited with success
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in a diverse range of applications, but the gap analysis highlights the

profound absence of TSA data on foam specimens despite its near ideaKstic

nature of low thermal conduction. There is also an apparent imbalance in the

current, knowledge of fracture and failure mechanisms between sandwich

foam cores and laminate skins in response to hygrothermal ageing, and an

examination of these issues would provide novel information.
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Chapter Three

Experimental Approach

3.1 Introduction
The aim of this work is to provide a novel contribution to the field of marine

structure durability and survivability, and the The purpose of this chapter is

to establish a route to the main objective, by clarifying the steps that must be

accomplished along the way. A general summary, or roadmap, is presented in

Figure 3-1. The roadmap has been subdivided into three main sections;

problem definition; pre-testing, and testing.

3.2 I-Problem Definition
A review of marine industry concerns, and newly introduced regulations

identified environmental degradation and waning confidence in design safety

factory of sandwich cores as a key issue to be addressed. An interdisciplinary

literature review, identified knowledge gaps where contribution would be

novel. The foams found to be most suitable for investigation were the cross-

linked C70.130 and the linear R63.140, of densities 130kgnr3 and 140kgm3

respectively. The novelty in the investigative approach lies in taking

advantage of the opportunity presented by recent advances in infrared

detectors for TSA and applying the thermographic technique to the

assessment of damage in hygrothermally aged foam cores. It is hoped that

TSA methodologies developed for damage detection in metal specimens, may

also be successfully applied to foams. The scope of this work is limited to the

feasibility of extracting stress intensity information from the crack-tip of aged

and unaged foams with TSA data.
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3.3 II-Pre-Testing
This section involves the development of an ageing procedure to accelerate

the ageing of a foam specimen so that it may be related to an aged state

representative of service conditions. The variety of current standardised tests

for structural foams were commonly found to be insensitive to the thermal

properties of the foams used in this work, with an environmental conditioning

procedure that could not be associated with aging damage representative of

marine service. It was decided that immersion in temperature controlled

distilled water was more appropriate rather than exposure to relative

humidity, with a temperature selected to be below the glass transition

temperature of the most thermally sensitive foam. Ageing progress was

assessed by periodic gravimetric measurement. An estimate of over-ageing

limits and relevance to marine service conditions was accomplished by testing

the same foam at a range of temperatures to obtain insight into the

accelerant effect of temperature on moisture absorption in closed cell foams.

The influence of variable in-service profiles was addressed by cyclic exposure

tests. The significance of density, material type and cell size was

acknowledged by comparing gravimetric results at a single temperature with

micrographs of the cells. The severity of the ageing was characterised

primarily with fracture toughness testing.

A key vulnerability of the core as determined in Problem Definition, is its

weakness in shear and mixed-modes. A CTS-type rig that allows the same

specimen to be rotated in the plane from pure mode I to pure mode II through

five mixed modes was selected. The advantage of using the same specimen

configuration for all modes was supplemented by the availability of extensive

FEA validation of the geometric factors for the calculation of critical stress

intensity factors that are associated specifically with this configuration, and

shown to be valid for foams of both high and low densities.

As the linear foam is incorporated in sandwich structures for its excellent

impact energy absorption as well as its crack propagation resistance, some

additional impact testing was conducted. These tests are specific to the test

conditions, and could not provide a material property, but could enhance

characterisation of the foam response to ageing. At this point comment may
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be made on the implications of these experimental findings to design safety

factors, and the potential risks, if any, associated with the special

dispensation offered to linear foams, as this has yet to be published and may

be considered a contribution to the debate on safety.

3.4 Ill-Testing
Feasibility testing of the foams for use with TSA were first conducted, but the

technique revealed some complex stresses within the specimen that appeared

to interact with those about the crack-tip, and which were derived from

aspects of the experimental arrangement. As it was the aim of this work to

attempt to obtain stress intensity information at the crack-tip using TSA, it

was necessary to redesign the CTS-type rig. The proportions of the specimen

configuration were retained but upscaled to 150 mm x 100 mm from 60 mm x

40 mm. After several iterations it was determined that it was necessary to

adapt the loading pins to more evenly redistribute the small cyclic loads

applied during TSA testing at a frequency of lOHz.

A measure of the stress concentration about the crack-tip is obtained by using

a signal reading from the specimen in its un-cracked condition for a known

applied load. The proportional relationship between the thermoelastic signal

detected and the known stress provides a calibration constant that

encompasses the particularities of the detector and test conditions such as

environmental temperature and specimen thermal and emissive properties.

This 'background' constant can then be used to assess the elevation in stress

due to the presence of a crack, if the loading stress applied to the cracked

specimen is the same as that of the uncracked sample. The uncracked sample

is also used to ensure that the validity requirements for TSA are met. This

can be assessed by determining the trends in TSA signal response for

increasing amplitude, frequency and mean applied load.

An established, graphically based, TSA method for the extraction of stress

intensity factors from a crack-tip can then be applied to the resulting TSA

data and the results compared in magnitude to the fracture toughness data

collected previously to characterise the severity of the ageing. The method

will be initially assessed for mode I. It is a limitation of TSA that data would
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theoretically not be available for pure mode II loading as the sum of principal

stresses would then be zero and no TSA signal would be expected. Due to the

novel nature of the investigation, and the new TSA detection system used, it

is in the nature of the work to explore the tools made available and so it is

also an aim to identify promising avenues for further research that can

provide more information about the crack-tip and the response of the foam to

hygrothermal ageing.
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I-PROBLEM DEFINITION

Review failures and reasons for failure
in-service, industry concerns, relevance

to future

Characterise the component and
material

Define in-use
performance

requirements and
criteria

Identify possible degradation
mechanisms

Identify critical
performance

characteristics and
properties that can

serve as degradation
indicators

Chapter One

Sandwich selected for excellent
stiffness and strength to weight
ratio.

Reported core failures and
vulnerability to shear and
mixed mode loads.

Industry concerns over current
design standards.

Core required to exhibit
resilience to: effects of marine
environment for service life,
crack propagation, slamming
and collision impact, factors
affecting load distribution
through sandwich or stiffness,
strength to weight ratio.

Industry concerns over new
lower design standards.

Identify and address knowledge gap
required to increase confidence in

design safety factors.

Review current fbam damage detection
methods. Identify better alternatives

Chapter Two

Gaps in: effects of marine
service on : fbam type, fracture
toughness, age prediction, and
methods of damage evaluation.

Non-contact, full-field
techniques optimal

II-PRE-TESTING

Design and perform accelerated ageing
tests to induce the same effect as life

in-service.

Determine equivalence estimate for
accelerated ageing to service-life

Use degradation indicators to
determine significance of ageing

Determine if changes
in accelerated ageing
are relevant to service

Establish if original performance
requirements and criteria exceeded

Chapter Four

Conduct hygrothermal ageing
below foam Ts.

Gravimetric testing with
variants of foam density,
material, exposure
temperature and cycle.

Comparative property changes.
Compression/Impact testing

Chapter Five

Fracture toughness testing
with pure mode I, II and mixed
mode loading of key foam
materials.

Ill-TESTING

Develop procedure for TSA
examination of aged cores with crack

Determine tools for
quantitative and

qualitative evaluation

Compare TSA findings to experimental
fracture toughness results

Figure 3-1 Investigation Roadmap

Chapter Six

Re-design, re-evaluate, fracture
toughness rig for TSA Identify
TSA calibration constants to
compensate for ageing and
presence of crack.

Attempt extraction of stress
intensity factors from TSA data
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Chapter Four

Hygrothermal Ageing Results

4.1 Introduction
The purpose of this chapter is to establish, perform, and characterise the

severity of an ageing procedure that will produce damage of the kind that

may be experienced by a marine sandwich in-service. This was first

approached with a critical review of the published literature and

standardised testing methods, which identified the significance of testing

below the glass transition temperature of the foam to maintain relevance to

marine service conditions, and the importance of a real-time ageing scale for

reference. An estimate of real-time ageing was approached by gravimetric

measurement of the same specimen immersed at a range of different

temperatures between 20° C and 60° C. Sensitivity to variables such as

interrupted exposure and type were considered with cyclic immersion ageing

and testing with different foam densities. Ageing was characterised with

comparisons of gravimetric changes, mechanical tests (impact), and fracture

toughness tests, which are expanded on in Chapter Five.

4.2 Experimental immersion procedure
Specimens were cut to size from a single sheet in the same direction using a

band saw, and the edges vacuumed to remove loose particles. The specimen is

numbered and weighed using a Mettler AE240 moisture balance with a

sensitivity of 0.0000lg. Specimens were then immersed in two covered Grant

Instrumentation SUB36 water baths, which were set to maintain the

distilled-water at a temperature of 60°C. The tanks hold more than 36 litres

with working dimensions of 635 mm x 300 mm x 190 mm. The heating mat



HYGROTHERMAL AGEING 64

and thermostat lay beneath the tank floor, so stainless steel grills were used

to raise the specimens and maintain separation to ensure water and

temperature freely circulated around them. The stainless steel grills were

also used as shelves positioned 30mm apart to promote circulation across the

surfaces of all the specimens evenly spaced within the tanks. The top layer of

specimens was held beneath the surface by a final grill fixed to the one

beneath. Frequent checks were made on the level of the water and the

temperature throughout the tank depth. Due to the large number of

specimens required for testing, it is acknowledged that the tanks were

overcrowded and so specimen positions were regularly rotated within the

tank. Specimens designated only for gravimetric measurements were used

and positioned in different parts of the tank. The specimens were weighed

periodically, by brief removal from the tank, pat drying to removed excess

surface moisture from the open cut cells, and weighing using a sensitive

moisture balance. Five specimens of each foam type were weighed to obtain

an average. Care was taken to minimise the time taken for weighing, which

could typically be completed within two minutes. Specimens to be prepared

for mechanical testing are removed from the tanks and dried in air at 50°C

until no further weight loss is recorded, reweighed, and allowed to rest at

room temperature and humidity for two days prior to testing.

4.2.1 Experimental error
During experimentation it was observed that errors could arise from the

following: '

— Incomplete dislodgement of all the loose or only partially attached

particles at the cut edges. Over time particles would dislodge from the

specimens within the tank and alter weight change measurements.

— Dislodged particles that coated the tank bottom could affect the

thermostat readings taken from beneath them, and could result in

erroneous alteration to the temperature of the water bath.

— The number of specimens required for mechanical testing meant the

tanks were overcrowded, restricting even temperature distribution

within all the shelf levels of the tank affecting moisture uptake rate. .
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Pat drying of specimens to remove excess water must be done

consistently for all sides and all specimens.

Each gravimetric data point is an average of five specimens presented

as an average percentage change in weight taken from rotating

positions within the tank. The variation about the mean was between

3.4-6.7%.

4.2.2 Specimen configuration
The specimen configuration was determined by the requirements of the

mechanical and TSA testing that was to follow. Long-term ageing of

specimens for fracture toughness tests were 60 mm x 40 mm x 20 mm (sheet

thickness). Sizes had to be enlarged for TSA testing and were 150 mm x 100

mm x 20mm.

4.3 Long-term ageing results
Gravimetric results for specimens to be characterised with fracture toughness

tests are shown in Figure 4- 1. The ratio of mean cell size between R63.140

and C70.130 shown in micrographs is approximately 2. The ratio of maximum

percentage weight change between R63.140 and C70.130 is approximately

1.7. The initial steep incline may be related to the ingress of moisture in the

open cut cells, resulting in a similar percentage weight increase for the two

foams. The overall trend may be characterised as linear, though the

fluctuation about the trend appears to be composed of stages where a plateau

proceeds a net drop in weight change drop before a further increase.
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Long-term ageing gravimetric results

100 110 120 130 140 150
Immersion time (sqrt hrs)

Figure 4-1 Gravimetric results for long-term ageing of C70.130 and R63.140 at 60°C.
(60x40x20mm)

Moisture diffusion characteristics are most frequently quoted in the literature

as Fickian or non-Fickian in deference to the Fick laws of diffusion

established in 1855.

Fickian behaviour' is characterised by ari uptake of moisture, which reaches

an asymptotic value gradually after a period of time with an initial linear

region to 60% of the maximum moisture uptake when percentage weight

change is plotted against square root immersion time. For the 20mm thick

specimens used in this work, the saturation level required to determine

fickian behaviour would not be feasible for this timescale, however, the

overall trend in Figure 4- 1 must be considered non-fickian as material loss

and additive leaching are not characterised by the Fick laws. The repetitive

fluctuations, if taken individually, do display more fickian characteristics

prior to the net weight drop. This section of the curve may be representative

of diffusion across cell walls prior to material loss from the edges or leaching

of additives.

4.3.1 Micrographs of aged specimens
The progressive damage sustained by the foam during ageing can be

visualised with micrographs. Accelerated by temperature, moisture may

diffuse through the thin cell wall into the cell resulting in swelling of the cells
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shown in Figure 4- 2. The undamaged cells of C70.130 and R63.140 are

shown for comparison. The larger cell size and thicker struts of the R63.140

are clearly observed. With ageing, polymer additives are leached from the

surfaces of the cell walls and struts, as indicated by the pitted appearance in

Figure 4- 3, causing irreversible damage and providing a fast access route for

moisture ingress.

(a) (b) (c)

Figure 4- 2 (a) Unaged C70.130, (b) unaged R63.140, (c) swollen cells R63.140 (mag.xlO)

Li and Weitsman2 in their work on the effects of sea water on foams of a

similar type and density as that used here, measured pits that penetrated to

a depth of 2.8 mm. in specimens immersed for lOOOOhrs at room temperature.

The same study asserted that the weight gain could be mostly attributed to

the filling of the cell volume, with only a very small contribution made from

diffusion within the polymer cell walls themselves.

(a) (b)

Figure 4- 3 (a) R63.140 cell-wall aged 15000hrs, (b) R63.140 cell strut aged 15000hrs (mag.xlO)

The damage to the R63.140 was noticeable, however, micrographs for C70.130

did not show the same evidence of pitting and damage despite a finer strut

and cell matrix. Figure 4- 4 shows high-powered view of aged C70.130 cell

walls. It is possible that the polymer additives are more strongly bound

within the cross-linked polymer than the linear, increasing the resistance of
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the C70.130 to moisture ingress and may explain the less erratic and more

linear trends exhibited by C70.130 in the later stages of ageing of the

gravimetric data in Figure 4- 1 and Figure 4- 5 when compared to R63.140.

(a) (b)

Figure 4- 4 (a) & (b) C70.130 cell wall aged 15000hrs (mag.xSO)

4.3.2 Effect on gravimetric results due to specimen size

change

During the course of this work is was found necessary to increase the

specimen sizes used for TSA. Larger specimens (150 mm xlOO mm x20 mm)

were immersed and hygrothermally aged with same procedure used for the

smaller fracture toughness specimens (60 mm x 40 mm x 20mm), as described

in experimental procedure. The consistency of the gravimetric results was

found to vary with specimen size. Figure 4- 5 shows recorded percentage

change in weight for specimens to be used in TSA tests. When compared to

the gravimetric results for the 60 mm x 40 mm specimens seen in Figure 4- 1,

a lower mean percentage weight increase was observed for both materials

and the data appeared less linear. It is possible that this was due to the ratio

between the moulded-surface area and the cut-surface area. The moulded

surface of the foam is formed smooth and intact, whereas the edges cut by

bandsaw are rough with torn and damaged cells. It is reasonable to suggest

that moisture would enter more readily from these areas. Photographs of the

two surfaces are shown in Figure 4- 6.
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Figure 4- 5 Gravimetric results for long-term ageing of C70.130 and R63.140 at 60°C (150 x 100
x20mm)

Figure 4- 6 Photographs to compare gross surface roughness and damage between (a) the
moulded and (b) the cut surface of a C70.130 specimen

The ratio between moulded surface and cut surface is 1.2 for the 150mm xlOO

mm x 20 mm specimen and 1.5 for the 60 mm x 40 mm x 20mm specimen.

The 20% difference between the cut surfaces relates well to the approximately

20% difference in uptake at 18500hrs seen for both foams. To match the

uptake as closely as possible for mechanical test specimens, TSA foams were

removed at 15000hrs

4.4 Effect of temperature on ageing

C70.130 and R63.140 were immersed in distilled water at temperatures of

60°C, 40°C, and 18°C (unregulated room temperature). The rates and weight
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change levels are shown in Figure 4- 7 and Figure 4- 8 respectively. The

similarity in weight change between all the specimens shown as linear in the

initial V5hrs of immersion indicates that this part of the curve is dominated

by free-volume uptake into the open cut and damaged cells. The net reduction

in weight change indicates material loss from the foam, and the specimens

immersed at room temperature are shown to suffer the highest loss as a

proportion of their total weight change. These weight change fluctuations

tend to stabilise within the first v'SOhrs of immersion for the room

temperature specimens, but continue for the elevated 40°C and 60°C

temperatures. This may be an indication of two types of material loss, one of

which is sensitive to temperature. Discoloration and material loss were

evident for all specimens, though it is reasonable to suggest that particulate

loss from the cut cell edges of the foam, dominate at low temperatures, while

leaching of polymer additives achieves greater significance at elevated

temperatures. The extent of the damage that had been reported by Li2 in the

literature for foams at room temperature had not been observed within this

work.

