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ABSTRACT: Thispaper presentsresultsfrom astudy of the wet aging of four thermoset
resins and their [0°/90°] stitched glass fibre reinforced composites. The matrix resins are
orthophthalic polyester, isophthalic polyester, vinyl ester and epoxy. Resins and compos-
iteswere aged for 18 months, under threeimmersion conditions: 20°C seawater, 50°C sea
water and 50°C distilled water. Tensiletests, on resinsand at 45° to fibre direction of com-
posites, both before and after aging enabl e the influence of matrix resin and aging medium
on weight changes and matrix dominated property degradation to be evaluated. This has
enabled aunique dataset to be obtained. A large part of the shear property lossafter agingis
recovered after drying. An original application of damage mechanics parametersisused to
quantify the changes in composite shear behaviour, in order to provide a more complete
representation of the inelastic response.

KEY WORDS: marine, aging, immersion, seawater, thermoset, glassfibre, damage me-
chanics.

INTRODUCTION

ARINE STRUCTURES HAVE traditionally employed large amounts of polymer
matrix composites, with applications ranging from pleasure boats to subma-



rines[1-3]. The use of compositesin amarine environment isincreasing, both for
naval construction and also for offshore and oceanographic purposes|4,5], and the
applications are becoming moreweight sensitive. Thisisleading to aneed for opti-
mized design and thinner structures, so that factors such asenvironmental degrada-
tion can no longer be neglected. Much work has been published on aging, particu-
larly of high performance material s destined for the aerospace industry [6,7]. Such
studies are of interest but not directly applicable to marine composites for several
reasons.

First, thematerialsarerather different. Thefibresused to reinforce marine com-
posites are mainly E-glass. Carbon fibres have rarely been used outside racing
yachts but their decreasing price will probably result in more applications in the
future. Marine composites generally have lower fibre volume fractions (closer to
30% than 60%), are produced by hand lay-up and impregnation rather than from
prepreg, and are based on low temperature cure resins. The glass transition tem-
perature of the matrix resin istherefore often below 80°C, so that the possibilities
of accelerating aging by increasing the temperature are limited.

The second difference between marine and aerospace compositesistheir work-
ing environment. For aerospace applicationsthe most frequent environmental test
involves exposure to 100% relative humidity and atemperature of 93°C. The ma-
rine environments are sea water immersion and exposure to tidal splash zones or
seamist.

Thedesigner of marine structures requires an appreciation of how different ma-
terials will respond to the marine environment over long periods of time. It is
rarely possible to perform long tests at sea, so accelerated laboratory simulations
are employed in conjunction with experience gained from previous designs. Dis-
tilled water is more readily available than sea water in test laboratories so in the
majority of published studiestheformer isused asthe aging medium. Few authors
havedirectly compared the influence of seawater aging on the mechanical behav-
iour of compositeswith that of distilled water. Lagrange et al. compared diffusion
kinetics for different glass reinforced polyester compositesin the two media and
noted an increase in water uptake for samplesin distilled water but similar initial
diffusion rates[8]. Grant also noted higher weight gainsin vinyl ester composites
after threemonthsin distilled water when compared to the sameperiod in artificial
seawater [9].

Many of the reported aging studies involve elevated immersion temperatures
(often 70°C or more) and quite short immersion periods (afew daysor weeks). For
example, Apicellaet al. examined polyesters and their glass mat reinforced com-
posites at 20 and 90°C for up to 50 days [10]. Little long duration aging data is
available but an exception isastudy by Gutiierrez et al., who present brief details
of acorrelation between 70°C laboratory aging and 30 year natural aging results
[11]. Choqueuseet al. presented moredetail ed resultsfrom a2 year distilled water
aging study at four temperatures (5, 20, 40 and 60°C) [ 12]. Weitsman summarized



wet aging studies of compositesrecently [13] and concluded that although current
predictive methodol ogies are adequate to account for sorption mechanisms they
are not ableto tackle durability and strength. Pritchard and Speake did manage to
usewater absorption datato predict polyester laminate property changes, but onan
empirical (curvefitting) basis[14]. The mechanical parameters generally used to
characterize degradation due to aging are tensile and flexural modulus and
strength, and interlaminar shear strength. These values are then used to introduce
safety factorsinto different aspects of design. However, the useful stressrangefor
compositestructuresislimited by the appearance of damage. If structuresareto be
optimized for long term use at seait istheinfluence of the environment on damage
initiation and growth which must be quantified. These are also the parameters
which need to be taken into account in materials selection but few data are avail-
able on which to base comparisons.

