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7.1	Introduction


Reinforced plastics possess an extraordinary combination of properties which make them uniquely appropriate for marine structural use.  High strength and low weight are combined with corrosion resistance, good dielectric properties and non-magnetic properties.  There is a long history of the application of glass-fibre reinforced plastics in the marine environment.  The United States Navy introduced their first 8.5m (28 foot) fibreglass personnel boat in 1947 and was contracted to pass 3000 vessels by 1966.  The orders for the first two vessels specified construction by the pressure bag method and by the vacuum injection system in order to achieve higher quality than was obtained by the then current hand-lay-up technique [1].  One of the earliest large GRP structures for submerged operation was the fairwater of the submarine USS Halfbeak (SS-352) which entered service in 1954 [2].





A classic text on structural design of marine GRP is the manual by Gibbs & Cox [3].  The late Charles Smith’s book [4] is some thirty years younger and is an excellent introduction to the design of marine structures in composite materials.  There are various published classification rules from the different national bodies [5-14].





Summerscales [15] has reviewed the marine applications of fibre-reinforced materials and identified the following:





mine warfare vessels


submarine structures (sonar domes and fairings)


submersibles


navigational aids (buoys and towers)


offshore oil exploration and exploitation (drilling risers and liferafts)


hydrofoil flaps


hovercraft blades and skirts


passenger ferry hulls


powerboat structures


racing and luxury yachts


work- and pleasure-boat hulls


composite masts, and 


laminated sailcloths.





Over the subsequent ten years, there have been further component developments, for example:





high-pressure seawater pump for reverse osmosis desalination [16]


marine propellers [17-23]


seawater circulation pumps for large aquaria [24]


riser guide tube bellmouths for floating oil production platforms [25]


blind-flange bulkheads for ocean thermal energy conversion [26]


floating piers for marinas [27]


cladding and guttering for the Second Severn Crossing, 


(cable-stayed bridge over the Bristol Channel) [28]


walkway gratings for offshore platforms [29]


strengthening of primary steel on existing offshore structures [30].





Skrifwars et al [31] asked companies in the Finnish FRP industry to estimate the life-time of their products.  The average estimated life-time across all product segments was greater than 15 years (the value for process equipment, tanks and containers) with the marine sector having the longest average estimated life-time at 28 years, typically 25-30 years.  Mableson et al [32] predicted a hull life of 60 years for HMS Wilton, the world’s first GRP warship, fifteen years after the vessel had been launched.





To quote Nagae and Otsuka [33], “many researchers have investigated the corrosion behaviour of GFRP [glass fibre reinforced plastics] in hot water and strong acids ….. However, little is known about corrosion in milder or more practical conditions”.  Clearly, the high level of take-up for marine vessels of less than 60m suggests that there is a high level of confidence in the ability of composite materials to perform in service.  The materials are not without problems and this chapter will consider their response to the marine environment and especially features of design and manufacture which may compromise the performance.





7.2	Water absorption


7.2.1  Resins (and composites with negligible absorption in the fibres)


Springer [34] has surveyed the effects of moisture and temperature on moisture absorption and desorption characteristics of fibre-reinforced organic matrix composites.  The ‘moisture problem’ can be solved by analytical means when the following conditions are met:





heat transfer in the material is by conduction only and can be described by Fourier’s law


moisture diffusion can be described by a concentration dependent form of Fick’s law


temperature within the material approaches equilibrium much faster than the moisture concentration and hence energy (Fourier) and mass transfer (Fick) equations are decoupled


thermal conductivity and mass diffusivity depend only on temperature and are independent of moisture content or stress levels inside the material





If the above assumptions are valid, then the temperature and moisture distributions within the material can be calculated using the procedures for ‘Fickian’ diffusion process.  These procedures are described in Springer and require the following material properties:





density (()


specific heat (C)


mass diffusivity (D: normally a second-rank tensor for fibre-reinforced polymers)


thermal conductivity (K: normally a second-rank tensor for fibre-reinforced polymers)


maximum moisture content (Mm)





together with the geometry, boundary conditions, initial conditions and a relationship between the maximum moisture content and the ambient conditions.  It is commonly assumed that (, C, D and K are not significantly affected by the moisture content and that values for dry materials may be used in the calculations.  There is some experimental evidence that this assumption is reasonable.





In Fickian diffusion, the absorption (weight gain) and desorption (weight loss) curves when plotted against t1/2 (square root of time) are always concave towards the t1/2-axis and asymptotically reach the final equilibrium value (Figure 1), the maximum moisture content, Mm.  The value of Mm is a constant when the material is fully submerged in a liquid, but the value varies with the relative humidity when the material is exposed to moist air.  In the latter case, the maximum moisture content may be predicted using Mm  = a(b, where ( is the relative humidity and a and b are constants.  The value of b was believed to be in the range 1-2 but recent experimental evidence suggests that the value is near unity.





Calculations performed on the basis of Fick’s law fail if:





the matrix contains voids


the matrix itself exhibits non-Fickian behaviour


cracks or delaminations develop in the material


moisture propagates along the fibre-matrix interface





Deviations from Fick’s law solutions become more pronounced at elevated temperatures and for materials immersed in liquids, notably solvents, hydrocarbons and seawater.  However, in many composite materials, even where moisture transport is by a non-Fickian process, the process can frequently be approximated using Fick’s equations together with appropriate apparent D and apparent Mm values.





Plasticisation of the matrix by moisture must be taken into account in the design of marine composites.  Absorbed moisture can induce significant changes in the molecular structure of polymeric materials.  This will generally decrease the glass transition temperature (Tg) and thus affect the diffusion behaviour.  The limited data available for the Bueche-Kelley theory suggests that this theory is a reasonable model for epoxy resins where less than 10% moisture can reduce Tg by as much as 100(C.





Apicella et al [35] determined the depression of the glass transition point ((Tg) experimentally for epoxy resins.  A TGDDM/DDS (tetra glycidyl diamino diphenyl methane/diamino diphenyl sulphone) epoxy presented (Tg values of 50/80(C, while DGEBA (diglycidyl ether of bisphenol-A) cured with more reactive linear amines had (Tg values of 20/40(C at equivalent levels of absorbed water.  Carbon fibre/TGDDM epoxy prepreg materials equilibrated in water at low (near 0(C) temperatures with 5% water uptake exhibited (Tg values measured calorimetrically and mechanically of 100(C.  Amorphous PEEK thermoplastic had lower water uptakes and (Tg limited to just 2(C.





Nechvolodnova et al [36] studied the effect of moisture absorption on Russian epoxy resin films (EDT-10 resin and a resin based on a di-glycidyl ether of resorcinol (DGER) and meta-phenylene diamine).  Equilibrium moisture absorption at 20(C reached 4-5%.  The (Tg values were 50-80(C with consequent reductions in static modulus, yield stress and tensile strength at room temperature.





Fick’s law can be considered to be a single phase diffusion model.  The Langmuir model, a more general theory of two-phase diffusion, introduces the concept that water molecules can become trapped by the composite [37].  The model assumes that at any given moment only a fraction of the water molecules can diffuse freely.  The general form of the absorption curve is then dependent on the probability (() of a trapped molecule being freed and the probability (() of a free molecule becoming trapped.  This four-parameter theory can be adapted to fit a wide variety of observed behavior but is more difficult to manipulate than the single free-phase theory to which it reduces as ( tends to zero.  The two models become almost indistinguishable as composite thickness increases.