The profile of the curves also changed with temperature. The higher the

temperature, the more linear the trend. The lower the temperature the more

fickian-like behaviour was exhibited.

Temperature variance

° C7O.13O(6OdegC)
• C7O.130{18dcgC)
" C70.130(40dcgC)

.If
0 JO 20 30 40 50 60 70 80 90 100 110 120 130 140 150 161

Immersion time (sqrt ins)

Figure 4- 7 Gravimetric measurements for C70.130 at 18°C (rt), 40"C, and 60°C.
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Figure 4- 8 Gravimetric measurements for R63.140 at 18°C (rt), 40°C, and 60"C.

The gravimetric data recorded for the different temperatures could be seen to

approximate an Arrhenius type relationship found in the literature,

commonly referred to as the Qio rule*. The relationship is based upon a

conservative accelerated ageing factor developed by ASTM standards to

provide a performance estimate for the demanding requirements made of

sterile medical packaging. The approximation is made that the chemical

reaction rate will increase by a factor Qio for every 10°C increase in

temperature, and represented as:

Time,,
Time,,

Equation 4-1

The Q10 factor is specific to the material but for a PVC based polymer, Qio is

approximately equal to 2, though Qio for C70.130 was found to average as

1.75, and 1.9 for R63.140. Greater emphasis was placed on the data for 40°C

to 60°C rather than the room temperature to 40°C ratio to accommodate the

effect from moisture entry due to cut and damaged cells rather than a

reaction rate. It is possible that the Qio value for the R63.140 is so far from

the recommended value of 2, due to the comparatively easier leaching of

additives from the polymer. Using the derived Qio values an accelerated
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ageing factor can be estimated to relate accelerated ageing to a real-time

equivalent. The relationships have been plotted in Figure 4- 9 and Figure 4-

10 for 5 and 30 yrs at room temperature respectively.

ASTM accelerated ageing estimate

3
I 160
|

f.ooj
t

Q10=1.9
qi0=1.75

18 20 22 24 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

Figure 4- 9 ASTM accelerated ageing estimate for 5yrs at room temperature equivalency

ASTM accelerated qgpinp estimate

1600 i

Q10=2
Q10=1.9

18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 - 50 52 54 56 58
Ageing temperature (deg C)

64 66 68 70

Figure 4-10 ASTM accelerated ageing estimate for 30yrs at room temperature equivalency

As the estimate is noted by ASTM to be conservative, it can also provide a

gross estimate for over-ageing and though seen to be slightly different for the

materials, a 185000 hrs limit can be imposed and all subsequent specimens

discarded.
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4.5 Effect of foam type on ageing
Foam types of C70 and R63 with differing densities were immersed at 60° C

and seemed to provide different trends with respect to density. The

relationships are shown annotated by a trend line in Figure 4- 11. There were

a greater number of C70 types available for testing at the time and so there is

inherent error in these extrapolated trends. With the exception of the

C70.200 point, the C70 curve could have been a linear relationship. The

points for.C70.75 and R63.80 are very close, while the C70.55 and the R63.50

diverge considerably. It is possible that this is due to the similarity in cell

sizes and cell morphology between the C70.75 and the R63.80 which is less

evident in the other foam types. Micrographs of the different types are shown

in Figure 4-13 and Figure 4-14.

fo&in types mid dcndjly

. Figure 4-11 Percentage weight change for C70 and R63 foam types with different densities for
60"C (specimens 60mmx40mmx20mm,Vi00hrs).

As the foam composition differs between C70 and R63, it is not possible to

comment from this if limiting cell size rather than increasing strut thickness

is a superior defence to moisture ingress and hygrothermal ageing. However,

if the C70.75 and the R63.80 points are so close, and their morphology is the

closest to each other at that point, then it may be suggested that resistance to

moisture is dominated by smaller cell sizes rather than polymer type.
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The foam types tested possessed the properties as seen in Table 4- 1. The

relationship between mechanical properties and cell size is also evident, with

a thicker strut to reinforce the mechanical strength of the linear polymer

while still enabling high shear elongation values.

Material

Property
Compressive
strength (N/mm2)
Compressive
modulus (N/mm2)
Tensile strength
(N/mm2)
Tensile modulus
(N/mm2)
Shear strength
(N/mm2)
Shear modulus
(N/mm2)
Shear elongation
at break %

O
LD

0.9

69

1.3

45

0.8

22

16

i d

O
LD

1.3

97

2.0

66

1.2

30

23

oenO
LD

1.9

125

2.7

84

1.6

38

27

o
CO

O
LD

2.6

160

3.8

110

2.3

47

30

o
©V

O
LD

4.8

280

6.0

175

3.5

75

30

o\a

R
63

0.38

30

0.9

30

0.5

11

70

©
00

R
63

0.9

56

1.4

50

1

21

75

©

R
63

.

1.6

110

2.4

90

1.85

37

80

Table 4-1 Material properties ofAirex foams tested from manufacturer.

Additionally, a further foam type manufactured by a Divinycell, was tested in

the same manner as above. The H130 is a direct competitor to the C70.130

and was tested as it is the most frequently referenced make and foam

material in the literature. The H130 is listed in the Divinycell data sheets

with a tensile strength of 4.2 MPa, a compressive strength of 2.5 MPa, shear

strength of 1.8 MPa, and a shear elongation of 30%.

The H130 cell struts appear more fine and refined in the comparative

micrographs of Figure 4- 12, with much finer node connections, though the

mean cell sizes are comparable. Divinycell have currently withdrawn from

manufacture the linear type foam series which could have been compared to

the R.63 series.
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(a) (b)

Figure 4-12 Cell structure of unaged (a) C70.130 and (b) H130 (mag. xlO)

The finalised percentage weight change of the H130 following immersion in

60°C for vlOOhrs was found to be 23.4% in excess of the C70.130. Upon re-

drying from the aged condition, it was observed that the C70 had retained an

extra 16.5% of trapped moisture within the cells, while the H130 had more

effectively shed the moisture to reach an excess of only 4.6%. It is reasonable

to suggest that despite the unknown polymer composition, the difference in

moisture uptake behaviour may be accounted for by the fine nature of the

struts.

4.5.1 Micrographs of foam types.

The morphology of the two foam types used in this work, the C70 and the R63

are photographed below in Figure 4- 13 and Figure 4- 14, for a range of

densities. It can be observed that the C70 type has a decreasing cell size with

increasing density, while the R63 mean cell size remains consistent but

increases its density by increasing the amount of material between cells.
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Figure 4-13 Micrographs of C70 foam type with densities in kgm3 of (a) 200 (b) 130, (c) 90, (d)
75, and (e) 55. (mag.x5and a lmm graticule).

It can be seen that the mean cell sizes for R63.140 and may be considered

double that of C70.130.

(a) (b) (c)
Figure 4-14 Micrographs of R63 foam type with densities in kgms of (a) 140 (b) 80, (c) 50.

(mag.x5)
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4.6 Effect of cyclic exposure on ageing
The C70 and the R63 60x40mm specimens were exposed to cyclic immersion.

Two separate tests were conducted to determine the significance that

interruption of the ageing cycle would have oh the moisture uptake behaviour

of the foams. The first test involved a cycle of 60° C immersion for 500hrs,

followed by removal, weighing, drying in air at 50°C for 48hrs, and weighing,

before re-immersion. This cycle was repeated 8 times. The second exposure

test was a freeze/thaw cycle. A cycle of 500hrs immersion at 60°C, followed by

removal, weighing, and freezing in -5°C for 48hrs, before being reweighed,

and re-immersed in 60°C to complete the cycle. This was repeated 8 times.

The percentage weight change of the specimens could then be compared to a

control sample which was held continuously immersed for that period of time.

However due to limitations of material and tank space, periodic weight

changes were averaged from only two specimens, and the control obtained

from only one. The cycles are illustrated in Figure 4- 15. The highest

variation in percentage weight gain between two replicant readings was 9.7%,

the lowest was 3.1%.

Immersion cycle
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Figure 4-15 Illustration of immersion cycles

Re-dry weights such as t2 are shown as a percentage weight change from the

specimen initial weight. Immersion weights are listed as a percentage change

from the control weight. (The control weight is itself a percentage change
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from the initial weight). This is done to clarify the variation caused by

interruption to the hygrothermal ageing procedure.

Upon repetitive immersion/dry/immersion cycling, the C70 group suffered

from a net weight loss caused by particulate loss, while the R63 group, not

only progressively absorbed more moisture than the first cycle, but also

retained it upon drying. The greatest effects were observed upon the

immersion/freeze/immersion cycles, which could be seen to be apparently far

more damaging. The R63 group were almost twice as sensitive to freeze

cycling as the C70 group, but in addition retained more than four times as

much moisture irrespective of the cell size.

Foam Control 1
%weight

%t2 %tl5 %tl6
Control 2
%weight

%tl5 %tl6

C70.200
C70.130
C70.90
C70.75
C70.55
R63.140
R63.80
R63.50

25.8
27.3

44.61
54.94
66.58
43.9

61.16
70.81

-1.2
+3.1
-6.7
-1.1
-8.1
+7.4

+23.1
+101

+9.2
, +11.7

-4.13
+1.01
-7.1

+11.1
+140.2
+276.6

-2.2
+4.1
-5.8
-1.0
-8.2
+5.4

+32.1
+265

33.27
59.63
172.14
235.09
306.72

107
275.16
332.1

+12.2
+12.5
+19.6
+32.1
+37.4
+26.3
+52.1
+73.4

+4.53
+12.53
+20.4
+67.41
+112.7
+20.08
+60.00
+329.3

Table 4- 2 Cyclic Immersion based on values from Controls 1 and 2

The implications are that;

— the repetitive removal of specimens for weighing would have had little

or no effect upon the fluctuations within the results,

— repeated re-drying of the sandwich core may lead to a greater eventual

absorption of moisture, though the R63 group are more sensitive than

C70.

— Despite re-drying, the R63 foam group would retain moisture locked

within, which the C70 would not.

— Exposure of an ageing core to freezing conditions may magnify the

ageing once the structure is thawed. All cores are observed to suffer,

and though the leaching process appears interrupted in the R63 group,

moisture is more readily retained and would increase structural mass.

It is not known if the retained moisture would act as replacement for

plasticizers lost during ageing as is known to occur during

experimental testing on immersed specimens in-situ.
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4.7 Effect of Ageing on Impact Response
The purpose of this section is to provide supplementary observations and a

fast preliminary characterisation of the aged response of C70.130 and

R63.140 prior to mechanical testing, rather than a detailed investigation into

the effects of ageing.

One of the key reasons R63.140 is selected by designers is for its excellent

behaviour under slam impact loads, so for a preliminary age characterisation,

slamming and collision were approximated as distributed compressive and

point loads respectively.

Foam response is known to vary with impacting velocity, so to best evaluate

the behaviour of the core a high and low velocity test must be administered.

A low velocity point loading, in effect an indentation test, was conducted

using the tup (falling weight), method as described in ASTM D3029-84", for

which a spherical ball-bearing head was found to.be the best impactor. Core

behaviour from point impacts at higher velocities was compared to failure

modes at low-velocity using ballistic projection of a small 4.5mm ball bearing,

providing an impact with ten times the energy of that from the low velocity

tup, and an indication of the change in relationship between foam cell energy

absorption and ageing.

4.7.1 Low Velocity Indentation Test ,
Relative changes in the impact resistance of foams subjected to accelerated

ageing were first characterised by means of a tup (falling weight) detailed in

ASTM D3029-84 Method F=. A tup-test was selected over the Charpy or Izod

tests because it allowed for greater consistency in results as the same

specimen could be utilised for impact testing once it had undergone TSA and

fracture toughness testing. Additionally, as moisture during the

hygrothermal ageing did not penetrate the foam through thickness, a tup-test

provided information on the behaviour of a fully aged foam surface, with a

test configuration seemingly more applicable to a sandwich panel exposed to

service slamming loads as described in Chapter One.
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The test arrangement and the three tup configurations recommended by

ASTM D3029-84 used are illustrated in Figure 4- 16 with a 0.5kg fixed drop

weight from a fixed height of 0.3m. The foam specimen was positioned on

supports(2&3) which match the specimen dimensions of 100mmxl50mm. The

supports are centrally holed with a 60mm diameter to remove a reaction force

to the free-falling tup(l). Should a specimen be holed, the tup would be

brought to rest by the base(4). The foam specimen was clamped into position

by a holed cover plate(7) held in position by four corner screws (which do not

penetrate the specimen). The tup support(6) was raised to a height of 0.3m

and held in place by a latch attached to a rear support rod(8). The tup impact

head (differing stress concentrations) was selected as C after initial tests

(Figure 4- 16), and the resulting average impact diameter was then measured

with Vernier callipers. The test was repeated five times. The 0.3m height

selected for the test provided an impacting energy one tenth of the that of

from the high velocity indentation test, and information on response to

impact without failing the foam through thickness, allowing the same

specimen to be tested again in another location to provide a data-set average.

A
(432mmm)

B C
(tip 17mm) (112mm)

Figure 4-16 Tup-Test arrangement and tup configurations recommended by ASTMD3029-84.
(l)Tup, (2&3)Support with well, (4)Base, (5)Tup supports, (6)Tup supports and release

mechanism, (7) specimen clamp (8)Release mechanism support rod.

The tup test is dependent on the geometry of both the falling weight and the

support providing only relative rankings of foams unless the geometry of the

specimen, test equipment, and test velocity all conform to end-use. Both foam
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types showed a change in response to the low strain rate impact of a falling

tup. The C70.130 impact showed extensive crushing of the cells to a depth

xl.6 times than in its unaged condition. Figure 4- 17 relates impacting

measurements to Table 4-3. Observations of increased brittle behaviour were

seen for C70 in (b) at the rim of the indentation producing a more defined

impact form compared to unaged condition in (a). A smaller indentation

radius was seen for C70 than R63, potentially due to the densification of the

smaller cells in C70. The image for R63 in (c) was taken within an hour after

impact, by which time the foam had seen some recovery producing a shallow

indentation with undefined edges. Though (d) also showed a shallow

indentation for R63 in its aged condition, it showed a marked change in

behaviour by yielding a large area of unrecoverable damage with far less

compliance. With ageing, the R63.140 was seen to be penetrated a quarter of

its unaged depth, however, it was unable to recover 32% of its impact depth

as it was in the unaged condition, indicating further changes in the energy

absorption characteristics of the foam. The magnitude of the change in

response when related to the proportional amount of moisture uptake,

indicates that R63.140 low strain rate impact response is still more sensitive

to ageing than C70.130.

unaged agedl5000hrs
C70.130 R63.140 C70.130 R63.140

Impact depth (mm) 1.81 2.75(+1.31) 3,01 0.97

Table 4- 3 mean impact depths from falling tup (low strain rate),on TSA specimens
150xl00x20mm

(b) (c) (d)

Figure 4- 17 Falling tup-test indentations for 12mm diameter tup (a) C70.130 unaged, (b)
C70.130 aged, (c) R63.140 unaged (recovered), (d) R63.140 aged
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4.8 High Velocity Indentation Test

A GIO airgun which delivers a 4.5mm ball bearing at 91ms ! was fixed within

two supporting clamps at a distance of 0.5m from a specimen clamped in a

simply supported position. The specimen was clamped within a standard

target box test, which captures rebounding pellets, and testing was conducted

at the University rifle range, with full observance of safety regulations.

Comparisons of the response of C70.130 and R63.140 to ageing as

characterised by a high strain rate are shown in Figure 4-18 and Table 4- 4.

Impact depth for both foams can be seen to be shallower with ageing, and

producing a significantly smoother edge profile. R63.140 again shows the

greatest change in response to ageing.

(a) (b) (c)

Figure 4- 18 Photographs of specimens from high-velocity indentation test with impacting
4.5mm ball bearing.

imaged agedl5000hr3
C70.130 R63.140 C70.130 R63.140

Impact depth (mm) 3.16 3A. 3^)1 2.41

Table 4- 4 mean indentation depths from high strain rate.on TSA specimens 150xl00x20mm

A comparison of the indentation tests conducted has indicated linear foam to

be most sensitive to strain rate in both virgin and aged conditions, and also

most vulnerable to the effects of hygrothermal ageing for both strain rates.

