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Influence of resin chemistry on water uptake and
environmental ageing in glass fibre reinforced
composites-polyester and vinyl ester laminates
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Hand laid up glass fibre reinforced isophthalic polyester resin and transfer moulded vinyl
ester resin composites were subjected to environmental ageing. Gravimetric
measurements were performed on laminate samples exposed to air and distilled water at
30°C and 60°C. Complementary porosimetry measurements on the original and fully aged
samples indicated significant changes in the structure arising on ageing. Blistering showed
that hydrolysis and de-bonding at the fibre-matrix interface occurred in polyester laminate
to a greater extent at 60°C than 30°C. Leaching of monomer residues led to an
anti-plasticisation effect in vinyl ester laminate. The influence of the fabrication method on
the ageing behaviour is observed through porosity measurements on aged samples.
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1. Introduction disadvantage composites compared with conventional
Glass fibre reinforced plastic [GFRP] thermoset com-materials [2]. Glass fibre reinforced composites have
posites are used extensively in structural applicathe advantage of being non-magnetic and stable in a
tions [1]. In GFRP polyester and vinyl ester laminates,marine environment [3]. A good surface finish can be

glass fibre cloth or fibre is used as the reinforcementeasily produced in these structures, which is aestheti-
Reinforced materials have a higher resistance to crackally attractive, reduces drag and leads to low mainte-
initiated failure than the bulk resin, the crack beingnance costs.

arrested by the fibre reinforcement. The great attrac- In this paper, the effects of water uptake and ageing
tion of composites is their high specific strength toon glass fibre reinforced polyester and vinyl ester resins
weight ratio. Many structures tend to be over designegomposite structures are assessed.

to allow for uncertainties with regards to the loss of

mechanical properties as a consequence of the agg-1. Polyester resin

ing behaviour. Composites, however, find applicationrhe term polyester resin applies to a variety of resins
where their unique characteristics of corrosion resisysyally produced by the condensation of polybasic
tance, transparency to radar waves, ability to absorlcigs with polyhydride alcohols or from derivatives

impact and damping of vibrations are important. of these materials. The typical chemical structure of a

Problems associated with achieving quality controlyignhenol-A fumarate polyester resin is shown below.
during manufacture and a lack of knowledge of the way

these materials age have limited their application. The _ , .. - o len

fabrication processes are often labour intensive and theXy S et} :°@§£@04:\7/0M]ﬁ/@°¢"1@o/§\7/w
polymerisation processes difficult to precisely control R N o oo

in real environments. A lack of the ability to control

the quality of the final product led designers to intro- The ester groups are potential weak points as
duce large safety factors in marine applications, whichthey represent sites that are potentially sensitive to
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hydrolysis. Unsaturated bonds at the end and withim.3. Effects of water on glass fibre
the molecule are able to co-polymerise with styrene to reinforced polyester and vinyl
form cross-links between neighbouring styrene chains. ester resins
Polymerisation is achieved using free radical initiatorsThe stability resin-glass interface depends on a combi-
[4]. Complete reaction of the styrene monomer and thenation of chemical bonding and non bonding physical
polyester resin is rarely achieved and the matrix willinteractions [11]. The formation of an interpenetrating
contain trapped unreacted species. Residual monomeetwork and co-polymerisation of the coupling agent
can act as a diluent that will lower the glass transitionwith the matrix significantly influences the susceptibil-
temperatureTg] of the resin matrix. Microstructure in ity to ageing in water [12]. Silane coupling agents [13]
the form of gel particles, with dimensions of the order of can improve the stability of the interface between the
0.01-0.05um have been observed in polyester resinsglass fibres and the polymer matrix when resistance to
As a consequence of the statistical nature of the polyhydrolytic cleavage is required.
merisation process, a heterogeneous cross-link density Hydrolytic degradation occurring in GFRP materials
within the matrix material is generated [5]. Variation is associated with hydrolysis of the matrix and fibre,
in the proportion of unsaturation as a result of chang-and destabilisation of the fibre-matrix interface. Ab-
ing from fumaric to maleic resins and also changes insorption of moisture will lead to a lowering of thi
the cure conditions lead to different degrees of heteroef the polymer matrix by plasticisation. The modulus
geneity being observed [6]. Increasing the hydrophobiof the matrix material is reduced by water absorption
content of the resin by the use of more styrene [7], willand the elastomeric range is shifted to lower tempera-
significantly influence the properties of the resins. In-tures; it decreases the transverse flexural strength and
creasing the ratio of unsaturated to saturated acid [8] itear strength [14], but also increases the energy dissi-
the composition increases the density of cross-links angation capacity [15]. Chemical reactions can lead to
in turn alters the degree of restriction of the mobility of the generation of water soluble low molecular weight
the polyester chains. A high cross-link density leads tasubstances that have the capability of generating an os-
a highTy for the composite and a lower susceptibility motic pressure and producing blisters [16]. Bubbles,
to damage by water. cracks and glass fibre packing caused by internal stress
can also cause blistering which is accelerated by poor