Bunsell presents graphs of single free-phase absorption for E-glass satin weave fabric in bisphenol-A epoxy resin cured with a diamine hardener and of the two-phase model for an otherwise similar composite cured with a dicyandiamide hardener.  A third similar composite cured with an anhydride hardener was seriously degraded by exposure to moisture.





Summerscales [38] reviewed the non-destructive techniques for the measurement of the moisture content in fibre-reinforced plastics composites.  Electrical resistance, dielectric and infrared instruments are available as commercial products for field use, notably by small boat surveyors.  Microwave, nuclear magnetic resonance (NMR) and positron annihilation techniques may be useful, but these tend to be complex and expensive techniques for the measurement of specimens which can be transported to the laboratory.





Clegg [39] has reported comparative tests on three of the most popular UK/Ireland moisture meters which use capacitance measurements.





7.2.2  Aramid fibres


Most of the conventional reinforcement fibres (carbon or glass) do not absorb significant quantities of moisture.  However, the aramid fibres (eg Kevlar, Nomex, Twaron) are known to absorb water, and the fibre/matrix interface is weak even in the dry condition.





D’Almeida [40] has reported interlaminar shear strength (ILSS)  results for 65 v/o Kevlar 49 fibre in DER 383 epoxy resin cured with 27 phr DEH 50 aromatic polyamine with a void content below 0.5%.  The ILSS values decreased as a function of immersion time, with specimens immersed in distilled water declining faster than those in saline solution.  When the results were normalised to water content the results were coincident suggesting that the operative degradation mechanism was the same in both cases (Figure 2).





7.3	Osmosis and blistering


Osmosis may be defined [41] as “the equalisation of solution strengths by passage of a liquid (usually water) through a semi-permeable membrane”.  When a fibre composite structure is immersed in water, moisture is slowly absorbed through any gelcoat into the underlying structural laminate.  For a hollow structure such as a boat hull some moisture will pass harmlessly through the laminate and collect in the bilges or evaporate.  However, some of the water may react physically or chemically with materials within the laminate to produce breakdown products which are hygroscopic (water absorbing) or hydrophilic (water-loving).  These concentrated solutions will then act to dilute themselves by drawing further water into the laminate.





Fresh water is drawn into the laminate more rapidly than seawater because it starts at a lower solution strength and hence the concentration gradient is higher.  Osmosis is also accelerated by warmer water.





As the trapped solution becomes more dilute it increases in volume and creates a hydraulic pressure within the laminate.  This may take many years, and in well manufactured structures it may never result in observable damage.  However, the internal pressure built up in the laminate may eventually manifest itself as blisters on the surface of the structure usually echoing delaminations between the gelcoat and the structural laminate.  This problem is of especial concern to the yachting fraternity which has a significant remedial treatment industry.





Internal disk cracking (blistering) in glass fibre reinforced plastics was first reported by Steel [42] in 1967, and attributed to swelling followed by rupture due to hydrolytic attack on the strained polymer chain.  Ashbee et al [43] found that fully cured polyester resins developed “disk” shaped internal cracks when exposed to hot water, and proposed an osmosis hypothesis for blister formation.  Birley et al [44, 45] suggested that the stress at the gelcoat-backing (structural laminate) resin interface was the most important factor in the initiation of blistering.





Whilst osmosis damage in GRP is essentially the result of chemical reactions [41], it is often initiated and aggravated by physical defects which allow moisture to be absorbed and retained within the laminate.  These might include gelcoat defects especially aeration, wicking along fibres which protrude through the gelcoat, gelcoat crazing and defects in the underlying laminate [41].  Chen and Birley [46] classified blisters according to their origins: (1) contaminants, (2) bubbles, (3) pre-cracks and (4) glass fibres and regarded the last two as the most significant contributors to the formation of blisters in chopped strand mat (both emulsion and powder bound CSM) in polyester resins.





The principal chemical factors which may be implicated in the osmosis and blistering phenomenon include:





residual glycol from the unsaturated polyester [4, 41, 47]


laminating resins of high acid value [48]


inadequate control of mixing [4]


the degree of resin cure achieved [4, 46]


(blister resistance follows the same ranking as degree of cure [49]


insufficient styrene leading to undercure [49]


excess styrene and its soluble oxidation products [48]


excess/residual catalyst and/or accelerator [47, 49]


the catalyst carrier [50]


soluble (polyvinyl acetate) binder on chopped strand mat [4, 41, 46-48, 50, 51, 53]


use of PVA release agent [48]


dark pigments, as they are often supplied in a hydrolysable diluent [4, 47, 48, 51,52]


increased time between layer application [49, 51]





and physical factors which reduce the problem include:





avoidance of moisture on the mould and the reinforcement [4, 50]


complete wet-out of the reinforcement fibres [52]


thorough consolidation to minimise voids [4, 50]


gel coat permeability should be lower than that of the structural laminate [4]


the use of a light glass scrim in the gelcoat  [4]


use of a primer between the gelcoat and structural laminate [48]


control of gel-coat thickness and quality [50]





The formulation of unsaturated polyester resins can be adapted to improve the resistance to osmotic blistering [41].  Isophthalic polyester generally performs better than orthophthalic polyester.  Chen and Birley [49] suggest that resin based on isophthalic acid will normally be processed to higher molecular weights and will show lower end group counts (acid numbers and hydroxyl numbers) than equivalent orthophthalic anhydride formulations.  Furthermore, as is evident in the molecular structure, orthophthalate ester linkages are more accessible, and hence are more susceptible to attack, than the ester linkages of isophthalate polyester.  The tendency of orthophthalic anhydride to sublime further provides a mechanism for low molecular weight materials to be incorporated in the formulation leading to reduced corrosion resistance due to the relatively high water solubility and the impurity acting as a plasticiser.





The unsaturated acid used in the resin also affects the blister performance of GRP laminates [49].  Laminates made from fumarate resin have better resistance than those from maleate resin.  Fumaric acid resins tend to be more reactive, leading to more complete cross-linking, and hence higher heat distortion temperatures and higher physical and chemical resistances than are obtained with maleate resins. 





The glycol may be replaced by 2,2,4-trimethyl-1,3-pentanediol or 2,2-dimethyl-1,3-propanediol (the latter is usually referred to as NPG: neopentyl glycol).  Neopentyl glycol has two pendant methyl groups, rather than one in polypropylene glycol, and can offer better protection to the ester linkage, and thus improves the hydrolysis resistance of the cured resin [49].  Isophthalic/NPG materials are strongly recommended for marine laminates, or for at least the first few millimetres of lay-up [52].  The effect of changing to a purpose designed marine iso-gelcoat and laminating resin would add ~0.5% to the cost of a typical 10m sailing yacht [50].





Skilled lamination and following best industrial practice are very important to the achievement of optimum blistering resistance [46].  Guidance on manufacturing marine laminates is available from the British Plastics Federation [54].  Laminates using the same resin for gel coat and structural laminate offer better blister resistance as there is no sudden change in the water penetration rate [49].  On industrial laminates with uncontrolled gel coat thickness, blisters formed first in areas where the gel coat was very thin [49]. 





Castaing et al [55] have presented a mechanical model for evaluating the development of internal pressures and stresses of blisters with time.  The model, based on the Theory of Isotropic Plates (Timoshenko and Woinovsky-Kreiger … for large deflections), consists of representing a circular blister as a thin membrane clamped elastically around its edge and uniformly loaded over the entire internal surface.  That the blister may be simulated as a circular plate imperfectly clamped on its circumference (the elastic edge) can be verified by measurement of the tangents of the blister deflection curve.  The tangents are zero for perfect clamping as no strain is allowed at the edge.  The model has been validated [55] experimentally by aging tests on gel-coated polyester laminate (10 layers of 290 gsm woven E-glass in orthophthalic acid/polypropylene glycol as the structural laminate with 300 (m thick isophthalic acid/NPG gelcoat cured under ambient conditions for two months) in distilled water.  At “quasi-equilibrium” it appears that the final dimensions of the blister depend only on the mechanical characteristics and the thickness of the blister.