At a low strain rate, virgin linear cells were observed to effect a recovery in

the indentation depth which was absent in the aged specimen. Under visual

examination indentation edges appeared smoothed with cells plastically

compressed, however, cross-linked cells showed signs of brittle fracture which

were emphasized by ageing. While at a high strain rate the change caused by

ageing in linear foams was only 10 %, it was six times greater than the

change observed for cross-linked cores. At a low strain rate the aged linear

cells greatly resisted indentation by 76%, while cross-linked cell resistance

decreased by 66%. Damage sustained by the cells during hygrothermal ageing
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appears to have affected their energy absorption response considerably, with

the implication that a hull cored with a cross-linked foam may be at greater

risk to low velocity collision or grounding, while linear cored hulls designed

for wave energy impact absorption may risk a reduced fatigue life with

increased vulnerability to shear crack development.
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Chapter Five

Mechanical Testing Results

5.1 Introduction
Chapter One illustrated the loads and failure modes on a marine sandwich

core in Figure 1-5. The core was seen to be vulnerable to shear and mixed-

mode loading under slamming and collision loading conditions, for which it

must demonstrate continued good performance and resilience for the duration

of its service life. The purpose of Chapter Five is to understand the behaviour

of aged foams by evaluating changes in the critical performance

characteristics identified for a marine sandwich and determine the most

relevant properties that can provide an indication of degradation. The main

performance indicator used was resistance to crack propagation derived from

changes in fracture toughness during pure and mixed-mode loading.

Understanding of age-damaged foam behaviour was supplemented with

observations made of the response to compressive and impact loads though a

detailed analysis is beyond the scope of this work. Marine sandwich design

guidelines cite property retention in the development of safety margins, so

the experimental tests are only required to produce relative rankings of

materials and need not be limited to those that provide absolute property

values. This permits greater freedom with the geometry and configuration of

the specimen and test equipment.

Shear and mixed-mode loading performance was evaluated through fracture

toughness tests using a Compact Tension (CTS) type specimen configuration

which allowed critical stress of a mixed loading modes (Kic and Knc), and

observations of propagation angle and crack surface, to be compared to

provide an indication of shear property retention. Standards for mixed-mode

fracture of foam specimens are not currently available, however, ASTM E6-
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891, E3992, D50453 were referred to as accompaniments to the procedures

outlined by Noury4 who used extensive FEA and experimental testing to

validate the loading rig and fracture toughness formulations for use with

foams of different densities.

5.2 Effect of Ageing on Crack Propagation
The basic relationship describing fracture toughness can be represented as

Equation 5- 1

where Ki,n is the fracture toughness for modes I and II respectively, P the

applied load, a the crack length, w the specimen width, t the thickness, and

Fi,n geometrical parameters specific to the configuration. The expressions for

Fi,n determined by Benitz and Richard5 for the mixed-mode loading rig used

within this work are:

0.26+2.651
cos a

1 - ^
w _£_)_0.08f^-)2

\w-a/ \w-a/
Equation 5- 2

Equation 5- 3

where a is the angular rotation of the rig.

Though initially developed for metal blocks 60 mm x 40 mm to allow the same

specimen to be rotated through 90° from pure mode I to pure mode II, the

loading regime has been successfully applied to laminated composites6-7, and

Noury4 confirmed the accuracy of the method for high density rigid foam

specimens.
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The test specimen configuration and procedure described by Noury for the

determination of toughness values was initially rep heated in this work,

however, following subsequent TSA testing by Lembessis8 on both foam types,

it became apparent that the weight of the solid steel rig and the small

dimensions of the specimens effected interfering stress distributions within

the foam specimen which may affect the TSA data quality about the crack-tip.

The loading rig was revised in aluminium and rescaled x2.5 to compensate

for the sensitivity of the material. Details of the revisions, resolution of forces

through the loading pins, and the verification of the Richard geometric factors

from equations of 5-2, and 5-3 are summarised in Appendix 6A. Fracture

tests were later repeated on specimens sized 150 mm x 100 mm to obtain

toughness values from additional loading angles.

5.2.1 Materials and specimen configuration
The materials used were C70.130 (cross-linked) and R63.140 (linear) as

manufactured by Airex and described with cell micrographs in Chapter Four

Hygrothermal Ageing. The typical material properties supplied by the

manufacturer are:

Designation
Description
Colour code
Nominal density kg/m3

Compressive strength N/mm2

Compressive modulus N/mm2

Tensile strength N/mm2

Tensile modulus N/mm2 .
Shear strength N/mm2

Shear modulus N/mm2

Shear elongation to break %
Thermal conductivity W/mK

C70.130
Cross-linked

Green
130
2.6
155
3.8
115
2.3
50
30

0.039

R63.140
Linear
Cream

140
1.6
110
2.4
90

1.85
37
80

0.039

Table 5-1 Material properties ofunaged test specimens supplied by manufacturer Mean-Air ex9.

It should be noted that there are variations in composition and material

properties both between batches of foam sheets produced, and over time as

manufacturing chemical composition and production methods are changed.

The materials used for these tests had production dates of 1998.
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Test specimens of each foam type, sized 60 mm x 40 mm were cut from a

single sheet 20 mm thick, in the same direction with a water-jet cooled fine-

toothed handsaw. Loose particles were dislodged with pressurised air and

vacuum suction. Four tapered softwood battens were adhered with slow-

setting two-part Araldite epoxy on each loading site of the specimen and is

shown in Figure 5- 1. The battens protected the specimen from the clamp

used to drill the loading holes and reinforcing the foam at the point of loading

contact so as to spread the load and minimise local crushing.

Figure 5-1 Tapered wooden end tabs shown adhered to an unaged C70.130

The configuration of the CTS specimens used is shown in Figure 5- 2 (a),

while the configuration later adopted for TSA and for fracture toughness

angles 10° and 80°, is shown to relative scale in (b).

0.30w

—0.15w

w

(a)
w = 40 mm

(b)
w = 100 mm

Figure 5- 2 Fracture toughness specimen configurations shown scaled relative to each other.
(thickness t, -20 mm).
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The sharp crack-like notched was inserted with a No. 11 scalpel which may

cut finer than one cell width. The notch was inserted after the specimen had

been extracted from the water tank, weighed, dried till no further weight loss

registered, and reacclimatised for 3 days at room temperature and humidity,

5.2.2 Experimental arrangement

Specimens were positioned within the rig and placed within into a calibrated

Instron 8500 universal test machine. A tensile displacement-controlled force

was applied as the low loads used for foams are more easily controlled by the

test-machine than when in load control. Displacement rate was set at

lmm/min. Load and displacement was automatically recorded on graph paper

from the load-cell in addition to a calibrated extensometer gauge clipped into

the specimen crack open-mouth with respect to ASTM E399. Extensometers

were used with caution as slippage could occur, most notably during testing of

the unaged linear" foam.

Three replicate specimens were used to obtain an average for each loading

angle, for each aged condition. Seven aged conditions were selected, so more

than 336 specimens tested in this manner. The loading angle was selected by

orientating the rig within the grips of the Instron. Mode I is taken as a rig

orientation of 0° and mode II as 90°. Mixed-mode loading is then any angle in

between. The rig is pictured in Figure 5- 3 with a sample specimen held in a

mixed-mode position at 45°.
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Figure 5- 3 Experimental loading rig with specimen for fracture toughness testing in 45°
position.

5.2.3 Kic calculation

In lieu of standards for mixed-mode fracture of cellular materials, the load-

displacement curves were used as described by ASTM E3992. It is first

necessary to establish the validity of the Kic obtained. This is achieved by the

calculation of a conditional KQ based upon a conditional load PQ as

determined from a 5% secant construction from the initial load-displacement

gradient. The intersection with the load curve provides PQ. If the maximum

load (Pmax) applied exceeds PQ by more than 10%, the test is not considered

valid for Kic. If valid, KQ may then be calculated from the relationship:

ee wt
Equation 5- 4

Ki and Kn could then be calculated using the Richard constants Fi and Fn in

place of the geometric function f(a/w). The geometric constants are obtained

from Equation 5-2 and Equation 5-3 and may be graphically represented as in

Figure 5- 4.
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Figure 5- 4 Graphical representation of geometric factors developed by Richard for the
experimental rig.

In addition, five assumptions are required for ASTM E399 to be valid. It is

assumed that the specimen thickness of 20 mm is sufficient to ensure state of

plane strain. It is assumed that the crack inserted by scalpel is sufficiently

sharp to ensure that the minimum value of toughness is obtained. It is

required that the initial crack be between 45% and 55% of the specimen

width. It is assumed that fracture may be classed as 'brittle' to ensure valid

application of the method. It is assumed that the specimen thickness t, and

crack length o must be greater than 2.5(KQ/OY)2 for KQ to equal Ki.

5.2.4 Sample load-deflection curves
The load-deflection curves for the aged R63.140 and C70.130 in both

conditions were seen to exhibit clear linear elastic and brittle behaviour. In

its unaged state, the R63.140 material showed some non-linearity indicative
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of a tough material with plastic behaviour, and the value of Pmax was just

borderline of the 10% PQ secant construction limitations imposed by ASTM

E399. The representative shapes of the load-displacement curves in mode I

are shown below in Figure 5- 5. Given the more linear behaviour of R63.140

in its aged condition, the linear response of the C70.130 material, the absence

of fracture standards for foam cores, the previously successful and FEA

validated approach by Noury4, it was decided for reasons of continuity of

comparison, to use the same approach in the definition of Pmax and PQ.

However, it should be noted that the resultant Pmax, and subsequently KQ,

may then be underestimated.

400
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200
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0

C70.130aged /

N
• / /

/ ~ \ C70.130 unaged

a

R63.140 aged

\ R63.140 unaged

0.5 1 1.5 2
Displacement (mm)

2.5

Figure 5- 5 Representative graph to show shape of load-displacement curve for aged and unaged
specimens of'Ci'0.130 and R63.140 in model.

BS 2782 and ISO 527-110 describes the Pmax value to be used for the

determination of tensile properties as the point a shown in Figure 5- 5,

whereas that used by ASTM E399 is represented by the point indicated as b.

While the ISO 527-1 is the standard used by Airex (the manufacturer of

R63.140), to determine its tensile properties, the standard asserts that its

methods are applicable to rigid and semi-rigid plastics but are normally

unsuitable for cellular materials.

As the R63.140 aged, the load-displacement curve became increasingly linear,

and the gradient steeper. The constructed PQ value was thereby affected,
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providing an apparently inflated value for some aged specimens, in contrast

to a lower Pmax value if defined by a in Figure 5- 5. The significance of this

error was offset by the apparent rapid change of the load-displacement curve

in both shape and magnitude after only minor ageing. This change in

material behaviour was most notably displayed in the mode II loading of the

R63.140 which initially exhibited excellent resistance to crack propagation in

the unaged condition, electing to deform and eventually plastically tear,

before suffering a fast brittle fracture in the aged condition. Increased brittle

behaviour was further supported by microscopic examination of the crack

pathway and the fracture surface.

5.2.5 Effect of ageing on fracture toughness
The average value of three replicated tests used to record Ki and Knc for

C70.130 and R63.140 in the unaged and aged conditions, are presented in

Table 5- 2 and Table 5- 3 respectively with the ageing time and corresponding

weight change (moisture absorption). These changes are graphically

represented for modes I and II in Figure 5- 7 and Figure 5- 8. The ratio of Knc

/Kic is tabulated in Table 5- 4, and the scatter of the PQ value used to

calculate Table 5- 2 and Table 5- 3 is listed in Table 5- 5.

The greatest .changes are seen to occur in R63.140 for both Ki and Kn modes

with Kn seemingly the most sensitive to ageing. In the final aged condition,

when the R63.140 had increased approximately twice as much as the

C70.130, it also exhibited a change in change in Kn that was almost twice

that of the C70.130. A comparison between the microstructures of R63.140

and C70.130 shown in Figure 5- 6 suggests that cell-size is a more dominant

factor than polymer cross-linking. It also suggests it can be a source of scatter

within results for fracture toughness when viewing the errors in Table 5- 5.
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(a)
R63.140

0.6mm
(b)

C70.130
Figure 5- 6 Macrographs depicting unaged, undamaged foam surfaces.

K values in mixed mode followed a similar trend to that of pure Ki and KII but

tended to produce more scatter, most noticeably at early stages of ageing and

predominantly for the C70.130. This may be related to the shallow

penetration depth and through-thickness inhomogeneity of ageing interfering

with the propagation of the crack. At later stages of ageing, the mixed-mode

trends become more consistent with less scatter.
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Figure 5- 7 Graphical display of percentage change of modes I and II from the unaged state for C70.130

<

0°
15°
30°
45°
60°
75°
90°

1
UWOgeu

Kic

0.283
0.260
0.237
0.181
0.128
0.066

0

Knc

0
0.051
0.067
0.092
0.106
0.129
0.153

•a
<
0°
15°
30°
45°
60°
75°
90°

aged 168 hrs
(Aweight

Kic

0.279
0.255
0.222
0.176
0.127
0.064

0

14.7%)

Knc

0
0.046
0.065
0.089
0.105
0.128
0.146

aged 8640 hrs
(Aweight

Kic

0.255
0.234
0.216
0.163
0.124
0.061

0

73%)

Knc

0
0.042
0.059
0.080
0.104
0.123
0.134

C70.130
aged 720 hrs

(Aweight 31.2%)

Kic

0.273
0.248
0.220
0.171
0.124
0.062

0

Knc
0

0.046
0.062
0.085
0.103
0.127
0.144

C70.130
aged 12960

(Aweight 112.7%)

Kic

0.237
0.220
0.199
0.154
0.114
0.056

0

Knc

0
0.049
0.066
0.078
0.099
0.114
0.125

aged 2160 hrs
(Aweight

Kic

0.270
0.246
0.220
0.175
0.118
0.059

0

39.2%)

Knc

0
0.045
0.061
0.086
0.103
0.122
0.142

aged 18500 hrs
(Aweight

Kic

0.216
0.199
0.177
0.137
0.102
0.050

0

143%)

Knc

0
0.035
0.049
0.071
0.082
0.095
0.114

aged 4320 hrs
(Aweight

Kic

0.263
0.242
0.199
0.157
0.113
0.058

0

55.6%)

Knc

0
0.044
0.060
0.078
0.097
0.113
0.138

Table 5- 2 Fracture toughness results for C70.130 in stages of aged and unaged conditions. Average taken
from three specimens per data point (specimen 60 mm x 40mm)
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aged 4320 hrs (weight 101.7%)

aged 2160 hrs (weight 79.1%)

aged 720 hrs (weight 52.1%)

aged 168 hrs (weight 33.4%)
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Figure 5- 8 Graphic display of percentage change of modes land Hfrom the unaged state for R63.140
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90°

1

unagaa
Kic

0.171
0.163
0.151
0.124
0.096
0.05

0

Knc
0

0.033
0.043
0.062
0.079
0.106
0.119

aged 168 hrs
(Aweight 33.4%)

Kic
0.163
0.155
0.150
0.120
0.089
0.048

0

Knc
0

0.029
0.041
0.060
0.076
0.098
0.108

R63.140
aged 720 hrs

(Aweight 52.1%)
Kic

0.159
0.148
0.138
0.114
0.089
0.044

0

Rue
0

0.025
0.038
0.057
0.072
0.095
0.105

aged 2160 hrs
(Aweight

Kic
0.151
0.139
0.130
0.108
0.083
0.042

0

79.1%)
Kuc

0
0.024
0.036
0.056
0.069
0.088
0.099

aged 4320 hrs
(Aweight

Kic
0.146
0.134
0.123
0.109
0.080
0.041

0

101.7%)
Knc

0
0.015
0.035
0.056
0.067
0.087
0.096

R63.140

A
ng

le

0°
15°
30°
45°
60°
75°
90°

aged 8640 hrs
(Aweight 163%)

Kic

0.126
0.117
0.106
0.086
0.067
0.035

0

Knc

0
0.020
0.030
0.043
0.056
0.073
0.081

aged
(Aweigh

Kic

0.107
0.099
0.089
0.073
0.058
0.029

0

12960
209.8%)

Knc

0
0.017
0.027
0.036
0.046
0.061
0.070

aged 18500 hrs
(Aweight 256.6%)

Kic

0.074
0.067
0.064
0.047
0.035
0.017

0

Knc

0
0.011
0.018
0.024
0.029
0.031
0.039

Table 5- 3 Fracture toughness results for R63.140 in stages of aged and unaged conditions. Average
taken from three specimens per data point, (specimen 60 mm x 40mm)
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imaged
aged 168 aged aged 2160 aged 4320

hrs 720 hrs hrs hrs

aged
8640
hrs

aged
12960 hrs 18500 hrs

C70
R63

0.541
0.696

0.523
0.663

0.527
0.660

0.526
0.656

0.525
0.658

0.525
0.643

0.527
0.654

0.463
0.527

Table 5- 4 Knc/Kic ratio for C70.130 and R63.140 with progressive ageing

The Knc/Kic ratio for R63.140 was greater than C70.130 for all but the final

stage of ageing and showed a progressive decreasing trend as it aged, while

the C70.130 remained steady.

