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John Summerscales

Abstract This chapter presents an overview of key considerations for the
successful application of fibre reinforced composites in the marine environment. It is
intended to complement and update an earlier text Searle and Summerscales (Effect
of Water Absorption on Time-Temperature Dependent Strength of Unidirectional
CFRP). After consideration of factors affecting the environmental resistance of
conventional composites, the potential for natural fibre reinforced polymer com-
posites is briefly discussed. Finally it is argued that Quantitative Life Cycle
Assessment is essential to establish the “sustainability” of any system.

1 Environmental Resistance

Fibre-reinforced polymer (FRP) matrix composites have a long history of use in
the marine environment. Over the course of the 1950s, glass fibre reinforced
polyester (GRP) displaced wood as the material of choice for recreational craft and
some workboats. The current interest in marine renewable energy (MRE) should
create a significant new market for composites in MRE device components.
Wood degrades when moist and is attacked by marine boring organisms. Steel
rusts, and aluminium corrodes, in seawater unless protected by surface coatings.
Hence a major factor in the adoption of GRP/FRP for use in seawater over
extended periods of time has been their potential/proven durability in this context.
However, successful application of FRP does require the selection of appro-
priate materials and careful design to avoid inappropriate stresses. The long-term
performance of composites is the subject of books by Pritchard [1], Harris [2],
Martin [3] and of course the volume in your hands with chapters relevant to
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marine composites by Searle and Summerscales [4], Davies et al. [5], Davies and
Choqueuse [6], Choqueuse and Davies [7] and Davies et al. [8]. This chapter will
address key issues for the successful design of composite vessels and components
that will see service in the earth’s seas and oceans.

1.1 Temperature

Polymers have a number of key transition temperatures. The most important is the
glass transition temperature, Ty, which marks the point at which cooling causes
segmental motion of the polymer chains to be frozen out. Below T, the polymer is
normally elastic and brittle, while above T, the polymer is viscoelastic and tough.
For polymers which are subjected to stress, it is normal to use the material below
T, to avoid creep under sustained loads.

When exposed to direct sunlight, the colour of a surface will affect the surface
temperature of the component (Fig. 1). For dark surfaces, this could move the
working temperature above the T, range and hence affect the durability of the
composite.

1.2 Water Diffusion, Absorption and Swelling and Their
Effects on Mechanical Properties

The Flory—Huggins theory considers a polymer as a lattice of cells each of which
may be occupied by either (a) a polymer molecule (with the chain segments occu-
pying a continuous sequence of cells) or (b) a solvent molecule. A polymer molecule
can adopt many different conformations (distinguishable spatial arrangements of the
segments). The proportion of cells not occupied by the polymer chain can be con-
sidered as the fractional free volume (FFV). The distribution and connectivity of the
FFV will determine the porosity and permeability of the polymer and thus the ease
with which molecules from the surrounding environment can penetrate the material.

Fig. 1 The effect of direct
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At the macroscopic scale, the diffusion of gases, vapours or liquids into a
material is normally modelled using Fick’s law with the fluid (e.g. moisture)
content initially increasing with exposure time then approaching a saturation level.
For systems where sorption and/or reaction—diffusion produce a non-Fickian
response, the diffusion coefficient can directly be derived from sorption isotherms
such as Henry’s or Langmuir’s laws [9].

Derrien and Gilormini (DG) [10] have presented a model for the time-depen-
dent evolution of the moisture content during unidirectional diffusion in a polymer
submitted to hydrostatic load. Jacquemin and Fréour (JF) [11] presented two multi-
physics models (a thermodynamic approach and a free volume theory) for the
effects of plasticisation during water sorption and the internal mechanical state
profile at both constituent and ply scales. Discrepancies between the DG and JF
models were found to increase significantly with the coefficient of moisture
expansion (CME).

Nakada and Miyano [12] have described a general and advanced accelerated
testing methodology (ATM-2) for the long-term life prediction of polymer matrix
composites. The time, temperature and water absorption dependencies for static
strength of UD-CFRP were found to be a function of the viscoelastic compliance
of the matrix resin.

Perreux [13] presented a general behavior model to account for time-dependent
mechanical and environmental (water) loading of laminates and the induced
damage. The first-stage micro-mesomodel describes the variation in stiffness due
to microcracks. The second stage kinetic model is based on the thermodynamic
definition of the forces driving damage and other dissipation potentials.