In a parallel study [56] with four resin systems and both distilled water and natural seawater (35 g/l NaCl) at 60(C, the osmotic blisters appeared first (on the gelcoat side) of the samples exposed to distilled water and (two to three times) later on composites exposed to fresh water and seawater.  This confirms the observations of other workers that the rate of blistering is reduced as the solute gradient decreases.  The gel coat blistering appeared to have no effect on the structural integrity at times up to 2500-3000 h.  Subsequent osmotic delamination of the first ply (5000 h at 60(C taken to be equivalent to about 20 years in seawater at 20(C) resulted in 25-30% decrease in the ultimate stress in the isophthalic laminate and 40-65% decrease in ultimate stress in the orthophthalic laminate after 5000 h.  The mechanical model has recently been extended to elliptic/orthotropic blisters [57].





Dow and Bird [58] state “The bugbear of ‘osmosis’, or gel coat blistering, ….. is now much better understood and should be regarded as entirely avoidable by careful choice of materials and fabrication procedure”.





The treatment of osmotic blisters requires careful planning and preparation.  If the hygroscopic/hydrophilic materials are not removed from the laminate, then a recurrence of the problem is highly probable.  The Osmosis Manual [41] provides a clear explanation of the procedures for rehabilitation of a blistered laminate.  This is also published in summary form in the open literature [39].





Blistering has also been associated with galvanic corrosion adjacent to the light glass-weft fibre in unidirectional carbon-fibre reinforced plastics (see section 7.9).





7.4	Mechanical deterioration of composite specimens after seawater exposure


7.4.1  Glass fibre reinforced plastics


Short et al [59] exposed laminates to the sea at Bovisand, Plymouth Sound (50(22(N 4(7(W) during July 1980 to February 1981.  The panels were 5 plies of Marglas 280 (610 gsm) unidirectional glass rovings woven with a light weft thread at 5mm intervals.  The panels were hand laid unsaturated polyester without a gel coat.  The exposed panels had a 16% reduction in Rockwell hardness at resin-rich (inter-tow) positions relative to the control panels.  Exposed samples tested in four-point flexure had a higher Young’s modulus and fracture stress than the control specimens.  However, it is possible that some postcuring took place during drying of the exposed samples.





Cargen et al [60] exposed laminates to the sea in the Hamoaze, Plymouth Sound (50(22(N 4(9(W) during 15 December 1983 to 15 March 1984 (100 days).  The panels were 12 plies of ECK25 (825 gsm) woven glass rovings in Crystic 625TV unsaturated polyester without a gel coat.  No significant weight change and no deterioration of the panels assessed by visual examination could be detected after exposure.  The panels were evaluated before and after exposure using the anticlastic bending method to determine the shear modulus.  The results, referenced to the initial mean values, are summarised in Table 1.





Table 1:  Weight gain and shear modulus after 100 days marine exposure in Plymouth Sound�
�
Panel�
Exposure�
Weight gain (%)�
Shear modulus (%)�
�
A1/1�
Untreated�
0.34�
90.3�
�
A1/2�
Sealed edges�
0.26�
95.4�
�
A1/3�
Sealed edges and faces�
0.47�
92.6�
�
A1/4�
Laboratory control�
zero�
97.1�
�



Strait et al [61] used instrumented drop weight impact tests to characterise the effects of synthetic (ASTM D1141-52 Formula A) seawater immersion at 60(C on glass fibre/epoxy composites.  Two materials were considered:  3M SP1002 (53 v/o continuous non-woven E-glass fibres in DGEBA epoxy resin with both cross-ply and quasi -isotropic lay-ups) and Cyanamid 5920 (two-layer 25 (m thick 8-harness satin style 7781 E-glass faces over 64 (m thick nine-ply aligned woven rovings in rubber toughened epoxy resin).  Impact was conducted with a 101.6 mm square coupon clamped in a 76 mm diameter fixing ring and impacted by a 12.7 mm diameter hemispherical tip with an impact velocity of 3.57 m/s and impact energy of 208.8J.  All the dry laminates had equivalent values of energy required for incipient damage.  Saturated SP1002 required 20% more energy than 5920 for onset of incipient damage suggesting increased ductility due to water plasticisation of the matrix without deterioration of the fibre/matrix interface.  The peak load and energy absorbed were higher for 5920 than SP1002 composites although all systems experienced a substantial reduction from dry values.  The total energy absorbed was reduced by between 14% (5920) and 25% (cross-plied SP1002).





Al-Bastaki and Al-Madani [62] exposed GRP (a layer of chopped strand mat sandwiched between two layers of woven glass roving in a polyester matrix) to outdoor weathering (monthly averages 14(C minimum/38(C maximum and RH 37% minimum/87% maximum) and “in a bucket filled with seawater and placed indoors” in Bahrain.  After one year, the samples were tested in tension and three-point bending.  The main change was a deterioration in flexural strength and an increase in brittleness (reduction in failure strain and deflection in tension and flexure respectively) and an increase in the flexural modulus.  These effects were more pronounced after submergence in seawater and especially when the specimens were tested wet rather than dried at room temperature for 5 days.





Adams and Singh [63] immersed carbon, glass and polyester woven cloth laminates in natural seawater taken from Poole Harbour (Dorset, UK).  The resin system was a single polymer flexibilised bisphenol-A epoxy cured with polyoxypropylene diamines of two different molecular weights.  The resin, designated L-1007, was developed at DRA Holton Heath.  A glass woven roving in A2785 polyester resin was used as a reference material and designated ‘Navy GRP’.  The specimens were soaked at 10(0.5(C and 20(0.5(C with precautions against increasing solution strength due to evaporation.  Three specimens of each material were soaked and tested at each temperature, being measured at weekly intervals for 3 months and less regularly for up to 15 months.  The flexibilised unreinforced resin was also tested at 20(C.  Moisture absorption in the unreinforced resin and in the Navy GRP could be described by Fick’s law.  The Navy GRP showed the least total take-up of water.  The epoxy composites deviated from ideal Fickian behaviour.  At 20(C, both the glass and polyester fibre composites reached a peak mass and then decreased suggesting that some material was leaching out into the water.  The mechanical properties were determined by dynamic mechanical thermal analysis (DMTA).  All the composites experienced a reduction in the effective flexural modulus and a corresponding increase in the flexural loss factor.  The flexural modulus fell most (25-35%) in the polyester fibre composites and very little in the carbon fibre composites at 10(C. The carbon fibre composite modulus fell by about 20% at 20(C.  The Navy GRP modulus reduced by 10% at both temperatures and performed better than the glass/epoxy.  The latter had behaviour between that of the carbon and polyester epoxy laminates.  It was suggested that the differing behaviour of the epoxy composites was due to water uptake by diffusion into the matrix only for carbon composites, into the matrix and the interface for the glass composites and into the matrix and the fibre for polyester composites.