5.2.6 Results scatter

The scatter between the three repeat tests used to obtain an average PQ value

for use in Ki and Kn calculations was presented as a percentage of the

average PQ and compared for loading angles, foam type and aged state in

Table 5- 5. The scatter within the results seems to indicate that data in mode

I is the most reliable, with accuracy decreasing with respect to higher modes

most notably mode II. It also became apparent that 45° also offered good

agreement, followed closely by the 30° and 60° angles. However, it should be

noted that angles 15° and 30° generally gave high scatter most especially for

the linear foam irrespective of ageing stage. This had not been reported

previously by Richard7 when using metal or solid polymer specimens, or in

Noury's4 work on C70.130 foam specimens using the same experimental rig

which was conducted on 0°, 30°, 60°, and 90°, but omitted the 15°, 45°and 30°

angles available. For the average values of Ki and Kn 0°, 30°, 60°, and 90°

that Noury recorded for the C70.130, excellent agreement was found within

the range of aprox 1.5-9%. There is currently no manufacturers data available

for comparison.
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% Sca t t e r a b o u t PQaverage
, aged 168 aged 720 aged 2160 aged 4320 aged 8640 aged 12960 aged

unagea ftrg hrg hrs hrs hrg hrg 18S0Q hrg

C70 R63 C70 E63 C70 K63 C70 R63 C70 K63 C70 R63 C70 R63 C70 R63

0°
15°
30°
45°
60°
75°
90°

4.7
6.9
6.3
5.1
7.2
10 4
8.6

6.1
7.1
5.4
5.4
8.3
112
12.7

44
6.3
5.4
4.9
4.8
10 3
8.7

5.7
7.6
5.7
5.0
8.6
12 2
13.6

4.5
6.4
8.3
5.2
7.5
76
8.1

48
8.6
6.2
5.3
8.1
141
12.4

4 3
6.2
3.3
5.8
6.0
9 3
8.4

1.7
9.7
5.1
2.7
5.1
9.5
11.2

4.2
5.4
7.7
4.6
5.5
8.7
7.9

2.8
10.3
6.2
2.9
4.7
9.1
9.7

4.3
6.1
4.8
3.4
4.2
92
9.1

3.0
7.7
5.3
4.5
5.4
32
8.5

2.8
8.7
6.7
5.3
8.2
9 4
8.1

3.1
3.5
4.2
4.8
7.3
7 3
8.9

2.3
7.4
4.1
5.2
7:0
7.9
7.1

2.4
6.8
2.7
4.7
6.2
6.6
7.6

Table 5- 5 Scatter of load PQ constructed from load-displacement curves of C70.130 and
R63.140 in aged and unaged conditions, as a percentage from the mean PQaverage used in Table

5- 2 and Table 5- 3.

Following FEA analysis, the ASTM E399 requirement for the size of the

plastic zone was shown by Noury4 to be overestimated and unsuitable for

foams. For C70.130, a plastic zone of 3.1 mm was calculated for mode I and

6.4 mm for mode II. The size of the plastic zone is proportional to Ki2, and as

Ki for R63.140 was found to be less than that of C70.130, and the Ki value

was seen to fall with progressive ageing, the size of the plastic zone was not

considered to invalidate the fracture tests.

5.2.7 Effect of ageing on the crack pathway
The crack propagates along a path of least resistance and with respect to the

loading angle, representative of the direction of the maximum driving force.

Deviation of the crack path from its initial direction is termed the kinking

angle, i|>. The kinking angle provides information about the stress conditions

at the crack tip, the degree of mode-mixity, and an indication of the materials

behavioural response to acute stress. The practical implication of this is that

the experimental results may be used to inform predictions on whether a

crack will penetrate deeper into a structure, if it will arrest, and how long the

crack would be at that point11.

The experimentally obtained kinking angles are shown, listed in Table 5- 6 for

both materials. The mean kinking angle seemed consistent for both materials

for each respective loading angle, though a small trend of decline could be

observed during the ageing of the R63.140, and more noticeably during shear

loading. This change in kinking angle is perhaps due to a decline in the
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rotational mobility of the cell struts from ageing, preventing the material

from re-aligning itself.

It should be noted that the kinking angle for unaged R63.140 is unreliable as

the specimen distorted significantly without fracture, but tearing at the crack

tip. In the unaged condition R63.140 and to a lesser extent C70.130, permit

some degree of re-alignment of the cells as the driving force seeks the path of

least resistance with respect to the loading angle. Cell walls and struts give

way due to excessive plastic deformation though more than one strut in a

different direction about the crack-tip may yield. The crack may then change

direction towards this path of least resistance, deflecting the crack path away

from its original propagation pathway though due to the directionality of the

driving force and the loading angle, may effect a meandering pathway as

illustrated in (a) Figure 5- 10 when viewed on a microstructural scale. The

overall crack path is illustrated in Figure 5- 9 by unaged C70.130. The

pathway is shown here for a specimen subject to a static fracture test, and

that of a specimen fatigued during TSA to produce a stable crack growth for

comparison to service failures.

(a)
static fracture

(b)
fatigued fracture

Figure 5- 9 Overall mixed-mode crack pathway for unaged C70.130 at 45°

From the crack pathway the service failure brought on by fatigue appears

more susceptible to local stress intensity factors at the crack-tip than a static

fracture test indicates, despite the rapid rate of catastrophic failure that was

observed once a crack appeared.
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Loading angle

C70.130 unaged
aged 168 hrs
aged 720 hrs
aged 2160 hrs
aged 4320 hrs
aged 8640 hrs
aged 12960 hrs
aged 18500 hrs

R63.140 unaged
aged 168 hrs
aged 720 hrs
aged 2160 hrs
aged 4320 hrs
aged 8640 hrs
aged 12960 hrs
aged 18500 hrs

0°
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

15°
19
17
18
17
17
16
18
16
19
17
18
15
14
16
14
16

30°
30
28
27
29
28
29
27
27
29
28
30
28
27
28
28
28

45°
41
40
40
41
39
38
39
38
42
41
40
40
38
38
38
39

60°
49
48
46
44
46
44
46
44
51
50
48
47
46
45
45
46

75°
59
61
57
59
59
59
58
57
62
60
59
60
61
60
60
60

90°
61
64
66
63
62
61
60
60
81
66
65
66
66
65
65
65

Table 5- 6 Mean kinking angle for C70.130 and R63.140 in different ageing states

In an unaged condition the crack propagation and pathway appears to be

governed by local plastic deformations and local damage accumulation

processes as it grows per cell. Extensive fatigue testing conducted on C70.130

beams by Noury4 concluded that fatigue crack-growth could be considered Ki

controlled and accurately modelled with linear elastic fracture mechanics

(LEFM) and the Paris law, but warned of Kn controlled co-planar crack-

growth in mode II loading. The effect is well known in metals and can be

described as the magnification of the stress intensity factor due to interaction

between two or more cracks on the same plane. Cracks in parallel effectively

shield each other, resulting in a decrease of the stress intensity factor when

compared to the case of a single crack12.

(a) (b) (c)
C70.130 unaged mode I crack C70.130 aged mode I crack R63.140 aged crack-tip

Figure 5-10 Micrograph slice to illustrate crack-tip and crack pathway before and after ageing
8640hrs (mag. x5)
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Loss of plasticity from ageing appeared to restrict mobility providing the

more direct crack pathway shown in (b) Figure 5- 10. The direction of the

pathway is further complicated by the through-thickness inhomogeneity of

the ageing, to mimic a brittle shell that encompasses a ductile centre. An

apparent change in failure mode was observed from cell distortion, pathway

deflection around cells with thicker cell struts and cell wall tearing, to brittle

fracture directly through cells.

Scatter about the mean kinking angle was considerably greater for the

unaged R63.140 possibly due to the relationship between the size of the

crack-tip and the larger cells around it and seen in (c) Figure 5- 10. Scatter

appeared diminished following ageing of the cells for both materials.

The implication of these observations is that any microstructutal or cells-size

effects that may affect or deter the propagation of a crack though a foam in its

unaged state, are no longer effective when the cells have been subjected to

ageing. The effects become more progressively noticeable with ageing and

penetration depth. This may have significance for the potential formation of

co-planar cracks in the zone beneath the brittle, aged, and crack prone

surface as warned by Noury, which if combined with a secondary form of

loading such as compression from slamming could lead to failure.
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Chapter Six

TSA Results

6.1 Introduction
The purpose of this chapter is to identify the potential of TSA for the

assessment hygrothermally aged marine foam core specimens through the

evaluation of stress intensity about a crack-tip of an aged and unaged foam.

Associated with this chapter is Appendix Six which contains excerpts from

previous work done on the re-scaling of the CTS-type rig for use with TSA.

This initial work relating to the design and selection of a specimen

configuration and subsequent re-scaling of the mixed-mode loading rig was

conducted using a DeltaTherm TSA system. The DeltaTherm was withdrawn

from service soon after and replaced with a new generation Cedip system but

is based upon the same thermodynamic principles and correlations to a

reference signal. It wasthe Cedip system which is used to evaluate ageing

damage within this work.

6.2 TSA Test Preparation
The original intention was to use the 60 mm x 40 mm x 20 mm specimens

from mechanical testing in the TSA investigation, but following a preliminary

feasibility study, it was determined that a new configuration was necessary.

The reasons for change were based following observations from mechanical

and preliminary TSA testing. The mixed-mode rig constructed in solid steel

cut from a block an inch thick, was designed for use with metal specimens,

and despite load-cell calibration, load arrangement balance within the grips,

and previous validation of the technique from work conducted by Noury, the

rig weight was felt to be excessive for the sensitive foam material. A larger-
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scale rig was designed with a minimum weight requirement and machined

from a single block of aluminium. The mechanical testing of fracture

toughness properties, was conducted in mixed-modes of 15°, 30°,

45°,60°,75°,with poor results and accuracy recorded for 15° and 75°. The

rescaled rig included 10° and 80°. TSA testing used an Instron servo-

hydraulic test machine to cycle at lOHz. The actuator was determined to

partially rotate during cycling causing a torsional stress within the specimen.

This was counteracted with a supporting rod attached to the actuator to

restrict its plane of motion.

In initial fracture toughness testing, strong reinforcements with wooden

battens were required to distribute the loading stresses and limit pull-out of

the pin loading points. Additionally, initial TSA showed that the resultant

stress about these loading points interfered with the stress about a crack-tip

if the crack-length were equal to half the specimen width. It was felt that this

issue needed to be addressed before the specimen underwent the prolonged

and rapid cycling used for TSA testing. After subsequent iterations of the

design and testing process, the rig was additionally modified with a larger

surface area for load distribution for all five loading points with well-fitting

pins. This was deemed acceptable, as the priority of this portion of the testing

was to attempt to use TSA to obtain stress intensity factors from the

specimens. These factors would differ to the critical stress intensity factors or

fracture toughness values that were obtained during mechanical testing,

which would act as guidelines providing an indication of the magnitudes

involved in foam behaviour when transitioning from unaged to aged states.

6.2.1 Specimen configuration and preparation
The specimen configuration used for TSA is shown in Figure 6- 1. Due to

changes in the configuration from the one used in mechanical testing, the

TSA specimens were seen to record a different weight change for the same

immersion time. As ageing is characterised by the weight change rather than

immersion time, it was necessary to extract the TSA specimens as close to

these values as practicable. With reference to gravimetric results in Chapter

Four, TSA specimens were aged until 15000hrs.
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It is common TSA practice, to homogenise the surface emission of a specimen

and obtain the most uniform signal reading by spraying two coats of matt

black paint across the specimen surface. It is a consequence of the

microstructure of the foam that this was not possible. An even coating cannot

be applied to the pore-like surface of the foam, and results in an application

that is thicker than that of a cell wall. Additionally, the spray cannot be

removed and reapplied as it can for metals.

0.50w

w

Figure 6-1 Fracture toughness specimen configuration. Width w = 100 mm, thickness t,-20 mm

The emissivity of the foam surface is expected to alter and increase as the

foams are hygrothermally aged and polymer additives are leached from the

composition, altering the microstructure and reflectivity of the surface. This

is expected to be compensated for by using a calibration constant that

encompasses the material property changes also.

6.2.2 Loading arrangement, conditions and testing protocols
The experimental arrangement used is shown in Figure 6- 2. The specimens

were prepared using the same procedure as that described for hygrothermal

ageing and mechanical testing in previous chapters. Specimens were removed
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from the ageing tank, weighed, dried and allowed to acclimatise for 48hrs to

the environmental conditions in the lab. The material property changes that

are known to occur in aged foams were considered, testing was conducted

using displacement control and a calibrated load-cell record of stress for each

test run and position. Specimens were typically loaded in a cyclic sine wave

form with a frequency of lOHz. Effort was made to calibrate the servo-

hydraulic test machine to confirm load and displacement values, check the

cyclic wave form and amplitude stability with an oscilloscope, and maintain

the camera position and settings for the duration of testing. From mechanical

testing results, it was known to subject the material to only very small

amounts of displacement to ensure loading was within elastic limits and

plastic deformation would not occur. The specimen was positioned within the

rig ensuring the face was perpendicular to the camera lens, with the camera

head position adjusted using spirit levels. Distance from the camera lens was

measured to the specimen and recorded in the system software. The camera

angle and distance were held constant throughout the experiments at 14.50

cm.

i

Figure 6- 2 Experimental arrangement of mixed-mode rig and Cedip imaging system

The loading arrangement and procedure was checked using a foam specimen

as depicted in Figure 6- 2, loaded under the same conditions, the specimen

was rotated from pure tensile to pure shear loading, and the signal data

recorded from a 3cm2 box average about the centre of the specimen. As the
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specimen approached pure mode II, the sum of the principal stresses

approached zero, so the signal diminished. Good agreement was found when

compared to the theoretical change in stress of the rotated specimen, as

calculated from Mohr's circle, shows a sample result of a box signal average

taken from a solid unaged R63.140 specimen, in the form of a plot averaged

over each frame. The x-axis indicates a value of recorded 300 frames, which is

an artefact of the software procedure, which analyses all frames but was set

to display every 10 frames. The actual number of frames recorded was then

3000 representing an investment in CPU memory of 490,000KB. Data may be

selectively bracketed to exclude the initial frames from analysis.

DL
1.80

1.40

1.20

1O0

0.80

0 60

0.40

V..

50 100 150 200 250 300 f|*i>«S

Figure 6- 3 TSA DL Time graph for box-signal average in DL units for solid specimen R63.140
(unaged condition, lOHz, 0.6mm mean, 0.3mm amplitude)

angle
0° (mode I)

10°
30°
45°
60°
80°

9 0 ° (modell)

LJLi Box average

0.487
0.465
0.375
0.233
0.224
0.117
0.062

O l

0.2
0.452
0.189
0.162
0.199
0.212
. 0.2

O2

0
-2.58

-0.039
-0.062
-0.113
-0.178

-0.2

I(a1+a2)Theory

0.2
0.194
0.15
0.1

0.087
0.034

0
Table 6- 1 Rotation of unaged solid specimen R63.140 TSA, side A (units in DL), lOHz,

0.6mm±0.3mm

The relationship compared to the expected theoretical values became less

accurate when approaching shear modes. Table 6- 1 indicated that the

operation of the up-scaled rig design was adequate for TSA testing of foam

specimens.

6.2.3 Repeatability and Data Scatter

The same control specimen of unaged R63.140 was tested over a period of 4

months at random intervals, with the same experimental arrangement in
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mode I. Table 6- 2 lists the change in the detected signal when compared to

the initial value obtained as shown in Table 6- 1. Noticeable scatter was

determined for data derived from the same box signal average over the same

specimen area. Though a specific trend could not be determined, the greatest

scatter occurred following prolonged cycling and was further influenced by

the number of accumulated cycles.

cycle duration
(hrs)

Accumulated
cycles (hrs)

D L Box average %Changeo.487

0.2
0.5
1
3
4
8
12
0
2
4
0
4
0

0.1
2

0.2
0.7
1.7
4.7
8.7
16.7
28.7
28.7
30.7
34.7
34.7
38.7
38.7
38.8
40.8

0.487
0.471
0.466
0.466
0.510
0.522
0.526
0.456
0.516
0.520
0.459
0.530
0.503
0.512
0.453

0
-3.2
-4.2
-4.4
+4.7
+7.2
+8.1
-6.4
+5.9
+6.7
-5.7
+9.1
+3.2
+5.2
-7.1

Table 6- 2 Results of solid control specimen for unaged R63.140, side A, in mode I (lOHz
0.6mm±0.3mm)

The variations may be influenced by material properties such as creep, or

mechanical issues such pulling at the loading points. The loading cycles of the

Instron was checked and found to be consistent throughout the test duration.

6.2.4 Calibration constants

From notations during testing relating position control to recorded loads from

the Instron, stress values were derived and used to determine the calibration

constant A.

Specimen condition

R63.140 unaged

R63.14a aged

C70.130 unaged

C70.130 aged

Calibration (A)

0.0225

0.0395

0.0313

0.0356

Table 6- 3 Calibration constants for material types
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6.2.5 Effect of Frequency Variation and Ageing

There appears to be little sensitivity to frequency as shown in Figure 6- 4. In

test-runs involving incremental changes in frequency, mean stress, or

amplitude, the order was randomised.

frequency variation

0.04

0.035

P 0.02
<

0.01
" B63 aged
• C70 aged
• C70 unaged
• R63 unaged

6 8 10

frequency (Hz)

12

Figure 6- 4 Frequency variation of solid specimen, R63.140, side A, in mode I (lOHz
0.6mm±0.3mm)

6.2.6 Effect of Amplitude Variation and Ageing

All specimens showed a linear trend towards the origin as shown in Figure 6-

5.