. . inter-laminar bonding near the surface of the compos-
1.2. Vinyl ester resin ite [17].

Vinyl ester resins were developed in the early 1960’s,

S . . o Hydrolysis of the resin results in main chain scission
for application as matrix materials for the fabrication of

nd an increased susceptibility to further chemical at-

en\(ironme_znt and explo_ited their use in a range of apr_’”'terminal ester groups, than polyester resins. Environ-
cations. me! ester resins are produced by th? add.'t'or?nental stress corrosion cracking [ESCC] of glass fibres
of an ethylenically unsaturated monocarboxylic acid 05 e yesylt of the delayed brittle fracture of stressed

. o &bres under the influence of an aggressive environment
vinyl monomers. They possess similar thermal and me 11]. In the presence of water, ESCC of glass fibre is

chanical properties to those of epoxy resins but have the,, ;seq py 5 stress-assisted hydrolysis of the silica fibre.
advantage of a greater ease of processing. The typiCq{,ter attacks the surface of the glass fibre promoting

chemical structure of a bisphenol-A vinyl ester resin 'Spitting and producing free alkali hydroxide groups that
shown below. can further degrade the silica structure [12]. The free
) W o hydroxide groups can also catalyse hydrolysis of the es-
SDC WY, : o@}f@g\g}o@?@o/z\wo)w ter groups in the resin [9]. Destabilisation of the fibre-
W o : tol], T onnn matrix interface is the combined effect of hydrolytic
decomposition of chemical bonds between the resin
The reactive vinyl unsaturations at the ends of theand matrix and swelling of the matrix causing a loss of
molecule allow the resin to cure rapidly and enable itphysical interactions and dewetting [12].
to homopolymerise or copolymerise [10]. Since there Plasticisation of the matrix occurs when water inter-
are no ester groups present in the repeat unit of thacts with the resin through polar interactions and hydro-
molecule, vinyl ester resins have 30 to 50% fewer esgen bonding and causes an increase in the free volume.
ter groups per unit of molecular weight than polyesterAs a result thely of the resin is reduced at a rate of ap-
resins and exhibit a much higher resistance to hydrolproximately 20 K for each 1% of water absorbed [11].
ysis. The secondary hydroxyl groups in the vinyl estetHowever, in some cases exposure to elevated tempera-
molecule can interact with the hydroxyl groups presenture has been shown to increase Th¢18].
on the surface of glass fibre and improve wetting and Non-Fickian water diffusion behaviour has been ob-
bonding of the resin to the reinforcement. Polymeri-served in fibre glass reinforced thermosets and ascribed
sation is usually achieved using free radical initiatorsto the effects of heterogeneity [19]. Initially water dif-
and styrene as a reactive diluent [9]. Chain growth confuses mainly in the resin matrix but can enter the matrix
tinues until all unsaturation has been removed or untivia capillary action if voids exist next to the fibres. A
vitrification occurs. small amount of water will become absorbed at the
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fibre-matrix interface. After the total water absorption diately weighed using an electronic balance (Mettler
has approached the saturation point, matrix degradaAJ100) which has an accuracy #0.1 mg. The sam-
tion may occur and leading to an increase in the ratgles aged in water spent 20 to 30 seconds out of their
of water absorption. Weight loss in the form of water- environment; the samples aged in air spent up to 60
soluble residues takes place and can be observed aftesaconds out of the oven. The times for the weighing ex-
few hours of exposure to a moist environment [20]. Af- periments were assumed to be sufficiently short not to
terlong periods of exposure a change in the rate of watenfluence the values of the mass measured. A constant
uptake can occur together with no clear saturation leveineasurement procedure was used throughout.
and is associated with a continuous degradation of the
matrix and de- bonding of the fibre-matrix interface [2].