There have been some attemptsto study how resistanceto delamination of glass
reinforced composites evolveswith aging timein water. For example, Kenig et al.
[15] and Pomiés et al. [16] studied the changes in shear fracture toughness G,
with aging timein water. However, delamination isonly one of the potential dam-
age mechanisms. Microcracking and distributed damage may al so occur and dam-
age mechanics theories have been developed to characterize these mechanisms
[17]. The main assumption is that the response of a damaged layer, at any load
state, can be expressed in terms of elastic moduli degradation and inelastic strains
due to damage and/or matrix plasticity, as shown in Figure 1. Degradation of the
elastic moduli isexpressed in terms of damage parametersthat are functionsof the
associated thermodynamic forces. The modulus degradation parametersareinter-
nal variables, and the thermodynamic forces are the corresponding associated
variables. The micro-level damage mechanismstaken into account are matrix mi-
cro-cracking, fiber debonding and fiber fracture. They arenot identified explicitly
inthe mesoscal e damage model; damage evolution isidentified on the experimen-
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Figure 1. Schematic inelastic stress/strain response of damaged composite.



tal stress-strain curves. Asdamage occurs, the material |oses stiffnessand exhibits
nonlinear, inelastic response with permanent strains after unloading. Very little
work has been performed on marine composites to eval uate the variation of dam-
age parameters with aging, so far this approach has been mainly applied to high
performance aerospace composites.

The aims of the present study are the following:

® toexaminetowhat extent distilled water accel erated aging can be used to simu-
late the behaviour of typical marine compositesin sea water

® to examine how the shear behaviour of compositeswith different matrix resins
is affected by aging

® toassesstheapplicability of damage mechanics parametersto follow wet aging
of marine composites

To achieve these objectives it was necessary to produce alarge number of speci-
mens at the sametime from the sameresin and fibre batches, to agethemand to re-
cord their weightsfor along period of time (over 18 months) and then to test their
mechanical properties.

MATERIALS STUDIED

The materials studied here were chosen to represent the four most popular
classes of resins currently used in marine applications:

¢ orthophthalic polyester (115 PA from Scott Bader), catalysed with 1.5% wt.
MEKP (methylethyl ketone peroxide)

e jsophthalic polyester (491 PA from Scott Bader), catalysed with 1.5% wt.
MEKP

* vinyl ester (Atlac 580 from DSM)

* DGEBA epoxy (SR1500 from Sicomin, amine hardener 2505)

Cast plates of the four resinswere produced in 4 mm nominal thickness. Dogbone
tensile specimens (form M1, ASTM 638M) were machined from the plates. Com-
posite panelswere produced by hand lay-up in atemperature (20°C +/-2) and hu-
midity (50% RH +/-5) controlled workshop at IFREMER in Brest. Thereinforce-
ment was six layers of 0°/90° stitched fabric (reference LT600 from Sicomin SA,
areal weight 566 g/m?). The fibres are E-glass and their size is multicompatible.
Vinyl ester and epoxy resin and composite panel swere postcured after fabrication
according to suppliers' recommendations at 90°C for 6 hours. The polyester pan-
els were not postcured, as thisis not done in practice, but the period of time be-
tween fabrication and immersion was at least 6 months. Dynamic mechanical
analysis was performed on resin and composite samplesin flexurein order to de-
termine glasstransition temperatures (Tg). Samples 35 mm by 10 mm were heated
inaTA Instruments DMA 2980 at 5°C/minute and tested in single cantilever beam
mode, the T, was defined asthe temperature corresponding to the peak |oss modu-



Table 1. Materials.

Resin Composite

Fibre Mass
Cure Thickness, Content
Reference Matrix Condition Ty, C° mm (Burn-Off) %
ORTHO Orthophthalic Air 6 months 117 4.2 57 £ 1
polyester 108 4.8
ISO Isophthalic Air 6 months 117 4.1 59 + 1
polyester 111 4.6
VINYL Vinyl ester 6 h 90°C 141 4.2 53 + 1
142 5.4
EPOXY Epoxy 6 h 90°C 99 5.0 56 = 1
97 5.1

lus. Thisisan arbitrary definition but iseasier to identify fromthemeasured curves
than changes in storage modulus. Fibre fraction was determined by burn-off at
500°C for 6 hours. Table 1 shows results.