Davies et al [64] studied the influence of water absorption on the interlaminar shear strength and end notch flexure (ENF: mode II shear) fracture toughness of quasi-unidirectional (88% 0(, 12% 90() E-glass fibres in DGEBA epoxy resin cured with an amine hardener.  Composites were immersed in distilled water or Atlantic Ocean (Boca Raton, Florida) seawater for up to 8 months at temperatures of 20, 50 and 70 (C.  Seawater was more slowly absorbed than distilled water.  The shear strength was not affected by weight gains below 1%, but higher weight gains (up to 3%) reduced the shear strength pro-rata by up to 25%.  The mode II fracture toughness, GIIc, also decreased with increasing immersion time and clearly demonstrated the degrading influence of thermally-assisted breakdown of the fibre/matrix interface as indicated by SEM fractographic examination (Figure 3).





Similar ENF tests, together with transverse tension tests [65], were conducted on unidirectional E-glass/polypropylene (ICI Plytron( ZM4350PA) after exposure to distilled water (ambient and 50(C) and Boca Raton seawater (ambient temperature).  Maximum stable moisture content after 5 months exposure was 0.065% for seawater and 0.17/0.30% for ambient/50(C distilled water respectively.  The transverse tensile strength was virtually unaffected by water absorption.  The mode II fracture toughness was far more sensitive to moisture absorption. GIINL (onset of non-linearity) values for all water exposure conditions drop and can be fitted to a single curve.  However, seawater appears to cause a significantly greater reduction in GIIc against moisture content but this is “corrected” by referencing to the immersion time suggesting that degradation is governed by local (not global) moisture contents adjacent to the notch tip.





7.4.2  Carbon fibre composites


Tucker and Brown [66] studied the moisture absorption of graphite fibre/vinyl ester composites (described in section 7.9) in Narragansett Bay seawater at surface pressure and at pressures equivalent to 610 m (2000 feet) submergence.  The diffusion coefficients were found to be the same in both cases, but the moisture content curve was higher for the deep submergence samples.  Samples were pressurised for “an interval” or for 40 hours, 46 days and 133 days, then tested in bending according to ASTM D709.  The shallow submergence samples showed an increase of 6-8% in modulus and no significant change in strength.  After four months at 2000 fsw the modulus had decreased to 86% and the strength to 81% of the initial dry values.  The changes were attributed to mechanical damage associated with the initial void content (1% with voids up to 3.2 mm diameter) induced by the increased pressure.  No evidence was presented for such damage.





Karasek et al [67] conducted drop-weight impact tests on IM7 carbon fibre composites after seawater exposure.  Four epoxy resin matrix systems (Table 2) were used with volume fractions of 60-69% fibre and [0/(45/90(]xs lay-up.  Samples were ~6.35 mm thick for all materials (different cured ply thicknesses necessitated the use of differing numbers of plies) and cut to 100 x 100 mm for testing.  These samples were saturated with ASTM D1141-52 Formula A synthetic seawater at 95(C then conditioned at ambient temperature in seawater until testing.  Samples were clamped into a 76 mm diameter fixture and impacted dry or wet at -23(, +21( or 66(C with a 12.7 mm diameter hemispherical steel penetrator (energy ~275Nm, velocity 3.57 m/s).  The energy required to initiate damage was found to decrease with temperature which is consistent with the reduction in matrix properties.  Impact energy absorption was relatively insensitive to moisture at temperature below Tg of the epoxy phase, but significant changes in behaviour occur above Tg.





In a subsequent paper [68], sub-penetration impact testing and ultrasonic C-scanning/optical reflection microscopy were used to further characterise the damage in the three 828 resin based composites.  At impact energies as low as 1.75 J/mm, the damage was identified as the classic ‘cone-of-fracture’: more extensive delamination towards the unimpacted surface.  





Table 2:  Matrix epoxy resin systems and lay-up repeat value for Karasek et al composites


Resin matrix system�
Value for x�
�
100 pbw Epon 828/5 pbw piperidine�
4�
�
100 pbw Epon 828/5 pbw piperidine/5 pbw CTBN


(carboxy-terminated liquid copolymer of butadiene and acrylonitrile rubber modifier)�
3�
�
100 pbw DPL-1911 (85 pbw Epon 828/15 pbw Kraton rubber)/


68 pbw nadic methyl anhydride hardener/0.85 pbw benzyldimethylamine accelerator�
3�
�
Fiberite 977�
6�
�



Bradley and Grant [69] conducted initial screening  and microindentation debonding of seven candidate 55-65 v/o unidirectional composite materials for oil-production risers.  Degradation was measured through transverse tension after 3 months immersion in pure water at ambient pressure, simulated seawater (Instant Ocean) at ambient pressure and simulated seawater at 20.7 MPa (3000 psi).  The materials are listed in Table 3.  The moisture-induced degradation of transverse tensile strength was similar for the three immersed sets of conditions for each material.  Both the graphite/vinyl ester composites were eliminated through both low wet and low dry strengths.  The degradation of interfacial shear strength (by microindentation) for F263 and 977-2 resin composites supports the hypothesis that degradation is primarily interfacial rather than within the matrix.  Failure in SP500-2 composite was matrix dominated in both wet and dry conditions.  In-situ fracture observations of these materials in the SEM were conducted in transverse three-point bend [70].  The results are summarised in Table 3.  The SP500-2 is the most brittle resin system and achieves a marginally higher tensile strength after immersion which is attributed to plasticisation by the absorbed moisture.





	Table 3:  Composites tested by Bradley and Grant with failure locations for selected materials


Composite�
Dry failure location�
Wet failure location�
�
E-glass/Dow Derakane 411 vinyl ester�
-----�
-----�
�
E-glass/Dow Derakane 510 fire retardant vinyl ester�
-----�
-----�
�
Carbon fibre/Dow Derakane 411 vinyl ester�
-----�
-----�
�
Carbon fibre/Dow Derakane 510 fire retardant vinyl ester�
-----�
-----�
�
Hexcel T2C145 carbon fibre/F263 TGDDM-DDS epoxy�
matrix�
interface�
�
ICI IM7 carbon fibre/977-2 (TGDDM-aramid-DDS) epoxy�
interface�
interface�
�
3M IM7 carbon fibre/SP 500-2 tricyclic hydrocarbon fluorene�
matrix�
matrix�
�



Chiou and Bradley [71] conducted fatigue and static EDT (edge delamination tests) on dry and seawater presoaked CFRP laminates.  The system studied was 46 v/o quasi-isotropic Hercules IM7 fibres in Dow Tactix 556 hydrocarbon epoxy novolac resin.  Seawater absorption changed the dominant edge-cracking mode from the 45/90( interlaminar delamination in the unaged specimens to intralaminar cracking in the 90( plies in seawater saturated specimens.  Seawater absorption did not significantly reduce the maximum available strain energy release rate or accelerate the growth of edge cracking in fatigue.





7.4.3  Sandwich structures


Very little has been published on the degradation of sandwich structures after wet aging.  A number of workers have developed simple tests to measure the fracture energy associated with skin-core debonding in sandwich materials: climbing drum test, shear of a cracked sandwich beam, modified double cantilever beam specimen and top surface peeling on a sliding carriage [72].  Cantwell et al [72] developed a new technique in which the lower surface skin is peeled from the core in a controlled fashion.  Four glassfibre skin (two-ply 850 gsm stitched quadriaxial fabric in isophthalic polyester resin)/balsa core structures with different core/skin interlayers were tested after forty-five days immersed in seawater.  The introduction of a layer of chopped fibres between the core and the skin did not lead to improvement of the fracture toughness of the interface.  The interface toughness was limited by the delamination resistance of the composite skins.  Water immersion led to an increase in the interfacial fracture energy, which was significant with three of the four interlayers.  The absorbed water is believed to degrade the fibre/matrix interface resulting in more fibre bridging of the crack and hence greater energy absorption after immersion.