2.3. Dynamic mechanical thermal analysis

(DMTA)
2. Experimental methods A Polymer Laboratories Dynamic Mechanical Ther-
2.1. Materials mal Analyser Mklll was used to test selected laminate

The laminates used in this study were prepared frons@mples. The single cantilever mode operating at a fre-

woven-rowing E glass fibre reinforced thermoset resinsdUency of 1 Hz was used in the measurements, with a
Two different types of composite were produced:- (i) 64 um peak to peak displacement and a rate of heating

a 50% weight glass fibre hand lay-up reinforced un-°f 9 ¢/min from 25Cto 175C.

saturated isophthalic polyester resin laminate (Crystic
489/Y0530, Scott-Bader Ltd) and (ii) a 70% weight .
E glass fibre reinforced vinyl ester resin laminate2-4- Porosimetry
(Derakane 411 Dow Chemicals) manufactured using"\ Mlc'romerltlcs Autopore II_9220 was used for the
the Seamann Composites Resin Infusion Moulding?@rosity measurements. Using a pressure range from
Process (SCRIMP). In the SCRIMP samples, the glass® kPa to 420 MPa, pore sizes from 30 to 0.008
fibre layers (up to 20) are placed in an airtight bag andVere investigated.
the wetting of the fibres is ensured by drawing the resin
into the layers under vacuum. This process achieves 3. Results and discussion
better wetting of the fibre and produces a laminate with@.1. Initial characterisation of the laminates
a higher fibre content. Since the SCRIMP process useSRP laminates are cured at ambient temperature and
a vacuum, a better quality laminate is produced andhe reaction is usually incomplete. The laminate will
trapped air bubbles are avoided to a large extent. Oneontain unreacted monomer that can act as a plasticiser
of the disadvantages of the method is that monomefor the matrix structure and lower the observed glass
is trapped and cannot escape by evaporation. With theansition temperaturdy. In the case of polyester hand
hand lay-up technique there is a tendency to entrap aitay-up laminates, much of the styrene is released during
however the residual monomer is lost by evaporationthe fabrication process, whereas in the SCRIMP lay-up
The laminates were cured at room temperature and n@rocess the monomer will be retained by the vacuum
post-cured prior to the investigation. The samples usedlag. Monomer release is suppressed by the vitrification
were produced at DERA Farnborough and were obof the sample during the cure process.
tained by machining 7 mm thick samples from a plate DMTA measurements were carried outon as received
which had an original thickness of 20 mm supplied bylaminates, Fig. 1. A repeat of the DMTA scan after the
Messrs. Vosper Thorneycroft, Southampton. sample has been heated to 1Z%luring the first cycle,
indicates significant changes in both the modulus and
the tars traces consistent with advancement of the state
2.2. Gravimetric measurement of cure. TheTy of the polyester laminate, Fig. 1a, in-
The pristine machined samples were placed in a desstreases from 8& to 106C, after the first temperature
cator at room temperature in order to avoid moistureScan. The area under the i@peak decreases between
absorption. Two groups of identical samples were used€ first and second temperature scans and the modulus
in the study. The first group of samples was firstly agePf the laminate at low temperature increases. All these
in an air-circulated oven at 3@ and 60C in order to  characteristicsimply that the laminate as it was received
assess the possible loss of low molar mass fragmentt$ not fully cured and the first temperature scan up to
Once these samples had reached a constant dry weight/S C post-cured the resin. Similarly, the vinyl ester
they were exposed to distilled water. The second grouf@minate exhibited, Fig. 1b, a characteristic decrease in
of samples were exposed to distilled water at@and ~ the area ofthe talpeak and an increase of the modulus
60°C and when they had reached equilibrium, were therfpetween the first and second temperature scans.
allowed to undergo desorption in an air circulated oven.
The fan extraction system in the oven produced a stabl8.2. Ageing studies
relative humidity which was assumed to be low enough3.2.1. Polyester laminate
not to influence the desorption behaviour of the sam3.2.1.1. Gravimetric measuremefithe polyester
ples. Gravimetric measurements were performed by resamples subjected to exposure to water aC3@ven-
moving the samples from the ageing environment andually reached an equilibrium uptake value of about
in the case of those immersed in water, rapidly driedd.70 wt %, Fig. 2a. The apparent larger amount of water
with tissue paper to remove excess water and immeost during the desorption process implies a loss of
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Figure 1 DMTA of (a) polyester and (b) vinyl ester laminate. (— first
cycle,-- - - second cycle).
1.00 L
4
075 Y Y @a?;ééz}'ﬁuﬂj%g
0.50 A
3
3 207 a
% 0259 4 E}}
%0-00‘-“ WYY 60 6 6@ B & g 00088 PCYY
S 025
w0 4
é -o,so—%%
0.75 4 ‘?%
100 ‘}‘HV} ‘}
1254 v ¥ v9¥
-150 T T T T T T
0 10 20 20 40 50 60
Time" (h'?)
(@)
24
2.2]
20] %%
18 %%%
1.6 A -
= 4 A ;
E 144 Aéééé %E}TE{J
é 121 A & % %%EE
'g 1.0 - a 44 %
~ &
% 08 1 N % I_'IL‘ g;%
= 061 b 9
0.4 AA =]
0.2 AEEEP
0'04{@@9‘9 20 500 0 600000060 sea
-0.2+ T T T T T T T T 1
0 10 20 30 40 50 60 70 80
Time" (h"?)
(b