AGING CONDITIONS

In each case two of the mechanical test specimens were used to follow weight
gain. Specimens were cut before aging, dried for 48 hours at 50°C, weighed and
placed in water. Immersion baths were kept at temperature to within +/—2°C. Ac-
celerating temperature was chosen as50°C. A rule-of-thumb indicatesthat a10°C
riseintemperature causesadoubling of diffusionrate, so thiswasexpected to cor-
respond to an eight-fold accel eration compared to 20°C aging. Hence an 18 month
immersion might be used to simulate a12 year servicelife. Thiswill be discussed
below. The 50°C bath contained both the distilled water and the natural seawater
specimens, thelatter inaplastic container to avoid corrosion, so both sets of speci-
mens underwent exactly the sasmetemperature cycles. The seawater wastaken di-
rectly from the Brest Estuary. Water was changed twice during the 18 month im-
mersion. Specimen weight was recorded by removing specimens from the bath,
wiping the edges and faces, weighing on a Sartorius balance and replacing in the
bath. After immersion specimenswereremoved from the bathsand tested immedi-
ately in the wet condition, as this corresponds closest to in-service conditions.
However, in order to examinethereversibility of the aging phenomenasomeresin
and composite specimens aged in sea water were dried in an oven for up to six
months at 50°C and their desorption curves were recorded.

MECHANICAL TESTING

The mechanical tests performed were of two types, tensileloading for theresins



and shear loading, viaatensile test on specimens cut at 45° to the fibre direction
(ASTM 3518) on the composite.

Resintestswere performed on an Instron 10 kN capacity test frame. For most of
the resin specimens the tensile elongation was measured with a conventional
clip-on strain gauge extensometer, but for some tests a non-contact video
extensometer was al so used to avoid introducing stress concentrations. Crosshead
displacement rate was 1 mm/minute.

Composite specimenswere 20 mm wide and 250 mm long. They were clamped
inMTShydraulic gripsin a200 kN capacity Roell & Korthaustest machine. Lon-
gitudinal extension was measured by both the machine extensometer andan MTS
clip-on biaxial extensometer. Thelatter also recorded transverse strain. Four com-
posite specimens were tested for each condition (although several additional
unaged specimens were tested initially to establish the loading cycle levels). The
first specimen for each condition was|oaded continuously to failure. Thethreere-
maining specimenswereloaded with load-unload cyclesat 75 and 90% of thefail-
ure load of thefirst specimen in order to study the damage parameters, as will be
described below. Crosshead displacement rate was 2 mm/minute. All the
force-strain data were recorded using a Solartron “ Scorpio” data acquisition sys-
tem for subsequent analysis. The 45° tensile test was selected to follow changes
with aging asit gives an indication of properties which are sensitive to both resin
and interface performance. Thistest has been the subject of much discussion since
itsintroduction by Rosenin 1972 for shear modulusmeasurement [ 18]. Thereisno
completely satisfactory test for the determination of both shear modulus and
strength, and several alternatives have been proposed for the latter [19]. The 45°
tensiletest offersease of fabrication and generally producesreliable modul us data.
Fromthestress-strain curvesrecorded, anin-plane shear modulus, G5, wasevalu-
ated using the slope of the shear stress (half the tensile stress) vs. shear strain (lon-
gitudinal strain minustransversestrain) curve over the shear strainrangefrom 0to
0.2%. A shear strength t,, was taken as the maximum stress, though it is recog-
nized that the specimen failure does not result from pure shear so these values are
labelled as “apparent shear strength.”

DAMAGE MECHANICSANALYSIS

The damage mechanics approach isintroduced briefly. The procedure used to
determine the damage mechani cs parametersis described in the Appendix, where
a detailed example is given. Further details are available in References
[17,21-26]. The subscripts 1 and 2 designate the fiber direction and thetransverse
direction of the elementary ply respectively. The developments of the model are
based upon theclassical laminatetheory in aplanestressstate. Theinitial valuesof
moduli (Figure 1) areindicated EC. In the direction of the fibers, the behaviour is
linear and brittle. In shear, progressive damage generatesanon-linear behaviour.