Amplitude Variation

P 0.04

• K63aged
• C70 aged
• C70 unaged
> R63 unaged

0.1 0.3

amplitude (mm)
0.6

Figure 6- 5 Amplitude variation, frequency lOHz. Mean 0.6mm
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6.2.7 Effect of Mean Variation and Ageing

Mean Variation

P 0.02
<

° R63aged
• C70 aged
• C70 imaged
• R63 imaged

< i

0.4 0.45 0.5 0.56 0.6 0.65 0.7 0.75
mean (mm)

Figure 6- 6 Mean dependency, frequency lOHz, amplitude 0.3mm

The R63 material is shown to be mean dependent, though upon ageing the

influence is less exaggerated. C70 is not seen to be influenced by variation in

the mean load, though scatter was observed for both materials and appeared

greater for the unaged condition.

6.2.8 Information from the crack-tip

A difference in the behaviour between aged and unaged linear foams in

response to a crack was detected and illustrated in Figure 6- 8 and Figure 6-

9. Figure 6- 8 indicates that the stresses around the crack-tip are

redistributed by unaged cells, dispersing the crack propagation energy. Phase

images showed no significant change indicating adiabatic conditions were

maintained, but did provide an indication of damage site location qualitative

magnitude as illustrated in Figure 6- 7.

(a) (b)

Figure 6- 7 Mode II unaged R63.140for 10 Hz (a) TSA, and (b) phase data
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The cell behaviour in the aged state is seen to differ as the stress is

concentration about the crack-tip and depicts apparent increase in brittle

behaviour and supporting findings from hygrothermal ageing and mechanical

testing. It can also be seen that the area of high stress around the crack tip is

composed of clusters of high stress values, as the foam cells in the vicinity

have restricted mobility in an aged state. Due to the local cell morphology, it

cannot be predicated which cell will fracture as it is not necessarily the one

directly in the path of the crack-tip.

Figure 6- 8 TSA video stills of mode I imaged R63.140 lOHz, 0.6±0.3mm

Figure 6- 9 TSA video stills of mode I aged R63.140, lOHz, 0.6±0.3mm

6.3 Stress Intensity

Using the Stanley1 method to graphically obtain a stress intensity using a

graphical method whereby Ki can be obtained directly from the gradient of a

graph of y versus 1/S2max from the expression arranged as :

where A is the calibration constant, S the TSA signal, Ki the stress intensity

and y, is the line taken parallel to the line of the crack. There was a very high

degree of scatter for R63, most notably in the unaged condition, values

obtained for C70 in this manner were promising when compared to the

critical values obtained in fracture testing with C70 unaged 0.235 MPa.m0 5

and 0.179 MPa.m05 for C70 aged respectively.
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For mode I, the sum of the principal stresses with respect to distance from

the crack-tip was considered for both linear and cross-linked specimens.

There was high scatter in data for the unaged R63 foam, as may be attributed

to pockets of high stress values about the tip. Though the general trend of

declining stress with increasing crack-length was determined as tests were

conducted with constant strain. The effect of ageing on the R63 was to

proportionately reduce the magnitude of the peak to approximately a third of

the unaged material (which agrees well with mechanical test results), but

most noticeably the scatter was greatly reduced, and the peak to base ratio of

the aged specimen more than doubled. That is to say, the stress became

increasingly concentrated about the crack-tip with less apparent dispersion.

The effect of an increasing crack-length on the peak to base ratio was then

similar to that observed in both aged and unaged C70 specimens. The

peak/base ratio remained consistent at around 1.1 until a/w=0.25, but would

then decrease by half for a/w=0.5 at a proportional rate.

Reference
1 Harwood.N Cummings,W "Thermoelastic Stress analysis"IOP publishing, 1991
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Chapter Seven

Discussion Summary

7.1 Hygrothermal Ageing Results
The hygrothermal ageing tests indicated that the foam could double its

weight in moisture in 5yrs in-service if R63.140 were exposed or 15yrs if

C70.130 were exposed. Absorption occurred most easily through damaged

cells, and only a relatively small increase in temperature is needed to

accelerate the leaching of additives and plasticizers that would lead to

increased brittle behaviour. The effects of moisture uptake were affected most

damagingly by freeze thaw cycles which may cause the expansion of the

absorbed moisture to lead to micro cracking, but also makes the moisture

more difficult to extract upon drying. It was found that ageing seemed to be

best resisted by foams with smaller cell sizes than thicker struts, and trends

of uptake with respect to foam density for both C70 and R63 groups were

presented here. R63.140 was consistently seen to be the most vulnerable to

ageing, and displayed significant changes in behaviour for both fracture

toughness and energy absorption, with apparent increased brittle behaviour.

Micrographs also showed pitting like damage to the cell struts and walls with

age, which were not advanced on the C70.130 despite evident loss of

additives. Local surface indentation testing showed changes in behaviour for

both foam types which may have implications for sandwich fatigue life, its

response to slamming and collision, and the ability to distribute that energy

through the sandwich thickness. If compared to the conservative Qio life-cycle

estimates for exposure to service temperatures of 18°C, then it can be said

that barring damage, only the R63.140 which may be at risk. However,

service temperatures and exposure conditions are known to fluctuate, so it

can be seen that ageing could present a significant risk and should be

considered in the design safety factor.
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The standardised ageing test for medical polymers was found to be the most

appropriate and was able to provide a means of relating accelerated ageing

time and in-service exposure. Errors in ageing arose from temperature

circulation within the tanks, specimen overcrowding and particle breakage

from cut edges. Further testing is necessary to improve confidence in

accelerated ageing duration to prevent over-ageing and establish a less

conservative estimate of in-service time. There is need for a new standardised

test aimed at accelerating the ageing and characterisation of foams and

materials seen in marine service. The Fick model of diffusion processes was

found to have better agreement with the lower experimental temperatures,

though material loss such as plasticizers or breakaway particles is considered

a violation of the assumptions. An Arrhenius based relationship was found to

adequately estimate the relationship between temperature and percentage

weight gain. Problems in the accurate prediction of ageing and its properties

originated from the variation in composition between foam types, sheets,

batches, and manufacturer. Additionally, it was seen difficult to predict the

ageing behaviour of a similar foam based on type and mechanical properties

without information upon the cell morphology.

7.2 Mechanical Testing Results
The stress intensity factors, Ki and Kn were determined for a range of modes

from pure tensile to pure shear for both aged and unaged specimens of

R63.140 and C70.130. Close agreement was found with comparative tests

conducted by Noury on the C70.130 for the x-direction, though testing was

characterised with significant data scatter. Subsequently, it could be said

that linear elastic fracture mechanics could be applied to the C70 foam,

though applicability for R63 may be border-line supporting Noury's

conclusion that Richards criterion are the best for prediction of fracture.

A higher error was recorded for shallow mixed modes of 15° and 75° during

fracture toughness testing and may have been attributed to the weight of the

rig in relation to the sensitivity of the foam. The scale of the testing rig used

in mechanical testing was determined to be inadequate and required that the
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specimens be scaled-up so as to isolate the stresses at the crack-tip, and it

was determined that changes between the response of an aged and an unaged

specimen could be observed.

Crack propagation in an ageing foam showed evidence of increasing brittle

fracture with a loss energy required to fracture as evidenced from the

diminishing area under the load-displacement curves fracture toughness

testing. The R63.140 showed the greatest change with the loss of its excellent

resistance to a crack in shear. The crack pathway also became increasingly

linear with less kinking as the cells mobility was restricted through

plasticizer-loss. This altered the behaviour of the cells at the crack-tip which

were unable to distort in order to redistribute the local stresses and produced

a direct crack pathway as opposed to several additional sites of satellite

microcracks about the crack-tip. This provided additional concern for the

potential behaviour of R63 core damaged by age.

7.3 TSA Results
TSA successfully detected changes due to ageing for both foam types, though

the most significant change was observed in the behaviour of linear foam in

the aged and unaged condition in response to a sharp crack. Data supported

findings from observations made during hygrothermal ageing and fracture

toughness testing that leached plasticizers increased the brittle ness of the

foam and that the linear material was most vulnerable to the effects of ageing

as its mode of diffusing crack propagation energy was compromised. The

crack-tip was suffused with pockets of high stress values which complicated

extraction of stress intensity factors about the crack-tip.
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Chapter Eight

Further Work

8.1 Fatigue Crack Propagation

It is recommended that fatigue and crack propagation conducted by Noury on

cross-linked foams using a large-scale CTS-type rig with specimens

approximately 0.3mx0.2m, be continued using TSA to monitor crack initiation

and its propagation rate. A comparative finite element model of fatigue crack

propagation would determine the suitability of the current predictive models.

A comparison between core density, morphology and propagation rates would

be of benefit. It is recommended that use of the high magnification lenses be

used with development of motion compensation techniques to develop micro-

fatigue and micro-fracture mechanics models of the propagating crack.

8.2 D-Mode Fatigue Predictions

D-Mode is the name given to the Cedip software that is able to measure the

dissipated energy rather than the thermoelastic energy from TSA or E-mode,

as per software notation. This mode has been used successfully to predict

fatigue sites and fatigue limits in metals1 Dissipated energy is much smaller

than the thermoelastic effect and needs a sensitive thermal imaging camera

and a dedicated algorithm to function, and subsequently, is a recent

development in the field. From the methodology described by Kim1 D-mode is

the intrinsic dissipated energy and the signal (DL) depends on the intensity

of stresses or loads, shape of specimens, and periodic frequency and indicates

variations in mechanical properties. By maintaining test conditions constant,

but increasing amplitude is applied in increments, Kim determined was able

to show that the inflection point of the D-mode signal corresponded to the
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fatigue limit of the material. When applied to the C70.130 and R63.140

specimens used in TSA, for the aged and unaged conditions, first estimates

for a fatigue limit could be attempted and are shown below in Figure 8- 1

Figure 8- 2. The C70.130 was seen to provide little scatter in the data, but the

R63.140 showed significant scatter. The C70.130 estimated the fatigue stress

limit to have reduced by approximately a third of from its unaged condition to

0.188MPam05. This first estimate compares favourably in order of magnitude

when compared to that of the literature. Noury determined that the Paris law

applied to provide da/dN =1.77x10-11 (AK)08026 , and gave a 0.3MPam05

estimate for a a/w=0.5 C70.130 specimen. It is believed that these

preliminary tests have shown that D-mode has potential for application to

fatigue estimates of hygrothermally foam specimens.

D-mode (fatigue estimate)

' 0.15

• C70 aged
> C70 unaged

0.15 0.2
Load (amplitude) kN

Figure 8-1 D-mode distribution for load amplitude variation for C70.130
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3-0.6

e

a
a 0.3

D-mode (fatigue estimate)

• B63.140 imaged
° H63.140 aged

0.2 0.25 0.3
Load (amplitude) kN

Figure 8- 2 D-mode distribution for increasing load amplitude for R63.140

8.3 Cyclic Creep
It would be of benefit to designers to greater understand the effect of creep

and the interactions between creep-fatigue in a sandwich structure and to

evaluate the validity of mathematical models.

8.4 Damage Threshold
Non-contact techniques may be further exploited to determine the minimum

crack-length or defect size necessary before catastrophic failure is initiated.

8.5 Shear Crack Propagation
One of the most important issues of composites in marine sandwich

structures, is their vulnerability to failure in shear. Given the intrinsic

problems for shear detection using the TSA technique, it is recommended

that the potential of Digital Image Correlation (DIC) be evaluated for the

propagation of shear cracks within a sandwich structure such as a T-joint.

DIC is another full-field, non-contact technique, but has the advantage of
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TSA in being increasingly accurate for materials showing strain, with

relevance for flexible polymer foams such as linear foams.

The Figure below shows the experimental arrangement with two cameras

and an example of results possible in Mode I for a linear foam.

(a) (b) (c)
Figure 8- 3 (a) Arrangement for non-contact Digital Image Correlation (DIC), with linear foam

mounted in mode I position of CTS-type rig. (b) screen image of linear foam depicting DIC result
(c) screen image of DIC software showing rotated 3-D image of linear specimen.

8.6 TSA Stress Intensity Factor Extraction

The use of linear foams illustrated the difficulty for SIF extraction using TSA.

Many of the formulations are based upon the presence of a cardioid shape,

and methods determine mathematical curve-fitting techniques to improve

accuracy of SIF extraction. However, some results obtained with TSA from

the surface of the foams indicated efficient dispersal of the stress from the

crack-tip providing R63 with its excellent resistance to crack propagation,

and meriting a 15% reduction in design safety factors. A methodology to

extract SIFs from a form not immediately identifiable as a definite geometric

shape needs to be developed and a numerical method which considers the

magnitude, and proximity clustering to each recorded magnitude data point

would be helpful in the clarification of data to promote success of the

technique for R63.

8.7 Standardised ageing test

From this work it was determined that it would be advantageous for there to

be a standardised accelerated ageing test for sandwich materials that are to
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be used within marine applications. It would be recommended that the Tg of

the material be taken into consideration.

8.8 Predictive ageing

This work has shown that the properties of both cross-linked and linear cores

are vulnerable to ageing, with linear foams carrying the greatest potential

risk. Experimental tests were conducted to accelerate exposure for the worst-

case scenario. It would be beneficial to conduct supporting mechanical tests

upon cores from sandwich craft in-service and determine a correlation (if

any), between real-time service, exposure conditions from log books, and age.

Additionally, it would be of benefit to designers if a formulation were

developed to provide a realistic hygrothermal ageing safety factor which

considers cell morphology and foam type.

8.9 Structural Component Under Impact

It is recommended that the TSA advantage of a full-field aspect be used to

evaluate the response of a complex structural component from a key area of

vulnerability within the hull bottom, to fatigue impact loadings. The TSA

system is endowed with the ability to evaluate erratic loads, so it would be

beneficial to further understand the crack development in a sandwich

structure, aged or unaged, when exposed to fatigue conditions of slamming or

isolated impact and collision. Additionally, the new TSA system is highly

portable, and can be adjusted into any position required, and with the video

record function, may be positioned within the curved structure of a yacht hull

to monitor the non-contact, full-field, response of a curved sandwich structure

to slamming loads in real-time.

Reference
'Kim, W., Choi,M., Yong, EL, Sung.E. "Measurement of thermal stress and prediction of fatigue for STS

using lock-in thermography" 12th A-PCNDT 2006 - Asia-Pacific Conference on NDT, 5th - 10th Nov 2006,

Auckland, New Zealand
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Chapter Nine

Concluding Remarks

As described in the Introduction, the motivation for this work was based upon

lowered design safety guidelines for linear foams in yachts and marine vessels amid

concerns over cores weakened by environmental exposure. This work sought to:

— assist marine designers by determining the significance, if any, of ageing

upon the properties and behaviour of a foam core,

— consider the implications, if any, of ageing behaviour upon lowered design

safety factors for linear materials such as R63.140 compared to the

established cross-linked structural cores such as C70.130, and identify if an

additional safety margin is necessary,

— assist designers in the optimisation process, by evaluating the potential of the

latest developments in TSA systems, as a means of assessment of damage in

a hygrothermally aged foam.

This has been accomplished by the evaluation of ageing of foam specimens typical of

marine structures and using the established method of fracture toughness testing

and a CTS-type experimental arrangement that allows a smooth progression between

pure tension and pure shear loading. The change in material and mechanical

properties for two foam types, a cross-linked, C70.130, and a linear foam, have been

monitored during accelerated hygrothermal ageing and observations related to their

cell morphology have been made. It has been determined that the effects of ageing

can have a significant contribution towards failure stress and failure mode

supporting the recommendation that the issue of lowering of design safety factors for

linear materials be investigated further. Confidence in design calculations may be

further improved if greater emphasis were placed on relative density of the foam cells

to take into consideration cell size and morphology. It has also been expressed that

there is need for marine-centric standardised testing and accelerated ageing

procedures of foam cores.
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Recent developments and system improvements have shown TSA to have potential

for damage assessment of hygrothermally aged foams. It was shown that a difference

between' hygrothermally aged and unaged foams could be detected, and the

differences in the behaviour between a linear and cross-linked material in response to

a sharp crack-tip in pure and mixed-modes could be determined. It was shown that

TSA could be applied to extract stress intensity factors from the C70.130 material,

with fair agreement to experimental mechanical testing, though destructive tests are

more reliable in this instance. The nature of the foam material encouraged adiabatic

conditions, but also introduced uncertainty into the results. Non-uniformity of the

surface emissivity, non-uniformity of ageing throughout the specimens, inherent

stress alleviating cell distortions, and the need for further information on foam creep

under cyclic loads may contribute to data scatter observed in results. These issues

would be expected to have greatest significance if fatigue testing of cores were

conducted. Additionally, the microcellular behaviour of linear foams with pockets of

high local cell stresses, can cause error in the extraction of reproducible stress

intensity values and would require development of a numerical method to consider

magnitude, and proximity clustering of each recorded data point to clarify the

received information. If testing of foam cores within a sandwich lay-up were to be

considered, it should be noted that it was the moulded surface of the TSA specimens

provided the best surface for data extraction, as cut edges appear frayed with

increased noise in the data. With respect to the motivation for this work, the issues

noted above, coupled with the Mode II limiting condition, TSA is hindered in its

intended practical application in marine design to concerns of lowered design safety

factors for linear cores and the consequences of hygrothermal ageing, though TSA can

provide a number of advantages over conventional techniques. The greatest strengths

being the detailed, real-time, non-contact, full-field, data it can collect with additional

promise for use of D-mode for predictive fatigue testing and high resolution lenses to

evaluate microcellular models of unit cell behaviour.
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Appendix Two-A

Sandwich core design

This appendix is referenced to Chapter Two, Literature Survey, section 2.2

The Foam core; Structure and Formation.