Figure 2 Sorption of 7 mm thick polyester laminate exposed to distilled
water at (a) 30C and (b) 60C. 0 absorptionOo desorption during
ageing in air,A absorption after ageing in aiv,desorption after ageing

in water.
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unreacted monomer and possible degradation of the
laminate. The negligible amount of matter desorbed
during ageing in air compared to the extra amount
desorbed after exposure means that the effect of water
on the laminate is the main factor responsible for the
weight loss. A gradual increase observed in the rate
of water uptake after 12 weeks exposure of the same
material immersed at 6C, Fig. 2b, shows evidence of
another degradation mechanism becoming operative.
Hydrolysis of the resin leading to reduction in the
crosslink density is one possibility and is supported by
the observation of a change in colour of the laminate.
An alternative theory is that debonding at the fibre-
resin interface is occurring permitting additional water
uptake to occur in this void region. Evidence for the
latter mechanism was the observation of a blistering at
the surface of the laminate. Exposure of the polyester
laminate to water at 6@ results in the appearance
of additional mechanisms of degradation from those
operational at ambient temperature of@0This has
particular implications for the artificial or accelerated
ageing of such material at elevated temperature. The
greater rate of absorption after ageing in air compared
with the absorption of ‘as received’ samples is due to
an increase of the porosity of the laminate caused by
the loss of monomer during ageing in air.

3.2.1.2. Dynamic mechanical thermal analysis.
DMTA of aged polyester laminate, Fig. 3, demon-
strates that anti-plasticisation and hydrolysis processes
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water.



are occurring. The former is shown by the increase 08.2.1.4. DiscussionAn analysis of all the results ob-
the Ty of the polymer, without significant increase of tained for the polyester laminate leads to the following
the modulus at low temperature, the latter by a signifi-conclusions concerning the ageing of the material in
cant decrease of the modulus at high temperature. Thibe conditions defined for this work.