Effective Stress and Response

The effective stresses are the stresses acting over the damaged area that effec-
tively resiststheforces. Inageneral case, any stresscomponent c; can be affected
by a damage parameter d; ranging from 0 (undamaged state) to 1 (macroscopic
damageor failure). Here only the shear stressisaffected by thedamagevariabled:

~ _ O
O = —(1_ d) 1)

The principle of strain equivalence states that “ any deformation behaviour of a
damaged material isrepresented by the constitutive laws of the virgin material in
which the usual stressisreplaced by the effective stress.” Thus, the elastic consti-
tutive equationsfor thedamaged material in planestresscan bewritten asfollows:

e _ C12 2
12 ZGPZ 1_ d) ( )

From Equation (2), we see that the damage parameter d isthe internal variable
representing the reduction of the shear modulus:

G, = G(1-d) (©)
Thermodynamic For ce and Progressive Damage Evolution Law

The thermodynamic force, Yy, associated with the internal damage variable d
can berelated tothemean value of the strain energy density Ep by thepartial deriv-
ative, then in terms of the stress component and damage variable:

b

" 2650 dy “

Yq

In order to describe the evolution of damage a relation between d and Yy is re-
quired. Damagewill grow as Yyincreases, but no further damagewill occur for any
value of Y4 below aprevious maximum value already reached. In the damage the-
ory, thedamage evolution law isamaterial property. Several modelswere applied
and the best fitting law for our particular application iswritten in the form:

d=AY) -Y")  withn=025 (5)

where A isthe non-zero damage evol ution parameter determined from experimen-
tal results.



Inelastic Strains Coupled with Damage and Evolution Law

Asdepictedin Figure 1, thetype of composite studied here exhibitsanon-linear
response when stressed beyond some elastic limit stress, o¥. When the material is
completely unloaded from a stressin excess of thislimit, there areinelastic (per-
manent) strains eP. As glass fibres exhibit alinear, elastic response, plasticity ef-
fects are associated with the matrix, and are most significant under a shear stress
state. Theformalism for theinelastic strainsisthat of classical plasticity, with an
elastic domain function depending on the current effective stress 6,5, and the ac-
cumulated effectiveinelastic strain p; based upontheuseof theeffectiveinelastic
shear strain rate &f5:

p=2¢, with & =¢b@-d) (6)

p can also be expressed in the form:

o ehr p
p=J ?2(- d)def, @
For no (or negligible) inelastic strainsinthefibre direction and inthetransversedi-
rection, the elasticity domain function is defined by:

f(c,R) =61, -R(P)-R, <0 8

where R(P) isafunctionof p. R(p) isthelimit of the elastic domain expressed as
an effective stress (c1,/(1—d)). Inthe simplified model used here R, is set to zero.
A typical result from previous applications of thisDamage Theory on glass/epoxy
composites is expressed as follows, where 3 isamaterial parameter [25]:

R(P) = By/P ©)

RESULTS
Resin Weight Gain

The weight changes of resin specimens are shown in Figure 2. Weight gains
were measured on two specimensin each case. The aging period in seawater isat
least 18 monthsfor all but the orthophthalic polyester, all the20°C specimenswere
left for threeand ahalf years. These plots show anumber of features. First, theres-
ins are quite “well-behaved” at 20°C. In general they show near-Fickian behav-
iour, all except the epoxy reaching akneefollowed by aslowly increasing plateau
region within 6 monthsat thistemperature. The epoxy weight isstill increasing af -
ter 18 monthsat 20°C, but after 42 monthsweight gainshave stabilized. Increasing
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Figure 2. Resin weight gains: (a) orthophthalic polyester, (b) isophthalic polyester, (c) vinyl
ester and (d) epoxy.
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thetemperatureto 50°C increasestherate of weight gain asexpected for all resins.
Thetimetoreachagivenweight gainintheinitial linear regionisreduced by afac-
tor of 6to 12 for the polyesters, about 6 for the vinyl ester and about 12 for the ep-
oxy. Table 2 showsinitial slopes. Theweight gainsat 50°C are similar for seawa-
ter and distilled water, the latter being reached dlightly faster, and the plateau
levels reached were slightly higher in distilled water tests when these specimens
were removed after 3 months. The 50°C sea water orthophthalic polyester tests
were also stopped but the measurements continued on the other three materials.
Removing the specimens, after 18 monthsin 50°C seawater, theisophthalic poly-
ester has started to degrade and weight isincreasing rapidly. Thevinyl ester speci-
mens appear to have stabilized at a slightly higher saturation level in seawater at
thehigher temperature, with respect tothe 20°C value, but theweight gainsarelow
for thismaterial so differences are quite small.