Summerscales [14] has reviewed the non-destructive evaluation techniques for
the measurement of the moisture content in composites. Nuclear magnetic reso-
nance spectroscopy and/or imaging is of especial interest as it is able to dis-
criminate between chemically-bound water (e.g. hydrogen bonded to the polymer)
and free water.

1.3 The Potential for Osmosis and Blistering

Osmosis is the process by which solution strengths are equalised by passage of the
solvent (usually water) through a semi-permeable membrane. In fibre-reinforced
composites, the polymer matrix can act as the membrane. As water diffuses
through the polymer, any soluble solid material can dissolve and thus form a
strong solution. Water will then diffuse to this solution until the concentration
gradient is reduced to zero. The volume of the solution will increase with dilution
and exert pressure on the surrounding material. When the stresses exceed a critical
level, delamination will occur (normally at the gelcoat-laminate interface) and will
be manifest as blisters on the surface of the laminate. A comprehensive list of
chemical factors implicated in osmosis and blistering and other measures to reduce
or eliminate the problem are given in [4].
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1.4 Stress and Stress Corrosion

The long-term performance of composites may be limited by fatigue (cyclic stress
loading) considerations. The fatigue data for a material is normally acquired by
subjecting samples to a (sinusoidal as default or square, triangular, sawtooth or
pre-recorded) waveform alternating between a maximum absolute stress, S,.x, and
a minimum absolute stress, S,,- The stress ratio is —1 when loading varies
between the same magnitude of load in tension and compression. If loads are
restricted to just tension then 0 < R < 1, while if loads are solely compressive
then R > 1.

ISO 13003:2003 [15] requires that five specimens are tested to establish the
static/monotonic strength, before at least five specimens are tested in fatigue
loading at a minimum of four levels of imposed stress/strain. The data are normally
plotted with linear y-axis [peak stresses or strains (S)] against log x-axis [number
of cycles (N)] and is known as a Wohler diagram. Basquin’s relationship [16]
states that:

o0 = oy (2Ny)" (1)

where ¢, is the constant stress amplitude, o’ is the fatigue strength coefficient, N,
is the number of cycles to failure and b is the fatigue strength exponent (the slope
of the S-N plot, which is usually negative).

Stinchcomb and Reifsnider [17], Post et al. [18] and Passipoularidis and
Philippidis [19] have each reviewed aspects of the fatigue performance of com-
posites. Vassilopoulos et al. [20] have reviewed commonly used and recently
developed models for the derivation of constant life diagrams (CLD) for composite
materials. Six methods were described and compared for their prediction accuracy
over a wide range of constant amplitude fatigue data from GFRP materials. The
influence of the chosen CLD method on the fatigue life prediction of composite
materials was quantified.

1.5 Marine Fouling and Biodegradation

Any vessel or device in the marine environment should be protected against
fouling organisms. As a “sustainable” technology, the MRE sector must ensure
that their operations minimise environmental burdens. Ideally MRE devices should
require no intervention for repair and maintenance over the complete device life
cycle. A number of technologies are available to deter or displace fouling by
marine organisms although the commercial technologies each have potential
issues:

e toxic formulations (e.g. cuprous oxide paints) increase levels of heavy metals or
other biocides in the ecosystem. Tributyl tin is now banned worldwide and
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copper is under increasing pressure from the environmental lobby. Qian
et al. [21] have reviewed important natural anti-fouling compounds discovered
in a variety of organisms.

e self-polishing (exfoliating) surfaces release polymer microdebris which con-
centrate toxins and are ingested by animals at the base of the food chain [22, 23,
24].

e low surface energy coatings (e.g. silicone or PTFE) require aggressive surface
preparation to ensure firm attachment of the non-stick material to the component.
Genzer and Efimenko [25] have reviewed superhydrophobicity (i.e. extreme
non-wettability) which can involve tailoring the surface chemistry, texture, and
responsiveness.

e pulsed high-strength electric fields (PEF) with low voltages [26] developed for
the protection of marine sensors. This requires optimisation for energy con-
sumption and, on a larger scale, practical application would require geometries
other than the interdigitated electrode (IDE) architecture.

e biomimetic topography (e.g. shark-skin replica) technologies are normally too
soft to work for extended periods without wearing away [27-32].