ABS rules and guidelines are the most universally referred to as they

encompass the most conservative rules for sandwich design of yachts, fast

craft and naval fast craft. Excerpts from key guides are included here for

reference.
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2A. 1 Excerpts from ABS Guide for Building and Classing

Offshore Racing Yachts (1994)

reinforcement of the laminate and the physical properties
of the laminate are such that the laminate meets the defini-
tion of a bi-directional laminate it may be considered as
such.

The verified minimum mechanical properties of the lam-
inate and lay-up details as indicated in 1.9 are to be indi-
cated on the drawings.

4.7 Wood

4.7.1 General
All wood used is to be of die best quality, properly sea-
soned, clear, free of defects adversely effecting its strength
and with the grain suitable for the purpose intended. It is
suggested that all wood members, except cold-molded
wood laminates coated with resin, be treated with a preser-
vative.

The strength properties for some such woods are given in
Table 4.4. Where other woods are to be used, the strength
properties are to be based on the recognized national stan-
dards.

4.7.4 Encapsulation
Softwoods encapsulated in FRF are considered effective
structural materials where used above the,waterline; it is
recommended they not be used below the wateriine, but
where used in this location they are to be considered inef-
fective, nonstructural, core materials.

With the exception of balsa, hardwoods are not to be
used as core materials. Encapsulated balsa or plastic foam
are to be considered ineffective in resisting bending or
deflection.

4.9 Plywood

Plywood is to be of marine quality and manufactured in
accordance with a recognized national standard.

4.11 Core Material

The required core thickness may be based on the following
minimum shear strengths, provided they are verified by
submitted test data.

SECTION 4 13 Materials

Material
Balsa, end-grain
Balsa, end-grain
Polyvinyl chloride,

cross-linked
Polyvinyl chloride.

cross-linked
Polyvinyl chloride,

linear

Density

kglm3

128
144

80

100

80-90
Nate:
1. These values are for Ecuadorian balsa

Iblff
8
9
5

6.25

5-6

N/mm*
1.91

2.11

1.0 to 13

1.4 to IS

13

Minimum Ultimate
Shear Strength

kgflmm*
0.19'
0.21'

0.10 to 0.12

0.14 to 0.15

0.12

psi
270"
300'

145 to 171

200 to 217

169

Where test data is not available for cross-linked polyvinyl
chloride, the lower shear strength value of the range is to

4.13 Fastenings
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2 A.2 Excerpts from ABS Rules for High Speed Naval Vessels

(2007)

5 Core Materials
Expected shear strengths of core materials are shown in 2-6-1 .Table 1. Core materials other than those
shown will be subject to special consideration. Polyester fiber or vinylester mat is not considered a
Eshsweighr structural core, and use will be subject to special consideration. Shear strengm for lise in
the design is to be \-erifced fey test, as required in Section 2-<S-5. Construction methods aad procedures
for core materials are to fee as strict accordance wi& core manufacturer s recosuznendstiots.

5.1 PVC Foam Cores
Foam cores are to be of lie closed cell types aad impervious to water, fuel and oils. Foam cores are to
be compatible witn the resin system and have good aging ability. Foam cores are to have good
strength retention at *05C (140°F>. If the foam core U manufactured into formabte sheets of small
blocks, the open weave backing material and adhesive are to be compatible and soluble wilt the
iajninasng resin. Where necessary: foam core materials are to be conditioned in accordance with die
manufacturers recommendations. Conditioning at an elevated teraperatare in excess of that which
may be experienced in service may be necessary to ensure the release of eatrapped residual gaseous
blowing agents from the cells of the foam core.

5.3 Balsa Wood
Balss wood is to be end-grained. Balsa wood is to be treated chemically against fungal aad insect
attack and kiln-dried shortly after felling, and is co be sterilized and homogenized. Balsa wood is to
have an average moisrare content of 12%4. If die balsa wood is manufactured into fcimable sheets of
small blocks, the open weave backing material and adhesive are to be compatible and soluble,
respectively, witm the lamt&ating resin.

5.5 Core Bonding Materials
Core bonding materials are to be used in accordance with the manufacturers instructions. The
proposed core bonding to be used with the core material is to be indicated on the Material Data Sheet
and the construction plans.

A B S RULES .c0R W4T=R!AIS AND WELDWS - ALUMINUM *N0 F HER SSKF0RCE3 PLASTICS | f£=) • 3506 87

Part 2 Rules for Materials and Welding - Aluminum and Fiber Reinforced Plastics (FRP)
Chapter 6 Materials for Hull Construction - Fiber Reinforced Plastics (FRP)
Section 1 General 2-6-1

TABLE 1
Properties of Core Materials

Balsa, and-srcii!

Balsa. 4nd-Er:;n

?VC. crsuiinisd
JVC, ciotdickwi

PVC. Eo«r c>

Density

ksf(m!

104
144
SO

IOO

5

6J25

5-5

.VtaimKw Shesr Siraigtk

2.5 m

0.9
1.4
1.2

0.16 <l>

0.2:<l )

0.14

C.I 2

rta
225 *s>

3 5 0 " '

122
200

17C'

Mates:
Thn» rzi-^i: us for EcoadohziB bsl-.!

Caisics is :o t« :zii- wbso LiD»tr P\rC co»s at awd in am :hat an
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Part 3 Hull Construction and Equipment
Chapter 2 Hull Construction
Section 3 Plating 3-2-3

TABLE 7
Core Shear Design Strength

Care Material
Balsa Wood
PVC*

Design Core Siiear Sirengtk
0.3 r.

0.4r.

* May be taken as 0.55 rc where sheer elongation exceeds 40%.

T. = auninmm core shear strength, in N'mm: (kaf'mm2, pst)
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Appendix Two-B

Accelerated Ageing Tables

This section relates to Chapter Two, Literature Survey, section for

Accelerated ageing methods.

The references used in the tables are listed in the first column and

correspond to the references at the end of the section. The colour coding is

used for clarification.

The tables are organised into the following columns;

i. Sponsor; provides the application of the materials or tests and is

subdivided into simplistic categories of aeronautics, marine and other.

Knowledge the application of the research provides a quick indication of

experimental methodology.

ii. Test type; determines if the review paper considers characterisation of

hygrothermal effects on the test specimens, and is subdivided, into

'Mech&Age' for details of mechanical tests conducted on aged samples;

'MechORAge' for details of experimentation conducted in isolation, or

'Theory' if it is purely a speculative or analytical paper.

iii. Environment, exposure conditions of 'relative humidity' or 'immersion'

are noted. As this research is primarily interested in immersion testing,

the relative humidity details are not presented in this version of the

tables.

iv. Component; determines if the skin, core and/or the sandwich as a whole

have been considered.
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v. Fibre; distinguishes between the fibre materials used, which is closely

related to application. Carbon is most commonly used where the sponsor

has been marked as aeronautics.

vi. Orientation; distinguishes between the fibre or ply orientation used in

the reviewed paper. Given the complexity of moisture analysis and

prediction methodologies it may benefit the reader to be aware of the

papers that consider the simplified unidirectional lay-up.

vii. Matrix; Refers to the resin used for the laminate; epoxy, polyester and

other. The most recent papers typically focus on epoxy, while the oldest

exhibited the broadest experimental range.

viii. Core; if a sandwich or core is experimented consider, the distinction

between cross-linked and linear is made.

ix. Strength and Modulus,; share the same colour coding, and relates to a

mechanical property obtained by the paper. The basic properties of

tensile, shear, flexural compressive and impact modulus and strength

are presented separately from fracture toughness and fatigue.

x. Temperature Range is provided both numerically and visually to

facilitate comparisons. A blue bar represents a negative temperature,

while the yellow and red present the lowest and highest values in the

range tested.
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Appendix Two-C

Standards Applicable to Cores

2 A. 4 ASTM Standards
— D3576-98 Standard Test Method for Cell Size of Rigid Cellular

Plastics

— D2856-94 (1998) Standard Test Method for Open-Cell Content of Rigid

Cellular Plastics by the Air Pycnometer

— D2126-99 Standard Test Method for Response of Rigid Cellular

Plastics to Thermal and Humid Aging

— D1623-78 (1995) Standard Test Method for Tensile and Tensile

Adhesion Properties of Rigid Cellular Plastics

— D1622-98 Standard Test Method for Apparent Density of Rigid

Cellular Plastics

— D3204-93 (1998) Standard Specification for Preformed Cellular Plastic

Joint Fillers for Relieving Pressure

— D6226-98el Standard Test Method for Open Cell Content of Rigid

Cellular Plastics

— D2842-01 Standard Test Method for Water Absorption of Rigid

Cellular Plastics

— D1621-00 Standard Test Method for Compressive Properties of Rigid

Cellular Plastics

— D3 748-98 Standard Practice for Evaluating High-Density Rigid

Cellular Thermoplastics
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2A.5 ISO Standards
— ISO 844:2001 Rigid cellular plastics - Determination of compression

properties

— ISO 845:1988 Cellular plastics and rubbers - Determination of

apparent (bulk) density

— ISO 1183-3:1999 Plastics - Methods for determining the density of

non-cellular plastics - Part 3: Gas pycnometer method

— ISO 1209-1:1990 Cellular plastics, rigid - Flexural tests - Part 1:

Bending test

— ISO 1209-2:1990 Cellular plastics, rigid - Flexural tests - Part 2:

Determination of flexural properties
:— ISO 1663:1999 Rigid cellular plastics — Determination of water vapor

transmission properties

— ISO 1922:2001 Rigid cellular plastics — Determination of shear

strength

— ISO 1923:1981 Cellular plastics and rubbers - Determination of linear

dimensions

— ISO 1926:1979 Cellular plastics — Determination of tensile properties

of rigid materials

— ISO 2796:1986 Cellular plastics, rigid - Test for dimensional stability

— ISO 2896:2001 Rigid cellular plastics — Determination of water

absorption

— ISO 4590:2002 Rigid cellular plastics — Determination of the volume

percentage of open cells and of closed cells (available in English only)

— ISO 4651:1988 Cellular rubbers and plastics — Determination of

dynamic cushioning performance

— ISO 4897:1985 Cellular plastics — Determination of the coefficient of

linear thermal expansion of rigid materials at sub-ambient

temperatures

— ISO 4898:1984 Cellular plastics - Specification for rigid cellular

materials used in the thermal insulation of buildings

— ISO 4898:1984/Add 1:1988 Phenol-formaldehyde cellular plastics

(RC/PF)

— ISO 6187:2001 Rigid cellular plastics— Determination of friability
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ISO 7616:1986 Cellular plastics, rigid - Determination of compressive

creep under specified load and temperature conditions

ISO 7850:1986 Cellular plastics, rigid — Determination of compressive

creep

ISO 8873:1987 Cellular plastics, rigid - Spray-applied polyurethane

foam for thermal insulation of buildings — Specification

ISO 9054:1990 Cellular plastics, rigid - Test methods for self-skinned,

high-density materials

ISO 9772:2001 Cellular plastics - Determination of horizontal burning

characteristics of small specimens subjected to a small flame

ISO 6453:1985 Polymeric materials, cellular flexible

Polyvinylchloride foam sheeting - Specification

ISO 7203-1:1995 Fire extinguishing media - Foam concentrates - Part

1:

Specification for low expansion foam concentrates for top application

to water immiscible liquids

ISO 7203-2:1995 Fire extinguishing media — Foam concentrates — Part

2:

Specification for medium and high expansion foam concentrates for

top application to water-immiscible liquids

ISO 7203-3:1999 Fire extinguishing media - Foam concentrates - Part

3: Specification for low expansion foam concentrates for top

application to water-miscible liquids.
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Appendix Two-D

Accelerated Ageing Test Summary

2 A. 6 Introduction
Long service-life requirements of marine sandwich structures, and the

limited time available for development, evaluation, and validation of

materials makes accelerated ageing characterization necessary. The methods

of both accelerated testing and accelerated ageing are employed where a

specimen is damaged, to exhibit a progressive accumulation of damage

symbolic of realistic end-of -life-service damage which is then artificially

aged. For accelerated ageing the calibration of test progression with service

exposures is not as important as the confidence that the microstructural

features produced using artificial ageing represents those of end-of-life-

conditions

The table summarises the artificial acceleration procedures most relevant to

this work. The table covers current ASTM,BS and ISO standards and vets the

recommended humidity/immersion levels, exposure times temperatures and

storage conditions. Each methodology is also briefly described and concludes

by rating its applicability for use in this research based upon the

requirements. A rating of one is the least applicable and five the most

desirable.

Most ASTM standards collaborate closely with the 'MIL-HDBK-17 , a branch

of military research aimed at composites, and consequently are generally

more considerate of material properties and the effects of morphology than

other Standards Bodies. Medical standards (ASTM F series), unrelated to

MIL- HDBK-17 corroborate the notion that the maximum test temperatures

should be related to the Tg of the material. The maximum test-temperatures
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for both aeronautics and medical applications fix a margin of at least 10°C

below the Tg , with a rigid maximum limit of 60°C for polymers intended for

low temperature applications such as PVC (medical) and 70°C for high

temperature polymers such as epoxy laminates (aero).

2A. 7 Accelerated Ageing Test Requirements
Despite the numerous approaches to accelerated ageing, published both as

standardized testing methods, and tailored by experimenters for specific

applications, this section will primarily focus on a comparison of the

recommendations by Standards Bodies in order to determine the most

applicable method for use within this research. A tabular comparison is

presented and rated with respect to five ideal requirements as follows

i. In order for an artificial ageing technique to be considered 'accelerating',

it must replicate changes that occur in real in-service conditions.

Fracture toughness testing would detect changes of bulk material

properties which would be indicative of molecular and morphological

changes in the polymer system.

ii. Artificial acceleration relies upon elevated temperatures to increase

moisture diffusion rates. Ideally, test temperatures would increase the

rate of diffusion without initiating a thermal degradation mechanism.

The most reliable predictions of service life are those based upon tests

conducted closest to service conditions , while the uppermost limit is set

by manufacturers recommendations for maximum processing

temperatures as 80-90°C

iii. The test environment would ideally be freshwater immersion not

relative humidity as it most closely resembles the service environment

and worst-case scenario. The lower density freshwater is more readily

absorbed by a material and distilled water further limits the number of

complex experimental variables.
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iv. Single continuous immersion testing is preferred to staged or cyclic

conditions as the complexities involved in understanding the behaviour

of a hygrothermally aged core are best initiated with the simplest

approach.

v. The specimen geometry is required to be suitable for mechanical testing

of bulk material properties. Size is minimized with respect to

optimization of moisture absorption and test duration. From the

available standard dimensions of sheet thickness supplied by

manufacturers (Airex), the maximum size for this work is preferably

limited to 20mm (the most popular size sold to marine industry), the

minimum thickness may then be determined by optimising for load

application.

ASTM F1980-99 is a standard intended for medical polymers, but seemed to

fulfill the test requirements more readily than the standards dedicated to

sandwich composites or core materials. This was largely due to emphasis on

the relationship between immersion temperature and the material. ASTM

F1980-99 stipulates that maximum immersion temperature be 10°C below

the material transition temperature with a 60°C ceiling though a value of

25°C below the wet Tg is preferred by ASTM D5229-98. Method A of ASTM

D5229-98 was the only other clear forerunner as a conditioning technique,

but was discounted for its restrictions on specimen geometry in favour of

ASTM F1980-99. With reference to foam manufacturers and suppliers Airex,

the foams may be used at continuous operating temperatures of 70°C or with

a maximum external temperature of 85°C. In this case, ASTM F1980-99

would limit the immersion temperature to 60°C, and correspondingly ASTM

D5229-98A also allows a 60°C immersion when the worst-case 85°C service

exposure condition is taken. Therefore, the conditioning temperature selected

for this research was 60°C.