One specimen of each resin aged in seawater at 20°C for 42 months was then
dried in an oven at 50°C. The desorption curves are shown in Figure 3. The
desorption rates are very similar to the absorption curves at 50°C. The polyesters
andthevinyl ester returntotheir initial weight after 1 month, whilethe epoxy takes
rather longer, around 4 months. These plots suggest that at thistemperaturein sea
water there is no significant degradation of any of the resins after three and a half
years immersion.

Composite Weight Gain

Figures 4(a)—(d) show the weight changes of the composites for the three im-
mersion conditions. A number of observations may be made. First, the behaviour
inseawater at 20°Cisreasonably consistent with the unreinforced resin behaviour
under these conditions, but all the accel erated tests show anomalies. In the case of
the polyestersthese may berelated to degradation, but it is apparent that thereisa
very significant difference between distilled water and sea water in terms of

Table 2. Initial diffusion rates [M% X thickness in
mm/root time (hours)] for resins/(composites) in 50°C
distilled water (DW) and natural sea water (SW)

at 20°C and 50°C.
ORTHO ISO VINYL EPOXY
20°C SW 0.10 0.10 0.09 0.09
(0.09) (0.15) (0.07) (0.12)
50°C SW 0.25 0.34 0.21 0.30
(0.17) (0.21) (0.09) (0.20)
50°C bw 0.38 0.34 0.22 0.33

(0.21) (0.22) (0.08) (0.23)
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Figure 3. Drying of resins at 50°C after 42 months aging at 20°C SW.

weight gain for all the materials. The effect of large salt ionsin blocking diffusion
passages may be partly responsiblefor thisdifference but it has significant conse-
guences for the use of distilled water aging to simulate the marine environment.
For example, aging of isophthalic polyester in distilled water resultsin a second-
ary weight gain increase after about a month which is not observed in sea water
even after 18 months. Similar dramatic increasesin weight are noted for the vinyl
ester and epoxy compositesafter oneto three monthsat 50°Cindistilled water. As
Figure 2 shows no evidence that these two resins might degradein this period this
suggeststhat it is the fibre-matrix interface which is more susceptible to distilled
water than to seawater. Use of distilled water asan “accelerating” factor to simu-
late service in a marine environment is therefore producing an effect which will
not necessarily be found in amarine environment. The influence of the aging me-
dium on mechanical property degradation will be discussed below.
Itisalsointerestingtolook at the desorption curvesduring drying for onemonth
at 50°C of four other specimens of each composite which had been aged for 18
monthsin seawater at 50°C (Figure 5). Error barsindicating maximum and mini-
mum valuesare shownto give anideaof scatter, whichwasvery low in most cases.
The residual weights after one month are very different for the four composites.
The polyesters both lose weight on drying, indicating that short molecules have
been extracted during aging and that hydrolysis has probably occurred. Thevinyl
ester composite water absorption isnearly completely reversible, whilethe epoxy
hasnot stabilized and still showsasignificant residual weight gain after amonth at

12
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Figure 5. Drying of composites in oven at 50°C, after 18 months aging in sea water at 50°C.

50°C. It isinteresting to note that the weight gains before drying for these speci-
mens, which wereleft for 18 monthsin seawater arerather higher than those of the
specimens which had been removed periodically for weighing during the 18
month period (Figure4). Thismay be dueto the presence of abiofilm on the speci-
men surfaces.

Tensile Testson Resins

Sometensiletestswere performed on unaged resin specimens. Then, for all but
theorthophthalicresin, tensiletestswere performedinair after 18 months' seawa-
ter aging (in the same 50°C tank as the composite specimens). Thesetestsgive an
indication of how the matrix properties evolve. Moduli were measured on the
same specimensbefore and after drying, tensile strengthswere only obtained after
drying. Figure 6 showstypical reference (unaged) stress-strain plots. The unaged
epoxy issignificantly moreductilethanthe other resins, ashasbeen notedinapre-
viousstudy of thefracturetoughness of these sameresin systems[20]. It should be
noted however, that the resin strength values are very sensitive to defects and
higher strength valueswere found in that previous study, particularly on thevinyl
ester, by testing smaller specimens. Figures 7(a) and 7(b) show how moduli and

15
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Figure 6. Tensile stress-strain plots, unaged resins (ortho- and iso- polyesters superpose).