7.5	Stress corrosion


The stress corrosion of fibre-reinforced plastics in aqueous media has been reviewed by Roberts [73], Hogg and Hull [74] and Menges and Lutterbeck [75], although none of the work referenced is specific to seawater exposure.





To validate the design of GRP hulls for durability and performance in the tropical waters of the Persian Gulf, the Procurement Executive of the UK Ministry of Defence commissioned creep and fatigue tests at loads equivalent to one-eighth of the static ultimate strength of the laminate [76].  Creep tests were conducted for seven days at 42 kN on 1000 x 500 x 25 mm panels.  Dynamic loading comprised two series of two-million cycles at 50 load cycles per minute.  Further dynamics tests on standard dumbbell specimens with deliberately high void contents at 31 kN/m2 at 200 load cycles per minute were conducted at ambient temperature in air, at 70(C in air and at 30(C in seawater.  All specimens survived two million cycles at one-sixth of the material static ultimate strength (much higher than the hull would experience in service) without visible damage.  Those specimens with 5% deliberate voids tested in seawater at 30(C failed during the second series of two-million cycles.





Sloan and Seymour [77] exposed unidirectional AS-4/3501 graphite/epoxy samples to fresh flowing Pacific seawater under both static and fatigue loading conditions using pre-cracked (parallel to the fibres) double cantilever beam (DCB) specimens in the compliant load frame (CLF).  Fatigue crack growth was accompanied by bridging of the crack tip by individual fibres.  The bridging increases the fracture surface area and tends to hold the crack together increasing the fracture resistance, GR, of the cracked specimen.  The primary effect of seawater is to weaken the fibre/matrix interface bond ahead of the crack tip, causing an increase in the extent of bridging.  Crack growth rates were five times slower in seawater than in air and dropped immediately upon exposure to seawater.  Exposure to seawater, without applied load, also increased mode I fracture resistance of the material.  This effect was completely reversible upon drying.








Hodgkiess et al [78] exposed glass fibre reinforced composites to distilled water, simulated seawater (‘Ocean Salt’: 3.3% total dissolved solids) and simulated spray/sunlight conditions in the laboratory and to tidal effects and permanent immersion in the lower Clyde estuary (55(45(N 4(55(W) where the seawater temperature was 6-12(C over the period of testing.  The materials tested, which were exposed for up to 18 months with all sides and edges coated in the same resin, were: 





	9mm thick chopped strand mat in Norpol 68-70 isophthalic polyester resin


mm thick chopped strand mat in Epikote 828/ancamine D aromatic amine epoxy resin


mm thick 263 mm internal diameter filament wound Epikote/ancamine (as above) epoxy pipe





After 12-18 months, the flexural strength (three-point bend with span-to-depth ratio of ten) of the polyester laminate was reduced by up to 20%, although this reduction occurred mainly in the first few (3-9) months of exposure.  The UPE suffered large reductions in impact strength (50-70% with a high level of scatter) after 6-9 months exposure after which the values stabilised.  The flexural strength of epoxy was less severely degraded and impact strength was reduced by ~20% in the first 2-6 months before stabilising.  The continuous application of moderate stresses, or the absence of a gel coat, were studied and did not appear to cause enhanced deterioration.





Kosuri and  Weitsman [79] and Smith and Weitsman [80] conducted fatigue tests (5 Hz at 74-89% UTS) on cross-plied AS4/3501-6 prepreg carbon/epoxy composites dry, water-saturated in air and saturated immersed in seawater.  Saturated coupons tested in air had the longest life while immersed coupons had the shortest life.  Saturated coupons had significantly fewer transverse cracks than dry ones possibly due to stress relief from sorption induced swelling.  The immersed fatigue coupons had more extensive delaminations than the dry materials.  The reduced fatigue life of these materials is believed to be due to a synergistic interaction of capillary water movement assisted by the mechanical cyclic loading.  Comparitive stress fields for the three test conditions were evaluated using a shear lag/finite element analysis including water trapped in the transverse cracks.





Chiou and Bradley [81] conducted hydraulic burst and stress rupture tests on 1.28 mm thick (58 v/o 87/(35/87( hoop filament wound) E-glass fibre/Brunswick LRF-571 DGEBA epoxy resin composite tubes with 6% voids in the laminate and a co-cured nitrile rubber liner after 6 months immersion in static simulated seawater (Aquarium Systems Instant Ocean, ( = 1023 kg/m2, pH = 8.2).  The rubber liner serves the dual purpose of keeping the inner surface dry during immersion and permitting pressure to be maintained even if tube microcracking occurs during testing.  The exposed tubes had a high (1.5%) moisture uptake, although this may partially be free water in the voids, and had not reached saturation.  The exposed tubes exhibited a 20% reduction in burst strength compared to tubes kept dry.  The acoustic emission response (Figure 4) gave indications of damage initiation in the wet tubes at a much lower pressure.  Stress rupture tests (pressurise and hold) were conducted at three (four in the text, but only three levels stated) pressures with the highest close to the rupture pressure of the wet tubes.  There was no indication of moisture-induced degradation even for the “worst-case scenario”: simultaneous application of a constant stress and immersion in seawater which should lead to stress corrosion cracking, and times to rupture were found to be similar for both wet and dry tubes.  











7.6	Testing of components after service


In the early 1960s, a search for the early US Navy 8-metre (28 foot) fibreglass personnel boats moulded in 1946/47 located some craft still being used, but they “were not readily available for inspection” [82].  Three 12-metre (40 foot) 22 knot Coast Guard patrol boats which had seen ten years service were located and identified to have “incurred one-fifth of the maintenance costs of [comparable] steel craft of the same age and service duration”.  The costs included some design modifications, notably to the transom and midship portions.  The basic hull and deck laminates were in excellent condition and panels removed for testing had strength values consistent with data contemporary to the construction.





The fairwater of the submarine USS Halfbeak (SS-352) was replaced after 11 years of service by a more modern ‘high-bridge’ type of sail [2].  The reinforced plastic laminate was nominally 6 mm (1/4-inch) thick Style 181-Volan satin weave glass cloth in a general purpose room-temperature curing polyester resin blended with 10% flexible resin for toughness.  The fairwater was fabricated using a vacuum bag process.  Two curved panels of approximately 1247 x 686 mm (49 x 27 inches) which were original sections in service for the full-life of the sail were evaluated by the Philadelphia Naval Shipyard.  The overall condition was judged to be excellent by visual examination of the clear unpigmented laminate.  Superficial burnt areas (presumed to be inadvertent exposure to a welding or cutting torch) and distortion and out-of-plane roundness of countersunk bolt clearance holes were noted, the latter due to the supporting structure being modified during service resulting in overstressing of the GRP connections.  The mechanical properties of the material after 11 years service did not differ substantially from the original properties and average values were still within the specification requirements.  Service reports indicated that very little maintenance had been required except for the metal supporting structure.





Graner and della Rocca [83] conducted a condition survey of 74 US Navy boats of 21 different classes from five to fifteen years old (median hull fabricated in 1958 was 10 years old).  Defects were classified into 17 categories, most of which were the result of impact damage or abuse.  The basic laminates were generally in excellent condition regardless of the age of the boat with material degradation limited to minor (surface) skin delaminations, skin/core separation in sandwich panels and deterioration of paper honeycomb cores.  For the boats surveyed, there was no indication of laminate degradation due to aging in boats up to 16 years old.  Even the earlier boats, having poorer quality and strength characteristics, successfully withstood long years of rigorous service.