Furthermore, ASTM F1980-99 was preferred for its environment of

freshwater as opposed to relative humidity. As most standards were

developed for a particular industrial application such as aeronautics, the

conditioning environments were so adapted and lead towards relative
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humidity exposure to simulate environmental damage. The industrial

application for this work is marine transportation, and thus inclines exposure

towards immersion testing to simulate marine environmental damage. The

distilled water exposure of ASTM F1980-99 is also attractive as the differing

density to seawater means moisture absorption is accelerated but the type of

effects upon the material remain unaltered, and distilled as opposed to

freshwater further limits experimental variables. Therefore the immersion

environment is selected as distilled water. Consequently, accelerated ageing

for this work will be conducted with reference to ASTM F1980-99 as a basis.

Key to table:

I Liquid immersion

RH Relative humidity %

/95°C Exposure temperature in °C

(3hrs) Exposure time (hrs)

(Ehrs) Equilibrium exposure time (hrs)

D Drying conditioning

S Storage conditioning
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Standard
Max

Temp °C Procedure Notes

ASTM
C481-99
Cycle A

C481-99
Cycle B

P/5O°C (3hrs)] + [100%RH/95°C
(3hrs)] + [S/-12°C(20hrs)] +

100 [D/100°C(3hrs)]+ [100%RH/95°C
(3hrs)] + [D/100oC (18hrs)]

Repeat x6 with [50%RH/23°C]

p/50°C (3hrs)] + [D/70°C (3hrs)] +
[1005RH/70°C(3hrs)] +

100 p/70°C(18hrs)]+ [100%RH/95°C
(3hrs)] + p/100°C (18hrs)]

Repeat x6 with [50%RH/23°C]

Resistance of sandwich
panels to arbitrary sever

conditions and cycles.
Geometry varied with

regard to ASTM
mechanical testing.

Complex procedure
precludes analysis of

relationships between
conditioning and specimen

morphology/degra dation

BS 4370
Pt2 1993

ASTM
D2842-48

A

30

50

[90%RH/30°C (Ehrs)]
[50%RH/23°C (Ehrs)]

Rigid cellular plastics also
permitted in sandwich

format as discs sized from
10-70mm in thickness with
minimum exposed surface

area.

ASTM
D570-95

ISO
4611:1987

A
B
C

75
75
75
75
100
50

23
40
55

[D/50°C(24hrs)]+ [S/24°C(lhrs)]
-i-one of:

p/75°C (24hrs)]
p/75°C (2hrs)]

[I/75°C (2hrs)]+ p/75°C (24hrs)]
p/75°C (Ehrs)]

p/100°C (1.5hrs)]
[I/50oC (48hrs)]

[50%RH/23°C (86hrs)]
-l-one of:

tl00%RH/23°C (12hrs)] +repeat
[100%RH/40°C (12hrs)] +repeat
[100%RH/55°C (12hrs)] +repeat

Tests molded plastic disc
50.8mm x 3.2mm or rods

25.4x25.4mm.
temperatures unrelated to

material or application.

Basic cyclic exposure an
temperature for plastics

such as PVC sized
50x50x2 5mm and includes

a salt mist condition.

[D/50°C(24hrs)]+ [S/50°C(4hrs)]
+ [I/23OC (96hrs)]

Continuous exposure of
rigid cellular plastics using
weighted underwater and
open cell consideration for

for cells greater than 3min .
Specimen geometry

15x15x7.5 & 15xl5x t cm,
and a coupon of single cell

thickness.
ISO 62-
1983 A

B
C
D

ASTM
C72-96

A
B
C •

50
50
50

100

50
75
75

[D/50°C(24hrs)] + [I/23°C (24hrs)]
P/23°C (24hrs)] + [D/50°C(24hrs)]

[D/50°C(24hrs)] + [I/100oC (0.5hrs)]
P/1OO°C (0.5hrs)] +p)/50°C(24hrs)]

P)/50°C(24nrs)] + [S/24°C (lhrs)]
+ one of

P/23°C (24hrs)]
[85%RH/75°C (720hrs)]

P/75°C (Ehrs)]

•

Simple recommendations
for plastics such as PVC,
sized 50x50x25mm under

continuous immersion.
Conditions unrelated to

material properties.
Specifically for water

absorption of sandwich
cores. Speciemn size fixed

at 76.2x76.2xl2.7mm
specifying direction of rise.
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ASTM
D2126-99:

A

B

C

D

E

F

G

H

ISO 175-
1981 E

23

40

70

100

150

23

40

70

. 23
70

[50%RH/23°C)] + one of:

[30%RH/-70°C (24hrs) (168hrs)
(336hrs)]

[30%RH/40°C (24hrs) (168hrs)
(336hrs)]

t30%RH/70°C (24hrs) (168hrs)
(336hrs)]

[30%RH/100°C (24hrs) (168hrs)
(336hrs)]

[30%RH/150°C (24hrs) (168hrs)
(336hrs)]

[50%RH/23°C (24hrs) (168hrs)
(336hrs)]

[100%RH/40°C (24hrs) (168hrs)
(336hrs)]

[100%RH/70°C (24hrs) (168hrs)
(336krs)1

Continuous exposure
designed for rigid cellular

plastics, permits any
temperature/humidity level
for individual needs or as

per material
specification.allows a 4hr

interruption to continuous
exposure as it has

determined no significant
difference to results.

Recommends
minlOOmmxlOOmm size

and testing to incorporating
skins, with finely sanded

finish.

P/23°C (24hrs) (168hrs)] (336hrs)]
P/7O°C (24hrs) (168hrs)] (336hrs)]

Broad recommendation of
liquid effects on plastics,
additional duration up to
5yrs.geometry determined

by user, and variation from
test temperature to reflect

service temperature
selected from range 0-

150°C
ASTM

D5229-98

A&B
C
D

[1/ or any %RH /any°C (Ehrs)
[50%RH/any°C (Ehrs)]

[D/any°C (Ehrs)]

Continuous exposure of
matrix materials ; user

determined with
recommended limits of max

test-temp, at least 25°C
below wet Tg and max
70°C, and geometry of
width/thickness ratio

greater than 100. Time
determined by theoretical

approximations to specimen
geometry and diffusivity
constant or defaults to a
measured equilibrium

response. Allows a
30mininteruption to

exposure.
ASTM

F1980-99

[I/AnyoC (Ehrs)

Developed for medical
polymers and PVC.

Correlates artificial ageing
time to natural exposure

using Arrhenius
relationship for

conservative estimate.
Temperature is user

defined with emphasis on
material thermal

properties, molecular
, structure. Limits set to
10°C below Tg and max of
60°C. geometry and times

defined by user.
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Appendix Two-E

Temperature Effects on Core

This section relates to Chapter Two, Deformation and Failure Behaviour in

Foam
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Figure A2-1 Temperature effects on compressive strength ofC70.130
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Appendix Two-F

Mixed-Mode Loading Regime

In order to improve confidence in design safety factors, it is necessary to

corroborate theories of foam failure with experimental testing compelling the

mixed-mode loading of test specimens.

In the example of an edge crack, Mode I, commonly referred to as the

'opening' mode, is defined as the condition where the crack is perpendicular to

the applied stress. In the event of a stress field that is parallel to the crack,

the material shears and denoted 'Mode IF. These first two modes or a

combination of them are the most commonly experienced by marine

structures as discussed in Chapter One. The third, 'Mode III', is out-of-plane

shear or tearing and is uncommonly encountered in a hull. Consequently

mixed-mode loading is focused upon modes I and II.

Since no uniform test specifications or standards have yet been established to

guide the mixed-mode testing of foam specimens, numerous specimen forms

and loading methods have been used to investigate fracture toughness, crack

propagation, mixed-mode threshold and other fracture criteria. Critical

comparisons of the various test methods potentially applicable to mixed-mode

foam testing as shown in Figure A2- 9 and indicate that that the most

accurate mixed-mode data is obtained by either combining the three-point

bend and four-point shear tests or, using a compact tension shear specimen

(CTS). Requirements imposed by the environmental conditioning of the

specimens favour the CTS specimen.

The loading regime is controlled by two main factors; the practical conditions

to be simulated, and the material capabilities of the specimen. These factors
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effectively impose constraints upon the specimen, which must be catered for

by the loading arrangement.

2A.8Requirements for Mixed-Mode Loading Regime
The main requirements of the loading and specimen arrangement are

described as follows:

i. Full range of mode I and mode II combinations. The stresses at the

crack-tip should be fully variable from pure tensile mode I stresses,

through to the pure shear stress of Mode II. Ideally, a smooth and

easily generated transition between the modes is required to

investigate the influence and sensitivity of mode mixity for a

hygrothermally aged foam core. Controlled stable crack growth should

be achieved from a fine crack starting point as specimens which

require wider slots can produce inaccurate results which would be

inadmissible for providing threshold values.

ii. Single test specimen. Ideally, a single configuration should be used so

that results from samples that are hygrothermally aged, and

examined with TSA are directly comparable.

iii. Simple clamping and loading conditions. As a structural foam cannot

bear great pressure without significant damage over a large surface,

when load is concentrated, the foam cells are easily crushed, and

testing is that of the local cells not of the global foam. This further

constrains the fixing of the specimen into the loading rig, as it cannot

be held in a clamp directly without significant consideration.

Sensitivity to localised crushing implies that loading should preferably

be tensile rather than compressive, to avoid damaging fracture

surfaces unduly. It is preferred that loading be applied in a simple

manner as two-axis-stresses cannot be easily accommodated on

standard test machines.



APPENDIX TO LITERATURE SURVEY A2-32

iv. Limited Specimen size: The loading method, must allow for small

specimen sizes to maximise hygrothermal ageing rates, placement in

conditioning chambers, savings in material and cost, while being

representative of samples that are possible for removal from a hull

during structural survey. Specimens are also required to be larger

than coupon-size so as to be relevant of a hull core and allow the crack

propagation to be followed by TSA, free from edge stress interference.

The thickness of the specimen should still be sufficient to realise a

state of plane strain so as to provide material-limit values from

fracture testing which can be checked by TSA prior to testing.

v. Simple production. Test specimens are required to be simply

manufactured, and the notch and specimen contours easily and

quickly formed to ensure accurate replication.

The specific loading configurations have been well documented and beyond a

summary of the most pertinent issues affecting this study, need not be

considered in greater detail here. .

The logic in selecting the final listed CTS-type specimen shown in Figure A2-

9 was not only based upon the unique advantages specific to this specimen,

but also upon the elimination of the other specimens with respect to the

above requirements. The most obvious and attractive quality of the selected

CTS-type specimen, is that the same foam sample can be used to examine

with ease a full range of mixed-modes from pure Mode I to pure Mode II, and

do not require duplicate specimens for each mode-mixity offering a clear

advantage over the first two plate specimens and the beam configuration

which otherwise rated highly. Additionally, the CTS-type was preferred as

only relatively low forces would be required to yield significant stress

intensity field which is a requirement heavily weighted for foam specimens

where concern for cell-crushing and tearing is high. Two issues which in

association to the complexity of testing and geometry exclude the" remaining

specimen configurations tabulated in Figure A2- 9.
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SPECIMEN EVALUATION SUMMARY
Aplate with an oblique central crack subjected to tensile stress produces mixed-mode stresses
at the two crack-tips. Mode mixity is altered by varying the crack inclination angle. No
transition to pure mode II is possible with this specimen. Problems of cardioid interaction
from the two crack-tips may also occur, especially if crack propagation does not begin
simultaneously from both tips. Relatively small stress intensity factors produced by small
central crack can lead to larger specimen sizes and larger loads required for fracture, with
increased risk of crushing at load points.

As a variation of the specimen above, the details of crack propagation also apply to a plate
with an edge crack. It can also vary the mode mixity by rotating the crack angle, and
transition to pure mode IT is abo impossible. The stress flow from the crack-tip may interact
with the edge effects rather than a second crack-tip, which would vary with each new rotation
providing an experimental inconsistency. Furthermore, crack growth would be problematic,
as the crack direction would be deflected upon application of load. Again, small stress
intensify factors may result in larger specimens and fracture loads.

The Brazilian disc specimen is standardised in geology as an indirect tensile test A disk test
uses a very compact specimen and allows smooth transition from pure Mode I to Mode II
when the crack is rotated within the range of (Pdnode D s p s25° (mode ID. Beyond 25°,
compressive stresses at the crack may damage the surface. As the rotation range is so
focused, a small angular deflection translates as a significant change in stress intensity.
Comparably to the rectangular plate specimen, a central crack incorporates an unfavourable
double-crack-tip.

The transition between mode I & II is made by the variation of both the crack angle and the
ratio of forces (FJFi) applied to the specimen. Pure mode II can only be obtained when the
crack is angled at 45° and the forces Fi and F2 are equal and opposite. Load application and
testing is complex, requiring special equipment, while Mode II presents buckling problems for
thinner specimens.

Studs along the edges of a square plate apply a shearing force. As the crack is orientated
from the mode I position of 0° to Mode H at 45°, the mode mixity can be smoothly altered.
Again a central crack exposes two crack-tips with a weaker stress-intensity field that requires
a larger specimen dimensions and testing forces. Further problems of load application and
generation of a propagating crack have also been noted.

Full range of Mode I and II failures can be obtained by supplementing with a second point
bad. Essentially a tbree-point-bend specimen, that is compact and can partially vary the
Ks/Ki ratio up until aprox. 1, by altering the position of the crack along the specimen length
(b/c ratio), and its depth (a/w ratio). Pure Mode I will occur when the crack is at mid-length,
(b/c =0), while pure Mode II is impossible.
By loading the specimen in four-point-bend with the crack offset, predominantly Mode II
stresses will dominate and make pure Mode I difficult to achieve. Loading application is
simple without specialised equipment, and can achieve a state of plain strain through a thick

The very compact rectangular specimen is fixed into a rig by the six holes such that it can be
rotated with respect to the direction of a tensile force, while producing a state of plane strain.
The position of the edge crack and the specimen itself do not change in order to obtain a
smooth transition between pure modes I and H. The loading rig allows forces on the loading
pins to be statically determined, which are comparatively low for the high stress intensity
field obtained, providing a highly desirable ratio to minimise foam crushing potential

Figure A2- 9 Comparison of mixed-mode loading regimes for MI and Mil as applicable to
hygrothermal ageing characterisation of foam cores
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The vulnerability of the foam cells to localised damage further reinforces

selection of the CTS specimen, as it permits high stress intensity values for a

comparatively low load. This favourable ratio correlates to when the effective

stress intensity factor (Ke), is high. Ke is determined by Richard in the

original German publication , from stress intensity factors Ki and Kn as

shown in, where al is a material constant (= Kic/Knc) .

Equation A2-1

Figure A2- 10 depicts a comparison of the three candidate specimens rated in

Figure A2- 9and illustrates a significant difference in stress intensity for a

given loading configuration (force and loading angle are consistent)

l -

Angle inclination, p

Figure A2-10 Comparison of the effective stress intensity factors for three specimens for use in
mixed mode conditions. The CTS configuration displays the highest stress intensity values

With respect to the fulfilment of the requirements for the foam to be loaded in

a mixed mode configuration, the CTS type specimen was selected as the most

suitable. The loading rig, originally designed to accommodate metals, has
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been validated through successful use since its inauguration in 1986, and for

use on structural foams by Noury.

2A.9 CTS-type Theory
Initially designed to overcome the experimental problems associated with

mixed-mode loading of traction rods, pressed discs, and torsion tubes, the

CTS-type specimen has been adopted for use with composites. Its success lies

in the variations from the original CTS specimen.

Figure A2- 11 shows the ASTM standard CTS precursor with its

proportionate dimensions and geometrical-factor formulae required for

calculations of the fracture toughness for modes I and II.

Figure A2- 12 The new CTS-type specimen (shaded), showing the position of

the loading pins (shaded darkly) and their contact points against the loading

rig (shaded pale). Slots rather than holes are used so that a statically applied

load transfer is ensured. The key to this configuration is that the specimen

remains fixed within the test rig which is itself rotated as a whole to alter the

angular relationship between crack and applied force as illustrated in Figure

A2- 13.

£ \ = 0.443 + 2.32||-j - 6.66l~) + 7.36^) - 2.9,{-

Figure A2-11 Conventional CTS specimen as described by ASTM standard E399-90. Specimen
geometry; b =0.6g, bl=0.275g, D =0.25g, c =0.25g, t =g/2
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Figure A2-12 Full mixed-mode CTS type specimen. Specimen geometry; a>0.5w, b=0.85w,
c=0.6w, f=0.2w, t=0.5w, D=0.15w

F - F - P\ —cosa + "since
3 4 I , b

F - F - P sin a
2 5

F - F - P\ —cosa - —sin a
1 6

Fi

Figure A2-13 Forces acting in mixed-mode loaded condition with 30"rotation of rig.