1.6 Cavitation Erosion

The phenomenon of bubble collapse in fluids was identified by [33] in consid-
ering the design and performance of a water wheel and, in the context of marine
steam engines, by Reynolds [34]. The first use of the term cavitation is attributed
to Froude [35]. In rapidly flowing fluids with local pressure below the vapour
pressure and sources for nucleation, a vapour bubble can form and will continue
to grow until it moves to a region of higher pressure where it collapses. Rayleigh
[36] proposed that when the bubble collapsed close to a boundary it would
produce high energy pressure waves (stress pulses) which could cause
mechanical damage in the adjacent solid. Eisenberg [37] proposed that bubble
collapse was asymmetrical with a high-velocity reentrant liquid jet forming and
impinging on the surface. The magnitude of the stress pulse may be up to
1,000 MPa (i.e. comparable to the strength of many materials) and the duration
is ~2-3 ps [38].

Composites are now finding applications as hydrofoils and sterngear which
operates in cavitating environments, e.g. propellers [39]. Anon. [40-48] and
rudders [49-51]. Lightweight composite propellers have lower inertia which
results in higher acceleration and deceleration rates with consequent increases in
speed and fuel efficiency. Hydroelastic tailoring of the laminate may be a route to
delaying the onset of cavitation [52, 53].

Kallas and Lichtman [54] and Karimi and Martin [38] have reviewed cavitation
phenomena and the response of materials to cavitation. Bhagat [55] presented a
materials perspective on cavitation erosion of metal-matrix composites based on
crystal dislocation mechanics. The open literature on cavitation erosion in polymer
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matrix composites is very limited [56—62]. National defence research laboratories
probably hold classified data restricted by stealth considerations.

Hammond et al. [59] found that cavitation erosion resistance could be ranked
aluminium (poor) < GRP < nickel aluminium bronze (NAB, good). Yamatogi
et al. [62] found that cavitation erosion resistance could be ranked glassfibre
(poor) < carbon fibre = unreinforced epoxy resin < aramid fibre < NAB.

Kallas and Lichtman [54] identify that some elastomeric coatings show very
high erosion resistance although such systems may be compromised by coating-
substrate separation leading to early failure.

A non-marine example of the excellent cavitation erosion resistance of com-
posites was a diffuser section used to join two pipes of different cross-sectional
area in a Middle East oilfield [63]. The company quality procedure was for regular
replacement of the steel component after one month in service when the pipeline
began to leak. On one occasion, the steel component was delayed so a temporary
fibreglass replacement was installed. After nine months service in a cavitation-rich
acid-gas environment, the component was removed. As shown in Fig. 2, the
component had suffered damage but was still giving good service.

1.7 Galvanic Corrosion

The corrosion of metals and semiconductors involves the flow of an electric
current within the material. Most of the constituent materials in fibre-reinforced
laminates are insulators and, in consequence, electrochemical corrosion is not an
issue. However, carbon acts as a noble metal, lying between platinum and titanium
in the galvanic series. Carbon fibres should not be used where they can come into
contact with structural metals (especially light alloys such as aluminium or
magnesium) in the presence of a conducting fluid (e.g. sea-water). A thin glass
fibre surface layer, or polymer liners around bolt-holes, should be sufficient to
prevent the formation of such a galvanic corrosion cell and consequent loss of the
alloy.

2 Bio-Based Composites in Wet Conditions

The use of natural fibres as the reinforcement for composites has recently been
reviewed by several authors including [64-77]. Summerscales and Grove [76]
consider conditioning the reinforcement fibres before composite manufacture to be
essential.

A potential problem with natural fibre-reinforced polymer matrix composites is
the hydrophilic nature of the ligno-cellulose fibres and hence the moisture sensi-
tivity of the resulting composites. Embedding the hydrophilic fibres in a hydro-
phobic matrix will delay the absorption of water but diffusion and damage may
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Fig. 2 Oilfield pipeline
fibreglass diffuser section
after cavitation erosion
damage [plan view (fop)
and elevation (bottom),
scale indicated by €1 coin]

compromise the material over extended periods of time. Moisture will induce
dimensional changes (swelling), mechanical performance changes (plasticisation
and hence higher strains to failure but lower moduli) and higher susceptibility to
microbiological attack.