7.7	Marine fouling and biodegradation


Caron and Sieburth [84] studied the fouling of fibreglass reinforced “cross-linked polystyrene resin” (sic) by bacteria and protists (unicellular organisms with both plant and animal characteristics).  The experiments were conducted to simulate the planktonic ecosystem and associated flora and fauna of Narragansett Bay (41.5(N 71.7(W) in late summer/early autumn 1976 when fouling was maximal.  Periodic brushing (3-4 day intervals) drastically reduced protist species diversity and total protist cell density (Figure 5).  The fibreglass surface was not completely smooth at a microscopic level and shallow microcrevices contained sedimented debris and microorganisms after brushing.  Brushing effectively removed the secondary colonisers (fast-accumulating protists) and left a primary fouling film of more slowly accumulating bacteria.  The fouling rate (ng/mm2.day) with brushing was less than 4% of the rate for unrestricted fouling after 15 days.  The mechanical disruption may substantially reduce the attachment of larval invertebrates which require a substratum conditioned by microbial fouling.





Acorn barnacles at 1750 animals/m2 together with worms and algae were recorded as fouling species on the panels exposed by Short et al [59] in Plymouth Sound (50(N 4(W).  The full list of fouling organisms is given in Table 4. 





Hodgkiess et al [78] recorded an extremely thick fouling layer after “several months submergence”.  The layer included thick seaweed, other algae and animals (mainly barnacles).  The fouling layers were easily detached and there was no evidence of damage to the underlying composite.  Samples from the intertidal zone were lightly biofouled.





Plant growth is unlikely to cause deterioration of the laminate unless degradation products are released.  There may be a problem with animal fouling due to the hard shell penetrating the gelcoat or structural laminate after extended times.  No literature addressing this potential problem has yet been identified.





Table 4: 


Fouling organisms from panels exposed in the intertidal region of Plymouth Sound�
�
Algae 	Myxophyceae (Cyanophyceae - blue/green)�
�
		Pleurocapsa spp. (Fuliginosa)�
�
		Symploca hynoides var.fasciculatus�
�
	Chlorophyceae (green)�
�
		Cladophora fracta (Siphonocladales)�
�
		Derbesia marina (Derbesiales)�
�
		Enteromorpha intestiralis (Ulotrichales)�
�
		Ulothrix speciosa (Ulotrichales)�
�
	Phaeophyceae (brown)�
�
		Ectocarpus confervoides (Ectocarpales)�
�
		Ectocarpus fasciculatus (Ectocarpales)�
�
	Rhodophyceae (red)�
�
		Porphyra linearis (Bangiaceae)�
�
		Porphyra umbilicalis (Bangiaceae) �
�
Fauna	Phylum Annelida (worms)�
�
		Pomotoceros triquetes�
�
	Phylum Arthropoda�
�
		Balanus Crenatus (acorn barnacles)�
�



Wagner et al [85] examined fibre-reinforced polymer composites for susceptibility to microbiologically-influenced degradation.  Composites, resins and fibres were exposed to sulphur/iron-oxidising, calcerous-depositing, ammonium-producing, hydrogen-producing and sulphate-reducing bacteria (SRB) in batch culture.  Surfaces were uniformly colonised by all physiological types of bacteria.  However, the microbes preferentially colonised surface anomalies including scratches and fibre disruptions.  Epoxy and vinyl ester neat resins, carbon fibres and epoxy composites were not adversely affected by the microbial species.  SRB degraded the organic surface coating on the glass fibres.  Hydrogen-producing bacteria appeared to disrupt bonding between the fibres and vinyl ester resin and to penetrate the resin at the interface.





7.8	Cavitation erosion


Cavitation is normally due to the rapid formation, growth and subsequent collapse of bubbles or cavities in a liquid.  These vapour bubbles are formed and grow when the local pressure falls below the vapour pressure in the liquid at the ambient temperature.  When the liquid pressure exceeds this vapour pressure, the resulting bubbles collapse.





Brennen [86] describes the bubble collapse in a quiescent fluid as a developing spherical asymmetry with a rapidly accelerating jet of fluid entering the bubble from the side furthest from the adjacent rigid wall.  The re-entrant microjet achieves very high speeds such that its impact on the other side of the bubble generates a shock wave and thus a highly localised shock loading of the nearby wall.  After the microjet disruption, the collapse of the remnant cloud of bubbles to its minimum gas/vapour volume generates a second shock wave which may impose two-to-three times the surface loading from the microjet.  The microjet may be substantially modified and reduced by flow (eg rotation due to shear).  Brennen notes “that a bubble, collapsing close to a very flexible or free surface, develops a jet on the side closest to this boundary, and, therefore, travelling in the opposite direction”! (Figure 6).





Cavitation causes numerous problems notably high noise levels and severe vibration.  Cavitation can be suppressed [87] by 





increasing the system pressure, 


reducing flow speeds, 


staged dissipation of the energy, 


lowering the temperature, 


introducing air into the flow, or 


redesigning the system.





Cavitation erosion damage can be defined as a loss of material from a solid surface due to the collapse of cavitation bubbles close to that surface.  It is important that cavitation erosion damage is considered in the design of any marine composite structure, especially in hydrodynamic applications such as stern gear (propellers and rudders).  There is very little published data in the literature: a search of Science Citation Index via BIDS on Maundy Thursday 1997 gave just 183 hits on ‘cavitation erosion’ for the period 1981 to 1997.





The process of cavitation erosion appears as an attrition of the surface that follows an initial incubation period [88].  The condition of the initial surface influences the sites at which damage starts and from which it subsequently grows.  The process may be ductile (as in most metals) or brittle (as is the case of some body centred cubic metals, ceramics, coatings and hard polymers).  Mixed mode erosion has also been observed.  Allen suggests that a compromise must be struck between hardness and microtoughness in order to control wear loss.  Materials with high ductility and low elastic modulus (rubbers and elastomers) possess good resistance to cavitation erosion, attributed to their ability to store impact energy without exceeding the elastic limit [87].  However, viscoelastic materials may behave in a brittle manner when stressed at frequencies above the relaxation time.





The response of a specific material to cavitation attack is determined by the dynamics of the collapsing bubbles and their interaction with the solid material boundary. In a cavitating fluid, bubble dynamics are extremely complex and continue to be the subject of considerable debate.  Comprehensive reviews on the subject can be found in Knapp et al [89], Morch [90], Lauterborn [91] and Prosperetti [92].





Cavitation damage has traditionally been considered to be dominated by either shock wave emission from off-boundary bubble collapse or direct liquid jet impingement from asymmetrical collapse of bubbles adjacent to the material surface.  These phenomena are both observed during the collapse of a cavitation bubble.  The majority of investigators now credit the liquid jet (water hammer) as the principal mechanism leading to fluid damage.  Further, the global pressure magnification due to the concerted collapse of a cluster of cavities has been suggested as an explanation for the damage observed due to cavitation [93, 94].  The underlying premise of the cloud collapse theory is that the first bubbles to collapse are those at the periphery of a cavitation cloud, and they in turn transfer collapse energy to the core of the bubble cluster, thus intensifying water hammer pressures.





Numerical estimates of the pressures and jet impact times when considering the cavitation cloud model vary throughout the literature.  Vyas and Preese [95] utilized a pressure transducer as a stationary wall adjacent to a cavitating ultrasonic horn and measured peak pressures of 900 MPa: one order of magnitude higher than the pressure values reported for single bubble collapse.  The duration of the measured pulse peaks were greatly extended, on the order of 5 microseconds within the 50 microsecond oscillation period of the horn, implying the growth of bubbles over several cycles of horn oscillation.