strength vary after aging. The modulus of the wet polyester decreases after aging,
but after drying it is slightly higher than the reference value so presumably some
post-curing or physical aging hastaken place. Thetensile moduli of thevinyl ester
and epoxy show little effect of aging. The tensile strengths show more significant
effects. The polyester loses about 20% of theinitial value, the vinyl ester is unaf-
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Figure 7. Influence of 18 months’ sea water aging on resin properties: (a) modulus and (b)
tensile strength.
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Figure 7 (continued). Influence of 18 months’ sea water aging on resin properties: (a) modu-
lus and (b) tensile strength.

fected and the tensile strength of the epoxy, initially significantly higher than that
of the other resins, drops by about 40% after aging. However, even after aging the
epoxy tensile strength is still at asimilar level to those of the other resins, and it
should be noted that the epoxy composite has not been completely dried.

Composite 45° Tensile Tests

Thetestson compositesyield four values: (1) shear modulus, G,,; (2) apparent
shear strength, t,5; (3) damage mechanics parameter A, and plasticity parameter 3.
Examplesof reference stress-strain plotsfor each composite material are shownin
Figure8. Thehigher ductility intension of theepoxy resinisclearly revealedinthe
composite shear behaviour, while the vinyl ester reaches the highest apparent
shear strength.

SHEAR MODULUS

The values of the shear moduli for the four materials are presented in Table 3.
Figure 9 presents the percentage changes in mean values for each material as a
function of aging. The shear moduli of the four materials before aging are similar
but after aging the moduli of the polyester composites decrease significantly. Re-
sults after drying show that thisis partly reversible but a significant drop remains

17
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Figure 8. Shear stress-strain plots, unaged composites.

even after drying. The epoxy and vinyl ester composites show much smaller ef-
fectsof aging. Thereisasmall difference between aging in seawater and agingin
distilled water for the G, value, the distilled water is slightly more severe.

APPARENT SHEAR STRENGTH

The values of apparent in-plane shear strength are also shown in Table 3 and
presented in Figure 10. Once again large, partly reversible drops are noted for the
polyesters. Thereis again asmall difference between aging in seawater and dis-
tilled water. The values shown in Figures 9 and 10 and Table 3 are those most fre-
quently used to characterize the shear behaviour. However, given the very
non-linear nature of the stress-strain curves (Figure 8) the conventional parame-
ters of initial modulus and apparent shear strength are clearly inadequate to char-
acterize the changes in the material s after aging. A more compl ete description of
the stress-strain behaviour might therefore prove useful, and thisisexploredinthe
next section.

DAMAGE CHARACTERIZATION

Unaged Specimens

A first series of testswasrun on two unaged specimens of each compositein or-
der to examine the range of linearity of the specimens and to select suitable |oads
for cycling. Thisisdiscussed in more detail in the Appendix but it was clear that
cycling above astress of 20 M Pa produces measurable non-linear behaviour. The
resulting damage devel opment plotsindicated damage thresholds which are simi-
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Table 3. Mean (minimum-maximum) values of shear modulus and apparent
shear strength, composites, tensile test at 45°.

Condition ORTHO ISO VINYL EPOXY
Shear Modulus, MPa

Unaged 3600 3320 3440 3050
(3540-3630) (3260-3390) (3350-3570) (2980-3170)

20°C SW 18 mW 3080 2670 3030 2820
(3030-3180) (2550-2740) (2890-3150) (2770-2850)

50°CDW 18 mW 1730 1790 2810 2390
(1630-1810) (1750-1850) (2630-2930) (2280-2480)

50°C SW 18 mW 1790 1900 2890 2490
(1770-1840) (1860-1950) (2810-2960) (2420-2540)

50°C SW 18 mD 2630 2620 3130 2920

(2500-2760) (2540-2800) (3050-3190) (2880-2950)

Apparent Shear Strength, MPa

Unaged 45 41 53 49
(44-46) (39-42) (50-56) (48-50)
20°C SW18 mW 41 36 48 45
(40-41) (34-37) (47-48) (45-45)
50°C DW 18 m W 27 27 40 37
(26-28) (25-29) (87-42) (36-37)
50°C SW18 m W 28 28 41 38
(27-29) (26-29) (39-42) (87-38)
50°C SW 18 mD 37 35 48 44
(36-38) (33-38) (46-49) (43-45)