The load is then related to the crack-tip stresses through the established

fracture toughness relationship

K, Equation A2- 2

Where Ki and Kn represent the fracture toughness for modes I and II

respectively, P the applied load, a the crack length, w the specimen width,

and t the thickness (as represented in Figure A2- 12). FIJI in this equation are

geometrical parameters respective to Ki and Kn which have been determined

by Richard as:
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cos a

1-
w

0.26 + 2.6:
Equation A2- 3

1 + 0.551
w-a

- 0.08 -
\w-a

sin a

w

-0.23 + 1.40-
w - a Equation A2- 4

- 0.6l(
[w-a w-a

Where a is the angular rotation of the rig.

These geometrical parameters may be graphically represented with regard to

the above for a range of a/w shown in below. It can be seen that for pure mode

I loading, fi is a maximum. With an increasing KII contribution for a higher

mode, fi diminishes until 0 for a pure mode II condition.

.a
CD

O

o

a/w=0.7

a/w=0.65

a/w=0.6

a/w=0.55
•

a/w=0.45

— ~ — _

— • — — .

^ \

^ ^

^ ^

Figure A2-14 Stress Intensity Factors in context of geometric factors for the CTS-type Specimen
(6-pin) as a function of load application angle a and ratio a/w
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Appendix TWo-G

Damage Detection Techniques

Figure A2- 15 summarises a critical comparison of the most promising

candidate techniques for damage detection and evaluation within a foam.

The most applicable method available at eth time was TSA. The

requirements complicit in selecting a method are as follows:

i. Quantitative data collection from a crack-tip for the analysis of critical

stress factors,

ii. Ideally non-contact as the behaviour of foam core cell-walls is very

sensitive and information of stress obtained around the crack-tip

would be highly sought after. This effectively filters the candidate

methods down to optical non-destructive testing techniques,

iii. Ideally a flexible method which could provide data on differing scales,

both full-field to describe the bulk behaviour and zoomed into crack-tip

for local stress information,

iv. Given the nature of the foam as a construction of cells, the method

would ideally be capable of high resolution with attainable high levels

of accuracy at this resolution,

v. The detection method would ideally have fast or real-time realisation

of data, be simple to operate with low running costs and few

consumables,

vi. Portability of equipment, robust technique that is sensitive for damage

detection, but able to produce repeatable results without the need for

strictly controlled lab conditions.



APPENDIX TO LITERATURE SURVEY A2-40

T E C H N I Q U E D E S C R I P T I O N
An image enhancement technique used for /Zat-surface
inspection and dramatic visualisation of local effects and
defects, allowing comprehensive surface inspection converting
local variations in surface shape to light intensity.
Operationally simple and real-time, but material types limited
and defect classification is subjective.

D-Sight

Full field interferometric measurement of deformations.
Electronic Speckle Pattern Interferometry ESPI uses CCD
camera to compare 2 images of specimen at different instants
wrt fixed reference point enabling quantitative strain and
stress measurement. Is versatile, sensitive with real-time data
measuring in mm range but is very sensitive to test
environment and difficult to separate superposition effects and
obtain reliable data.

Holography

Scans of complex materials and shapes possible by laser-
generated ultrasound, and pulsed echo techniques. A laser
beam modulated with ultrasound frequency is able to scan
large surfaces. Light energy is converted into mechanical waves
penetrating the object as a second beam is superimposed and
measures the echoed ultrasound. Fast method, and signal can
be superimposed on contour data, but is complex to operate,
and limited in detection of vertical cracks.

Laser-Ultrasonics

Used to locate internal cracks and defects in full-field complex
materials. Simultaneous inspection of area illuminated by
divergent laser. Interferometric comparison of 2 points over

Shearography fixed distance for all points in lit area. Only deformation
gradient measured as only local deformation observed and
results interpretation difficult and defect location requires
correction and is dependent on lateral shearing vector.
Can locate full-field inner and surface defects from observation
of thermal equilibrium after thermal disturbance by
momentary energy pulse emitted from flash lamp, laser, heat
guns/lamps. Is versatile, sensitive even to a few mm depth,
simple operation, detailed data possible but must be calibrated
regularly and accuracy is dominated by sensitivity factors.

Thermography

Tracks movement of natural or applied surface pattern using
charge coupled camera device (CCD) for strain measurements.
Has high accuracy, and is available with many lens
attachments including coupling for SEM microscopy. Is
portable and environmentally insensitive, but is new technique
with little published information.

Digital Image
Correlation (DIC)

Locates sums of stresses and analyses crack propagation by
recording temperature distributions generated by
thermoelastic effect. Application of cyclic loading concentrates
volumetric changes at high tensioned locations of loading force.
Resulting local energy change registers as temperature
distribution in real-time. Focal plane array detection is
sensitive except for in-plane or global movement, but exhibits
comparatively low environmental sensitivity.

Thermoelastic Stress
Analysis (TSA)

Figure A2-15 Comparison of promising candidate optical methods for NDToffoam core
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Appendix Six-A

TSA CTS-type Rig Design

The up-scaled design of the CTS-type rig for TSA, underwent several changes

during development to accommodate and remain flexible for testing cross-

linked and linear foam type materials. The procedure was begun with a first

estimate by up-scaling the size in consideration with the dimensions of the

servo-hydraulic test machine, running a blind-test to establish the continuity

of the specimen geometry with respect the original 6-pin version, before

construction and experimental TSA testing. However it was subsequently

found that despite supportive end-tabs adhered to the sensitive foam

specimens, results improved for the cyclic frequencies used (order of lOHz)

when the pin design was further altered to larger flush-fitting pins

distributed across the specimen width. This meant that the specific geometric

factors used in the calculation of Eic as re-evaluated by the blind-test were no

longer applicable. The procedural steps taken are summarised by the

flowchart shown in Figure A6- 7. TSA testing for the design of the rig was

undertaken with the Deltatherm TSA detector, which is an older system than

the Cedip, but the TSA operational principles are the same even though the

data may be displayed differently. The thermoelastic / calibration constants

are specific to the detector system used so signal magnitudes are not directly

comparable between the two systems. Some excerpts obtained using the

Deltatherm system may be presented here to serve as a relevant illustration,

preferentially allocating this body of work into this Appendix, otherwise it is

covered in earlier MPhil transfer work1.

6A. 1 Initial size estimate

The first size estimate made with respect to limitations imposed by the

clearance tolerance of the Instron testing machine and by the requirement to
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enable a crack-tip pattern to be contained within the specimen dimensions

without the boundary of size or edge effects

The literature review indicated that linear elastic fracture mechanics (LEFM)

is suitable to describe the fracture behaviour of foam. Kic standards for

plastics and metals are similarly described by an apparent crack initiation

load PQ with a 5% secant construction, where the load must be greater than

1.1 times the maximum load for the test to be valid, and where the specimen

size requirements are as:

'YS, Equation AS- 1

a0.45 s — s 0.55
W

where B = specimen thickness, a = crack length, W = specimen width

Anderson's key text on Fracture Mechanics2 reports that the method often

introduces an artificial size dependence for KQ as demonstrated

experimentally with rigid PVC and Polycarbonate (PC) and accentuated by

any non-linearity in the load displacement curve. However, when specimen

size is sufficient, stress intensity calculated using LEFM and J-integral

become equal which Anderson showed in Figure A6- 1.
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I • •

oo o

8 °

1

- : • 8 ^
o I 8 «
o

1

8
8

|

Polycarbonate
Temperature = 25°C

a/w=0.5
W=2B

• KQ

1 .
0 10 5020 30 40

Specimen width (mm)

Figure A6-1 Size dependence O/KQ and J-based fracture toughness for polycarbonate.
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Initial TSA of mode I 60mm x 40mm x lmm aluminium specimens with a

central 10mm hole also allowed an indication of interference stresses from

loading pins to be estimated and provided a conservative estimate for the

minimum distance between loading pins and crack tip as approximately 3.5

times the hole diameter, and illustrated in Figure A6- 2. Parametric-matrix

stress calculations in Excel converged to an optimal 100mm x 150mm panel

with five loading points evenly distributed.

ex \
afci

(a) Mode I (b) 45° (c) Mode II

Max 1483 Mn357 Avg:408 STD:36Q.

000-

500- 4
s )

A.
0 20 « GO 80 1001 '

— : I

Figure A6- 2 15 (a),(b),(c) DeltaTherm TSA contour plots of signal strength distribution away
from hole edge. Drilled hole dimension of 10mm in aluminium lmm thick.(d)TSA Signal Line

plot across vertical mode II hole shows signal reaches a uniform average after a distance of
between 3 and 3.5 times the hole diameter

6A. 2 Resolution of Forces
The loading of the rig is such that the lines of force will intersect with,the

mid-point of the specimen as it rotates. Figure A6- 3 and Figure A6- 4 show

the resolution offerees for the two configurations. Taking advantage of one of

the most attractive features of the CTS-type design, loading angles of 10° and

80° were additionally formed to allow closer examination of near mode II. To

maintain correct mass balance and structural strength, the rig was to be

machined from a single aluminium block Figure A6- 5.
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F - F - /*! — cosa + —sin a

F - F - /> sin a
2 5

F — F - P\ —cos a - —sin a

Fi

Figure A6- 3 6-pin CTS-type specimen fixed into rig and loaded in a mixed mode condition

F - F - P —cos a - — s i
I 10 I 4 24

F - F . P\ - a
2 9

F . F - f s
3 8

f . F .. f| — cosa + — a
5 6

Figure A6- 4 Representation of a 10-pin specimen loaded in mixed mode condition (not to scale),
showing loading points numbered.

Figure A6- 5 Manufacture from single block aluminium and end product

6A. 3 Blind Test
In using TSA to examine the crack-tip, a minimum estimate of the extent to

which the stress extends would be useful, so with respect to flexibility of

future specimen selection and testing, the most conservative estimate method
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was taken, and used a J-intergal method for the parameter in Franc2D. The

J-integral method was developed to accommodate non-linear behaviour in

materials and is well detailed by Anderson. Franc2D is a numerical finite

element modelling routine freely availability from Cornell University3. The

routine was chosen for its user friendly and high profile successes by Boeing

and NASA, and for the built-in J-integral method which has been used

previously by Pirondi4 to evaluate Richards criteria. The principles of the 6-

pin CTS-type rig and the accompanying expressions for the geometrical

factors developed by Richard have been previously validated by several

authors4-56, Franc2D was used to consider the deviation caused by the

supplemental pins in the up-scaled 10-pin model.

The Richard expressions are used with the established fracture toughness

relationship as described in Appendix A2 and used to commence a blind test

to validate the expressions for the upscaled 10-pin model rig7.

Arbitrary values for the parameters controlling mixity (ratio of Kn/Ki and

Keq), will be used to obtain a value for the ratio of crack length to width (a/w).

The rotational angles are fixed by the rig as 0°, 10°, 30°, 45°, 60°, 80°, 90°, and

the specimen dimensions have been fixed in the previous section. KH/KI , Keq ,

and the newly determined value of a/w will be used as input values as shown

in Table A6-1 and presents a comparison of the Kn/Ki and Keq values obtained

using Richard equations and those derived using a J-integral FEA approach.

It should be noted that the program is in US standard units and all input

values must be converted to units of inches, ksi instead of MPa, and kips

instead of kN. Details of the unit conversions are presented in Table 4 1. A

screen-capture of the mesh model from CASCA is shown in Figure A6- 6, an

associated package using Q8 elements which are eight node quadratic

collapsed triangular elements in plane strain which could then be refined to

emphasise features of interest such as loading points. The FEA model utilised

the distribution of the globally applied load across the loading pins discerned

as Fl-10 in the diagram above. The selected calculation path in FRANC2D

was a Pre-Process/Problem Type/Plane Strain in which a default value of unit

thickness is used. As the software units are fixed, the default thickness is 1

inch, and must consequently by corrected to mm by assuming 25.4mm per
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inch for a 20mm thick foam. The percentages in the final column indicate the

percentage difference between KII/KI and Keq as calculated using Richards

geometrical factors, and the results developed from FEA. Some percentage

difference was shown, though it was consistently below 2.5%. It was

concluded that equations developed by Richard were feasible for use with the

modified 10-pin specimen.

Figure A6- 6 Casca model used in Franc2D plot.

a° Pmax (kN)
Pmax
(kips) F7

0
0
0
45
45
45
60
60
60

8.966485
17.93297

26.89945

6.31274

12.62552

13.93828

9.187274

19.83745
29.75618

2.020616
4.041233

6.061848

1.422519

2.845188

4.267781

2.07037
4.47041

6.66181

0.50515

1.01031

1.51546

-0.1035

-0.2071

-0.3106

-0.3740

-0.7481

-1.1221

0.50515

1.01031

1.51546

-0.4586

-0.9172
-1.3757

-1.0068

-2.0137

-3.0206

0.000

0.000

0.000

1.0059

2.0118

3.0177

1.7929

3.5859

5.3789

0.50515
1.01031

1.51546

0.96154

1.92308

2.88462

1.52445
3.0489

4.57335

Table A6-1 Results of Excel determination of first approximation of a/w for selected KII/KI
ratios. Conversion units 1 inch=25.4mm, lkips =4.45kN, lksi = 6.897MPa, Iksi^inch
—l.lMPam-2. Specimen dimensions used: 100mm x 150mm x 20mm. Force calculations used
converted units as w=3.937, b= 0.85w = 3.346, c - 0.6w = 2.362. Comparison to data from
FRANC2D shown as shaded with %errors between the real input values and the calculated
outputs.
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F,o a/w
KsiVinch Ksh'inch MPaVm MPaVm

JMm K-2

0.50515
1.01031
1.51546
0.60650
1.21301
1.81951
0.89162
1.78325
2.67488

0.5
• 0.5

0.5
0.64
0.64
0.64
0.59
0.59
0.59

0.8857
1.7608
2.641

0.86515
1.729

2.5947
0.7468
1.4885
2.2347

0
0
0

0.298
0.596
0.894
0.5218
•1.04
1.562 .

4.947
9.833
14.75
4.831
9.660
14.49
4.170
8.314
12.48

0.0
0.0
0.0

1.664
3.328
4.992
2.914
5.807
8.722

Ka/K, Ke,

%Error

*100 '1FRANCZD *10O

0
0.0
0.0

0.344
0.345
0.345
0.699
0.697
0.698

4.951
9.833
14.753
5.110
10.218
15.329
5.090
10.144
15.247

0
0
0

1.714
1.423
1.423
0.143
0.428
0.286

1.05
1.71
1.68
2.20
2.20
2.20
1.80
1.42
1.54

Table A6-lContd.
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Start blind test

PRE-DETERMINED INPUTS

Specimen Dimensions^

Determined from initial TSA
experiments as minimum required to
oercome interference effects for
acceptable accuracy at crack-tip

Orientation (a> ̂ _ 0°
Rotational angles fixed for continuity of
design for range of mixed-mode loads.
75° angle replaced by 80° to increase
accuracy of trend-line by reducing data
scatter characteristic of mode II
loadings

SELECT
Select K2/K1

Select Keq

ED

Width (w)
4—100mm

Length (I)
~ 150mm

Thickness (t)
20mm

.45*

4—90°

-0.35

-5
-10
-15

IDENTIFY PREDETERMINED INPUTS

<-IDENTIFY INPUTS REQUIRING SELECTION

GEOMETRIC FACTOR RELATIONSHIP

Can reason that

K, F,

APPLY INPUTS TO GEOMETRIC FACTORS

F,'

GENERATED INPUTS
a/w=0.5 when a=

a/w=0.64 when a=45°-

a/w=0.59 when a=60°.

UNIT CONVERSION -
Units converted for US software. Pmax (kips), w, t, a
(inches), K, &Kz (ksiVinch). 1inch=25.4mm,
1kip=4.45kN, 1ksi=6.897MPa, 1ksWinch=1.1MPaVm

RESOLUTION OF FORCES
Assume point loading and forces exerted from the centre
of each pin. Resolve Pma» (kips) for individual pin forces
Fe-F10. (Figure 4-15).

COMPARE K1MAx & K2MAX OUTPUT TO INPUT -
Percentage difference between input and FE output for
Kimax, K2max and Kj/K, of less than 5% is required to
consider theoretical geometrical equations Ft and F2

applicable to the 10-pin Rotational Specimen
Configuration (RSC)

h

o

APPLY SELECTED INPUTS TO
PARAMETRIC SEARCH FOR a/w
Use EXCEL Spreadsheets to determine
values of a/w when selected K2/K1 inputs are
valid. Repeat forall orientations. Crack length
(a) limited by 0.5<a/w>0.7 requirement of
equations 4.7 & 4.8 as determined by original
CTS-type configuration.

APPLY GENERATED INPUTS TO
CALCULATE FAILURE LOAD

Calculate Pmax for each GENERATED Input
and SELECTED INPUT. Nine results provided.

4- FRANC 2D SOFTWARE
MenuOptions:

Select: J-lntegral,
Select: Pre-Process,
Select Plain Strain Type

4—THICKNESS CORRECTION

Software assumes unit thickness of 1 inch.
Correct for required thickness by using
Kzomm=Kinch(25.4mm/2Omm)o

Figure A6- 7 Flow chart to summarise rig-design
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