The literature which does exist for the erosion of polymer composites is primarily from rain erosion studies of composite aircraft materials.  Analogies have been drawn between cavitation and liquid impingement processes on metallic materials: both involve extensive structural damage early in the incubation period as a result of short-term shock pulses.  Further, the deformed surfaces of materials which are subjected to both processes are very similar and the methods used to improve their performance are similar [96].  Polymer composites subject to liquid impingement have been studied with more or less predictable results [97] in respect of the parameters influencing erosion resistance: resin composition, fiber volume fraction and orientation, porosity, and thermal conductivity were all found to affect performance.





Since opening in 1981, the National Aquarium in Baltimore - Maryland has used 27 composite pumps to circulate seawater.  The pumps have operated continuously except for 3-4 maintenance periods.  The pumps were inspected by US Navy engineers after five years of continuous operation and pump-casings, impellers and other GRP components were found to be free of corrosion, erosion and cavitation damage [24].





A study of E-glass/PVC foam sandwich panels [98] ranked this composite above stainless steel in cavitation resistance.





Saetre [99] has reported experiments in which cavitation erosion has been identified in GRP pipe bends guiding seawater at around 10 m/s and at pressures of less than 1 bar.





Hammond et al [100] examined the cavitation damage resistance of fibre-reinforced polymer matrix composites before and after seawater immersion using a modified ASTM G32 method: a stationary specimen was placed beneath a Ti-6Al-4V tip oscillated at 20 kHz with an amplitude of 25(m.  The materials studied were:


E-glass/5920 epoxy resin


Scotch Ply 1002 glass/epoxy


AS4 carbon/APC-2 polyetheretherketone thermoplastic matrix, and


IM7 carbon in 977-2T thermoplastic toughened epoxy resin





For both dry and saturated conditions, the IM7 composite performed best and the AS4 was the least resistant to damage.  The damage resistance of the E-glass and AS4 immersed specimens decreased whilst the Scotch Ply improved with immersion.  The IM7 was not affected by immersion.  The topography of the damaged surfaces had a considerable influence on the subsequent erosion behaviour.





Lindheim [87] pointed out that the ASTM G32 standard has some disadvantages, notably that it is difficult to relate important test parameters (ie frequency and amplitude) to real life values such as static pressure and flow velocity.  Also, the bubble sizes are smaller and the pressure gradients differ from those in hydrodynamic cavitation.  Lindheim used the rotating disk test method to measure the cavitation erosion performance of various E-glass reinforced laminates:





filament wound black pigmented 80 w/o roving in Epicote 827epoxy


filament wound 70 w/o 1200 tex roving in Epicote 828/MDA epoxy


hand-laid/pressed 70 w/o 0/90( roving in Epicote 828/MDA epoxy


filament wound 75 w/o 4800 tex roving in Derakane 411-45 vinyl ester


hand-laid/pressed 69 w/o 0/90( woven roving in Derakane 411-45 vinyl ester 


resin transfer moulded 70 w/o (45( unidirectional in Derakane 411-C50 vinyl ester


resin transfer moulded 68 w/o (45( unidirectional in Derakane 411-C50 vinyl ester


continuous wound 43 w/o and 26 w/o chopped strand mat in BASF P69 polyester resin





The GRP generally showed higher cavitation erosion rates that 6Mo-steel, titanium and high-density polyethylene.  Damage incubation times for GRP ranged from a few minutes to almost two hours.  No detectable erosion loss was recorded for the other three materials after more than twenty hours.  However, the author cautions that there are no scaling methods available to relate the high-intensity accelerated cavitation test results to in-service performance.








7.9	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 composites are insulators and in consequence the electrochemical corrosion is negligible.  However, graphite acts as a noble metal, lying between platinum and titanium in the galvanic series [101].  Carbon fibres have a structure which is essentially turbostratic graphite (the layers have a greater spacing and unevenness than pure graphite) and in consequence exposed carbon fibres adjacent to structural metals in the presence of seawater will create a galvanic corrosion cell.





Hack and Macander [102] conducted a study to quantify the cathodic efficiency of a cross-plied low modulus carbon fibre/epoxy composite.  The composite surfaces were made electrically conducting by belt-sanding to expose the fibres.  The weight loss of sacrificial zinc anodes was monitored in static seawater and seawater flowing with a velocity of 10 m/s for up to 270 days.  The corrosion rate and current demand were similar for the carbon composite and the nickel-aluminium bronze reference material.  The graphite-epoxy specimens gained weight (maximum 0.4%) during testing due to water absorption and build up of a thin whitish deposit presumed to be calcerous material (see Tucker below).  Air-drying reduced the weight gain to 17-28 mg (from 15-70 mg).  The authors did not consider the possibility of leaching damage resulting in weight loss, in spite of the higher weight of the dried material above!





Tucker [103] coupled CFRP composites (hand-laid 26% fibre unidirectional prepreg tape in vinyl ester resin and autoclave-cured 72% cross-plied Union Carbide T300 in Narmco 5208 epoxy) to mild steel immersed in seawater for intervals up to three months.  Both composites exhibited “dramatic weight gains” when coupled to the steel under seawater, which was attributed to the growth of aragonite (a form of calcium carbonate) crystals on the surface of the composite materials. Calcium carbonate occurs in natural seawater at 0.01M concentration and is supersaturated by about 20% at pH 8, but requires a nucleation site  Blister formation was evident in the vinyl ester composite after three weeks, and occurred in a regular pattern which coincided with the light glass weft in the unidirectional tape. All uncoupled strained samples gained approximately the same weight as uncoupled unstrained samples soaked in seawater.  All epoxy samples and the vinyl ester samples not coupled to the steel but strained and soaked under otherwise identical conditions displayed neither crystals nor blisters.  





Initial data [104] from coupling the vinyl ester composites to aluminium indicated that rapid blistering of the composite and rapid corrosion of the metal occurred, as might be expected given their separation in the galvanic series.  Blisters formed in the polymer where the undulating glass-fibre weft repeatedly approached the exposed surface and had a pH of 10-11.  The degradation mechanism was suggested to be cathodic reduction of dissolved oxygen to form hydroxyl ions which react with components of the composite to form an osmotic cell.





Tucker [105] found that carbon fibre composites acted as an extremely efficient cathode when coupled with metals in seawater.  Deep submergence introduced the potential for increased moisture uptake through damage dependent mechanisms.





Stafford et al [106] studied the effect of electrolysis on graphite fibre/polymer matrix composites used as electrodes in simulated seawater.  The electrochemical behaviour was a function of both the fibre orientation and the matrix polymer.  Cathodic performance was found to be stable.  Anodic behaviour was affected by geometric considerations caused by fibre orientation as well as by containment in a polymer matrix.  The anode showed signs of interfacial attack, after 30 minutes at an apparent current density of 25 mA/cm2, with a reduction of ~15% in the average fibre diameter.  This was attributed to a combination of chemical and electrochemical graphite oxidation and cavitation due to oxygen and chlorine evolution.  In similar composites with fibres parallel or perpendicular to the solution interface, the parallel orientation failed very rapidly as it presented the greatest fibre-resin interfacial area to the solution.  The composite with perpendicular fibres decayed most slowly.  Comparisons were also conducted between five matrix systems (PA: nylon, EB: epoxy-butadiene, Ep: epoxy, UPE: unsaturated polyester and PPS: polyphenylenesulphide) with random fibres.  The PA failed most rapidly.  EB and UPE showed rather poor voltage stability.  PPS survived for the longest duration.