Costa and D’ Almeida [78] studied the effect of water absorption on the flexural
properties of jute or sisal fibre reinforced polyester or epoxy matrix composites.
The diffusion behaviour in both composites could be described by the Fickian
model. The jute-epoxy composites showed the best mechanical properties for all
immersion times studied. This behaviour was attributed to better fibre—matrix
interface integrity with epoxy resin and better moisture resistance of the jute fibres.

Acetylation of plant fibres can improve the mechanical properties of their
composites [79]. Acetylation increases the hydrophobicity of the fibres. Bast fibres
from jute and flax were considered along with coconut fibre (coir), oil palm empty
fruit bunch (OPEFB) and oil palm frond. The two bast fibres were found to be the
least reactive of the five fibres studied. Acetylation has also been reported to
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enhance the stability of composites during environmental exposure [80]. Hill
et al. [81] reported that acetylated fibres showed a high degree of decay resistance
in a variety of microbiological decay tests over a five-month test period, while
control samples failed in less than one-month.

Shah et al. [82, 83] have recently presented fatigue life evaluations for
aligned plant fibre composites through S—N curves and constant-life diagrams. The
normalised fatigue performance (the fatigue strength exponent, b, defined by the
stress intercept at twice the number of load reversals to failure) of the natural fibre
composites was found to lie between that of glass- and carbon-fibre reinforced
composites.

There is increasing interest in the use of bio-based and/or biodegradable ther-
moplastic polymers or thermosetting resins as the matrix for composites with
varying proportions of precursor materials extracted from plants (see e.g. [76]).
Ishimaru et al. [84] reported that polycaprolactone, polyhydroxyalkanoate and
polylactide thermoplastics or their copolymers (amongst others) have been applied
as self-polishing/exfoliating matrices for controlled release of antifouling com-
positions. They conducted experiments which showed that barnacle settlement was
significantly reduced by the slow release of low molecular weight poly(L-lactic
acid) (PLLA without antifoulant chemical) in natural seawater.

3 End of Life Considerations

Since the Brundtland report [85], there has been increased concern for the choice
of systems which meet the needs of the present without compromising the ability
of future generations to meet their own needs.

However, many materials selection decisions are based on opinion without
validated evidence. It is essential that full Quantitative Life Cycle Assessment
(QLCA) is undertaken before committing to mass production of marine com-
posites [86]. This should include the design, manufacture and marketing, use and
disposal phases and should address all eight burdens identified by ISO/TR
14047:2003 [87]. Azapagic et al. [88, 89] proposed a route to quantification of
these burdens as Environmental Impact Classification Factors (EICF—Table 1).
Another major sustainability issue is Land Use as included in BS8905:2011 [90].

Singh et al. [91] have reviewed the options for the disposal of composite boats
and other marine composites. In the case of thermoset composites, popular opinion
suggests that these materials are inappropriate as there may be limited options for
disposal at the end of the component life. This arises from political decisions
intended to minimise the use of landfill for components that cannot easily be
recycled. However, the use of thermoplastic matrix composites requires higher
temperatures during manufacture with consequent potential for up-front global
warming and climate change. QLCA should help to resolve this dilemma.
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Table 1 Azapagic et al. EICF mapped to ISO/TR 14047 environmental burdens

ISO/TR 14047:2003(E) Azapagic et al.

Acidification Acidification potential (AP)

Ecotoxicity Aquatic toxicity potential (ATP)
Eutrophication/nitrification Eutrophication potential (EP)

Climate change Global warming potential (GWP)

Human toxicity Human toxicity potential (HTP)

Depletion of abiotic/biotic resources Non-renewable/abiotic resource depletion (NRADP)
Stratospheric ozone depletion Ozone depletion potential (ODP)

Photo-oxidant formation Photochemical oxidants creation potential (POCP)

4 Conclusions

This chapter has presented an overview of key considerations for the successful
application of fibre reinforced composites in the marine environment. After consid-
eration of factors affecting the environmental resistance of conventional composites,
the potential for natural fibre reinforced polymer composites was discussed. Finally it
is important to defend any chosen composite system as sustainable through Quanti-
tative Life Cycle Assessment.
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