increase of thdy is not a consequence of an increase . _ .
of the crosslinking of the material, otherwise the high |- The monomer residues act as plasticiser in the
temperature modulus would not decrease. The Signifl_aml_nate. The antl-plastlt_:lsatlon effect observed durlr_wg
icant decrease of the bending modulus observed £9€iNg occurs when reS|du.es Ie;ach out of the_materlal.
high temperature implies that decrease of the bonding\" increase in the modulus implies that the laminate be-
between the resin and the fibre in the laminate ha&OMes stiffer during ageing and therefore looses some
occurred. Indeed, the influence of the bonding betweef tS capability to absorb shock and damp vibrations.
the matrix and the fibre on the mechanical properties 'I- A cértain degree of debonding occurs in the lami-
of the laminate is greater at high temperature. Th ate during ageing and correlated with a decrease of the

variation observed in the DMTA results are due to thei9h temperature modulus. It is not possible to deter-

leaching of ‘free’, non-crosslinked monomer residueshine whether the debonding occurs between the fibre

that were acting as plasticiser in the laminate. Fig. 34"d the matrix or between the fibre and its coating.
indicates that the greatest increase in Tjés shown iii. Hydrolysis of the laminate occurs during ageing.

by the sample aged for 150 days in water followed byThis is shown by a loss of weight of the laminate after

90 days in air at 3. This implies that a combination €XPOsure to water that is greater than the weight lost

of ageing in water and air has a greater effect on théil_Jring ageing in air. The loss in air can be.correlated
laminate than the ageing in air or water, even a&0 with the loss of unreacted monomer trapped in the glass.

3.2.1.3. Porosity measuremeiithe aim of the poros- . .

ity measurements was to assess the possible variatich2-2. Vinyl ester laminate _ _

of the sample porosity due to the leaching of unreacted-2-2.1. Gravimetric measuremerin entirely differ-
monomer on the laminate structure. Porosity measure2nt situation was observed for the vinyl ester laminate.
ments shown in F|g 4 were performed on unaged SamThe 30C absorpt|0n curve, F|g 5a, shows an initial net
ples and samples exposed to water &CAor 12 weeks.

A marked increase in porosity of the laminate occurred

in the pore diameter range of 0.03 to At that corre- 47

sponds approximately in size of the inter-fibre spacing. g5 . s 4
This isin agreement with the gravimetric curve at®60 1 iz 8 sibs 2
where a change in the rate of water uptake after abou § °% ] .

the laminate. Above the interfibre range, the presence §
of cavities or bubbles produced during manufacturing § ~ |
are shown and the variation between both samples i¢= 01 -
probably due to a differentdensity of these defectsinthe ] $9ey &3

samples. Below this range is the scale of the microstruc: | Y97 ¢y vY9Yy 12832222"

ture of the resin. It has been suggested that polyeste -3 A vy i
resins have a microstruture consisting of microgel par- |

00 <

12 weeks indicates the appearance of degradation ¢ § o1 -géé" 2

ticles embedded in a less densely crosslinked phas 0 10 2 3 % 5 60
[21]. Leaching of uncured monomer, will increase the Time " (h'"?)
porosity of the laminate. (@)
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Figure 5 Sorption of 7 mm thick vinyl ester laminate exposed to distilled
Figure 4 Porosity of polyester laminate.‘as received’,@ exposed to  waterat(a) 30C and (b) 60C.o absorptionp desorption during ageing
distilled water. inair, A absorption after ageing in aiv,desorption after ageing in water.
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mass gain caused by water uptake, followed by a n
mass loss over the period of the first 5 days of expc
sure. It is believed that the initial net mass gain is du
to the adsorption of water on the surface of the sang *
ple. The leaching of low molar mass material from th¢E
sample caused the net mass loss. Diffusion of water E
the sites left empty by the leached material is beIieveg
to be responsible for the mass increase. The lamine 5
exposed after ageing in air does not present any weig §
loss at the start of the exposure to water. Ageing in a <
will have allowed monomer residues trapped during th
processing of the laminate to leach out. The amount
water desorbed after ageing is similar to the amoul
absorbed after ageing in air added to the loss in weig. .. Pore diameter (um)

_dunng ageing of the_samples in a. Th_ls _Observatlor]:igure 7 Porosity of vinyl ester laminate: ‘as received’ @ exposed to
implies that no leaching due to hydrolysis is occurringgistilled water.

during exposure to water. The amounts absorbed and

desorbed after ageing in water of vinyl ester laminate a

60°C, Fig. 5b, are similar to the data obtained at@G0 5223 Porosity measuremeiithe vinyl ester sam-
ples showed no variation in porosity after exposure,