Donnellan and Cochran [107] conducted controlled electrochemical experiments to elucidate the reaction mechanism in galvanic degradation of carbon/bismaleimide (BMI) composites in electrical contact with aluminium alloy.  Degradation progressed by surface cracking and removal of the gel coat exposing the fibres.  Two levels of salt concentration (0.1% and 3.5%), pH (7 and 11), temperature (25(C and 83(C), current density (40 and 160 (A/cm2), duration (1 and 4 days) and aerated or deaerated water were used.  Significant degradation was associated with high temperature, high current density and long durations.  Oxygen concentrations were not a significant factor.  Work by BASF reported in the same paper suggested that oxygen was required for degradation.  Scrim cloths of glass/BMI dramatically reduced corrosion currents.  Polysulphide sealants and polyurethane coatings effectively reduced degradation rates, especially when edges were covered.





Alias and Brown [108] identified two types of damage in carbon fibre/vinyl ester composites (the same materials as described by Tucker and Brown) after long-term galvanic coupling in seawater.  After 90 h exposure in simulated seawater (3.5% NaCl) at -0.65V (SCE: standard calomel electrode) regions of polymer surface dissolution were found above the carbon fibres.  After 720 h, blistering was found again at high points in the glass weft accompanying the dissolution.  A potential of -1.2V (SCE) resulted in the carbon fibres becoming exposed after the covering polymer layer was rapidly removed and carbon fibres were floating in the solution after 30 h exposure.  The simulated testing accurately reflected long-term surface damage from galvanic marine exposure in seawater.





Alias and Brown [109] reported further work on carbon/vinyl ester composites in 3.5% NaCl and carbon/epoxy composites in 0.5 N NaCl.  Measurements were conducted for up to 90h for open circuit and applied cathodic potentials of -100 mV (SCE) and up to 30 days at potentials of -1200 mV (SCE), with intermediate tests at -300, -650 and -900 mV(SCE).  Both composites suffered severe damage at potentials more cathodic than -650 mV (SCE) suggesting hydrogen production (which occurs at -626 mV (SCE) in pH 6.5) in combination with the cathodic potential by direct reduction of the polymer.  Vinyl ester exhibited blistering followed by regularly spaced local removal of the polymer.  Epoxy exhibited a uniform pattern of porosity.





Sloan and Talbot [110] cathodically coupled 26-ply quasi-isotropic T300/934 carbon/epoxy composite coupons to magnesium in natural Pacific seawater at 40(C for 140 days.  In the uncoupled state in tapwater or natural seawater, the moisture uptake was ~0.85% and calcerous deposit was 0.14% and 0.36% respectively.  For the coupled materials, the moisture uptake was ~1.3% and calcerous deposit was 16%.  There was some leaching loss from the coupled material.  The shear strengths in four point bend tests showed negligible degradation for the soaked samples, but a 30% reduction was measured for electrically coupled materials.  This reduction was correlated to delaminations reducing the effective specimen width by 20-40%.  Fourier transform infra-red (FT-IR) analysis of the damaged epoxy suggested that phthalate linkages (934 includes 11.2% diglycidyl ortho-phthalate to lower the viscosity and improve fibre wet-out) within the cured polymer structure had been disrupted, most probably by nucleophilic attack by hydroxide ions in the high pH environment.  Note that most marine grade polyesters are based on phthalic acid precursors and thus are likely to be more prone to this form of degradation than epoxies when within cathodically protected systems.





Sloan and Talbot [110] reported a study of anodic exposure of autoclave cured 30-ply unidirectional AS-4/3501-5a carbon epoxy laminates in unaerated 0.5M pH7 NaCl at ambient temperature against a platinum counter electrode.  Crack formation was observed at potentials above 600 mV (SCE) at currents as low as 1 (A/cm2.  Discolouration (yellowish brown) of the electrolyte was observed at potentials above 900 mV with both the carbon/Pt and Pt/Pt electrode systems.  The reinforcement fibres were attacked by atomic oxygen which is an intermediate in the oxygen evolution reaction.





Chukalovskaya et al [111] studied the corrosion behaviour of steel, stainless steel, brass, titanium and aluminium alloys in contact with 60 v/o carbon fibre reinforced phenolic resin in a variety of aqueous solutions including simulated seawater (25 g/l NaCl, 3.4 g/l MgSO4, 2.1 g/l MgCl2, 1.3 g/l CaCl2 and 0.2 g/l NaHCO3) at 30(C and 50(C.  The behaviour was predicted by combining the potential-current density curves for CFRP cathodes and the corresponding metal anode.  Corrosion enhancement was noted below a critical value of Sc/Sm (the ratio of the surface areas of the composite and metal respectively) and passivation above the critical value.  [Sc/Sm]cr is defined as the ratio of the critical metal passivation current density (anodic curve maximum) to the composite cathodic current density at this passivation potential.  The brass/composite cells were unable to anodically passivate in seawater and corrosion increased with increasing Sc/Sm ratio.  At 25(C, the stainless steel/composite and titanium/composite cells were steadily passive and increasing Sc/Sm ratios should enhance the passivity.  Stainless steel/composite and aluminium/composite were susceptible to anodic activation and, in particular, to pitting.  This is especially detrimental for aluminium.  Aluminium in seawater is passive [Ec = -0.62V and K (60 mg/(m2h)].  After making contact, the electrode potential of aluminium rises rapidly to a stationary value of -0.45V and the pitting corrosion mass loss increases to 350 mg/(m2h).  The actual behaviour of this cell is in good agreement with the prediction from analysis of the polarisation diagrams (Figure 7).  At normal temperatures, the potential for local anodic activation of the stainless steel is higher than the free corrosion potential of the composite and their contact causes no damage.  At elevated temperatures, stainless steel/composite contact becomes dangerous because of pitting.





Thermoplastic matrix composites have not yet featured significantly in this review.  The hydrophobic (low water absorption materials such as the olefinic polymers) thermoplastics may be more suitable than thermosets for use in marine applications.  However the engineering thermoplastics, notably polyamides and polyesters, have significant moisture absorption rates (as noted by Stafford above).





Pakalapati et al [112] subjected pultruded 50 v/o unidirectional continuous PAN-based carbon fibres in DuPont J-2 aromatic polyamide based thermoplastic matrix composites to anodic and cathodic currents in seawater.  Dynamic mechanical analysis conducted in-situ was used to measure the shear storage modulus (G’) and shear loss modulus (G”) of 1.27 mm diameter rod shaped samples subjected to small amplitude torsional oscillations.  The moduli were constant with time in air and submerged in seawater in the absence of applied currents.  A constant anodic current (density 4140 (A/m2) for 2 h caused both moduli to fall to (45% of the initial value (Figure 8).  A cathodic current of the same density and duration caused the moduli to fall to (63% of the initial value (Figure 9).  The moduli remained at these low levels after the current was turned off.  Scanning electron microscopy revealed matrix cracking after anodic current exposure and fibres separated from the matrix after cathodic current.  Calcerous deposits were noted on the surface of the cathodically polarised composites (as seen earlier by Tucker and Brown).





7.10	Summary





Fibre-reinforced composites have the potential to provide extended service in the marine environment.  However, it is essential that all the constituents of the material are selected carefully to avoid the inclusion of hygroscopic/hydrophilic components.  Careful control of the manufacturing process is likely to improve the durability of the composite.  There exists the potential for dangerous corrosion cells to be set up where exposed carbon fibres are electrically connected to metals. 
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