SW: sea water, DW: distilled water. Test conditions: W: wet, D: dry.
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Figure 10. Percentage changes in mean apparent shear strength after aging.
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lar in the four materials [Figures 11(a) and 11(b)] with avalue of Y, around 0.15
MPa, which corresponds to a longitudinal tensile stress of 20 MPa, but there are
some differencesin the subsequent damage devel opment behaviour. In particular
the higher damage and plasticity development rates of the two polyester compos-
itesare clearly revealed. Each of these specimenswas al so instrumented with two
acoustic emission transducers to establish qualitatively whether the onset of
non-linear stress-strain behaviour could be related to damage rather than
non-linear elasticity or viscoelasticity. It isclear that amuch more detailed study is
required if particular failure mechanisms are to be assigned to acoustic emission
parameters and thiswas not the aim here. However, in all materialsacoustic emis-
sion was recorded at a very early stage, from around 10 MPa axial stress, and
re-appeared when rel oading above the previous cycle maximum load value. This
does not prove that all the inelastic behaviour is due to damage but does indicate
that damage contributesto it from an early stage.

Influence of Aging

For each aging condition the first specimen wasloaded continuously to failure,
then two cyclic loading levels were applied to each of the three remaining speci-
mensto allow the damage parametersto be determined, namely 75 and 90% of the
failure load (Figure 12). All six cyclesfor the three specimens were then used in
the analysis. Figures 13 and 14 and Table 4 show the results for each material in
terms of the damage parameters A and . These results show that the damage pa-
rameter isnot significantly affected by the aging process but that the plasticity pa-
rameter B isstrongly affected. Thelower the B valuethe more plasticity occursbe-
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Figure 11. (a) Damage development and (b) plasticity plots, unaged specimens.
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Figure 11 (continued). (a) Damage development and (b) plasticity plots, unaged speci-
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Table 4. Damage parameter \ and plasticity parameter f.

ORTHO ISO VINYL EPOXY
Damage Parameter A (MPa)™'/4
Unaged 1.32 1.26 1.18 1.16
20°C SW 18 m W 1.26 1.34 1.18 1.18
50°CDW 18 mW 1.34 1.32 1.22 1.24
50°C SW 18 mW 1.38 1.34 1.26 1.24
50°C SW 18 mD 1.24 1.36 1.18 1.16

Plasticity Parameter 3, MPa

Unaged 1599 1636 1552 1569
20°CSW 18 mW 1725 1478 1646 1454
50°C DW 18 m W 1209 1217 1716 1223
50°C SW18 m W 1227 1248 1744 1339
50°C SW18 mD 1526 1323 1623 1603

fore failure. For the isophthalic polyester the reduction in B isirreversible after
drying, while for the epoxy it is completely recovered after drying for one month
[even though drying is not complete (Figure 8)]. There is again a consistent but
small difference between distilled water and seawater aging, theformer appearing
dlightly more severe. The shear behaviour of the vinyl ester compositeisthe least
sensitiveto aging and the plasticity parameter increasesslightly after agingfor this
material. Thusalthough the apparent shear strength dropsby 25% after 50°C aging
the plasticity before failure is not affected. This may have significant conse-
guences in terms of damage tolerance, and requires further study.

Thesefirst results suggest that this damage mechanics characterization can sup-
ply complementary information to the more traditional parameters used to follow
aging. Although it lengthens the test procedure slightly, even in this simplified
model form, it does allow the complete material stress-strain response to be mod-
elled, and the parameters which emerge can be integrated into a structural design
analysis[26]. Further work inthisdirectionisrequired, particul arly with respect to
the identification of the physical processes corresponding to the parameters ob-
tained, and thisis currently under way.

CONCLUSIONS
A series of resins and their composites has been aged in water to simulate ma-

rine conditions. With respect to the initial objectives of the study the following
conclusions may be drawn:

* Didtilled water aging differs significantly from sea water aging in terms of
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weight gain but intermsof the shear property changes measured heretheformer
isonly slightly more severe. The composite weight gains show several anoma-
lies, both with respect to resin behaviour and when different aging media and
temperatures are considered.

* While permanent damage is induced in the polyester composites after 18
months, the epoxy and vinyl ester shear propertiesare much less affected by ag-
ing, and property losses for these two materials are largely recovered after dry-
ing.

* A simplified two parameter damage mechanics model has been applied to char-
acterize the stress-strain behaviour based on load-unload cycles. Such models
haverarely been applied to thistype of marine composite previously, much less
tofollow aging effects. The results obtained here suggest that such an approach
provides useful information which complements the more traditional modulus
and strength parameters used to characterize material behaviour and evaluate
aging effects. This offersthe potential for amore complete characterization of

mechanical behaviour and subsequent integration into complex structural mod-
els.

APPENDIX
Example of the Deter mination of Damage M echanics Parameters

Three kinds of shear properties have to be determined: elastic, damage and in-
elastic. Damage variables and inelastic strains are measured by means of |oad-
ing-unloading cycles during atensiletest on a[+45] lay-up specimen (Figure 15).
The shear stress-strain curve (G1,€15) isobtained from the linear relation between
the longitudinal strain g, the transverse strain e and the macroscopic stress 6,
[Equation (10)].

oL € — &7

O = ? € = T 01 =26, - &pp (10)
. e
ﬂ“; 5 6
=
77
7254
s
0 I 2 3 4 5

Axial strain (%)

Figure 15. Load-unload cycles, unaged glass/epoxy (the first two cycles are not shown).
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The elastic shear modulus is measured as a linear regression of the curve be-
tween the strains 0 and 0.1%. Then, for each load cycle i, a set of the following
quantitiesis calcul ated:

® the damage variable d; characterized on the stress-strain curve by the reduction
of the elastic modulus

GJ.Z
di =1-—= 1
GIOZ ( )

¢ the thermodynamic force Yy evaluated with Equation (12) and the maximum
value of the shear stress g;

i2
013

" 2600 d)? 12

Vi

® the permanent strain silpz measured at the zero stress points after unloading
* ThethresholdvalueR,; isobtained from themeasurement of the shear stressas

R =% (13

All these values for the example above in Figure 15 are shown in Table 5. The
damage master curved =f(Yy) isshownin Figure 16. Results are shown both from
seven cycles on asingle specimen and from two cycles on each of the three other
unaged specimens.

The damage coefficient A and the threshold damage value Y, are calcul ated by a
least squarefit of the model [Equation (5)] to the experimental points. The higher
thevalueof A thefaster damageincreaseswithloading. Theresultsarein Table®6.

The construction of the plasticity master curve expressed by Equation (9) re-

Table 5. Parameters for unaged glass/epoxy.

o, ) Yai, R(p),
Cycle MPa e x 10 di MPa 2(1-dj) P MPa
1 20 1 0.02 0.14 1.97 0.0001 5
2 39 4 0.18 0.34 1.65 0.0002 12
3 49 8 0.24 0.45 1.53 0.0007 26
4 59 15 0.33 0.62 1.34 0.0013 37
5 69 28 0.45 0.89 1.09 0.0021 54
6 78 54 0.60 1.37 0.81 0.0033 85
7 88 131 0.73 2.34 0.58 0.0051 147
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Figure 16. Damage master curve for unaged glass/epoxy.

quires cumulative integration of the Rversus e, plot [25]. Indeed, plastic strains
depend on the history of loading and take the corresponding val ues of damageinto
account. Then:

e
p = [ 721 d)del, (14)

The expressions for the plastic threshold and the cumulated plastic p strain have
been established in Equation (8). The variable pisobtained from Equation (7) and
evaluated by integrating the area shown in Figure 17. The values of p are calcu-
lated and plotted on the plasticity master curve (Figure 18).

The square root model used here [Equation (9)] isthe most widespread, but the
choice of model remains controversial, as one must decide whether the low or the
high values of plastic strains are to be well fitted. Indeed, the irreversible mecha-
nismsresponsiblefor inelastic strains might change between low and high values,
particularly in atest on specimens with fibres oriented at +45°.

Heremodel 1[Equation (9)] isfitted to the experimental values. Thismodel has
been chosenfor al thetestsinthe present study of aging. Thischoiceisconvenient
for the representation of high plastic strains. The linear model 2 seemsto produce
an improved fit, and indeed some applications of Damage Mechanics theory to

Table 6. Damage coefficients, unaged
glass/epoxy.

A (MPat1/4) 1.16
Yo (MPa) 0.14
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Table 7. Plasticity parameter, unaged
glass/epoxy.

B (MPa) 1569

woven composites use this shape of plastic master curve [27], but it was found to
belessconsistent with thehigh plastic strain cyclevaluesused in thiswork to char-
acterise aging.

In both of these simplified models, the plastic properties are characterized by
means of only one parameter, 3. The lower the value of 3 the faster plastic strains
increase with loading. The value of B istaken from the “model 1" fit (Table 7).
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