Fig. 7, in agreement with the gravimetric measurement.
The observation that the vinyl ester laminate did not
effect: an increase of thg, and decrease of tahpeak show any variation in its modL_JIus at high temperature
area. Leaching of monomer residues is probably re‘-"‘fter ageing cor'relates vyeII with the gbsence .Of an in-
sponsible for this effect. No debonding seems to occurcr€ase In porosity, showing tha‘g thg fibre-matrix Inter-
efél_clal bonq and degree of cross_lmkmg _have been main-
not vary. As could be expected, the effect is greater aiﬁmed. 'I_'h|s rgsult is also consistent with the results of
60°C than 30C and greater after exposure to water, € gravimetric measurement showing that the amount
The effect of the water ageing occurs much faster an watter absorbed after ageing in air IS equwalent tothe
the same level of ageing is reached after about half th8M0unt of water desorbed after ageing in water.
time of exposure to air.
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3.2.2.2. Dynamic mechanical thermal analysSitie
DMTA curves, Fig. 6, show only an anti-plasticisation

3.2.2.4. DiscussiorAn analysis of all the results ob-

1025+ o7 tained for the vinyl-ester laminate leads to the following
1000 b conclusions concerning the ageing of the material in the

075 e o [°® conditions defined for this work.

unaged, runt
-~ =~ unaged, run2

9.00 - Exposure at 60°C

i. As for the polyester laminate, the monomer
residues act as plasticiser in the laminate. This is shown
D Loz > by the anti-plasticisation effect, that is the disappear-
ance of the DMTA peak at 7& and the decrease of
the tans peak area.

o ii. No degradation process seems to occur during

e ageing. The observed behaviour is consistent with water
BT . = R occupying sites generated by the leaching of unreacted
Temperature (°C) monomer.

@ iii. As there is no significant increase of the porosity
of the laminate after ageing in water at°; it can be
assumed that delamination processes have not occurred.
This observation agrees with the DMTA data that show
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o2 showed that both polyester and vinyl ester laminates
contained non-uniformly dispersed styrene monomer
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surface. The degradation of the interface between fibrez. A. LAGRANGE andR. JACQUEMET, in Proceedings of the
and matrix led to a significant loss in the reinforce- 45th Annual Conference of the Composites Institute, session 8-B
ment initially provided by the fibre. These processes _ (The Society of the Plastics Industry Inc., 1990).
are responsible for the observed increase in porosity 01‘3' A. MARCHANT andR. F. PINZELLI, in “Looking Ahead

. for Materials and Processes” (Elsevier Science Publishers B. V.,
polyester laminate exposed to water. Amsterdam, 1987) p. 257.

Degradation of the vinyl ester composite in the 4. v. R. KAMATH andR. B. GALLAGHER, in “Developments
same conditions appeared more restricted. An anti- in Re_inforced Plastics—1,” edited by G. Pritchard (Applied Science
plasticisation process, due to leaching of monomer_ Publishers, London, 1980) p. 121. . e

id was the onlv dearadation process observeds.' R._A. PANTHER, in Handbookofl?olymer—Flbre Comp03|tes,
resi _ues . y 9 p edited by F. R. Jones (Longman Scientific and Technical, Harlow,
The influence of this phenomenon seemed, however, 1994,
limited since no significant variation of the porosity of 6. w. E. bouGLAS andG. PRITCHARD, in “Developments in
the laminate could be observed. Reinforced Plastics—1,” edited by G. Pritchard (Applied Science

The following conclusions can be drawn from the _ Publishers, London, 1980) p. 231.

. . . T. HUNT, in“Developments in Reinforced Plastics—1,” edited by
Compe_mson of the _pOIyeSter and mel ester results. G. Pritchard (Applied Science Publishers, London, 1980) p. 59.
The vinyl ester laminate (a) absorbs less water thang . s. LEnk ands. c. PADGET, Eur. Polym. J11(1975) 327.
the polyester laminate but (b) presents a greater 10S®. 7. F. ANDERSONandV. B. MESSICK, in “Developments
of weight during ageing in air. This was expected as in Reinforced Plastics—1,” edited by G. Pritchard (Applied Science
the porosity of the vinyl ester is much lower than the _ Publishers, London, 1980) p. 29.

. . 10. R. E. YOUNG, in “Unsaturated Polyester Technology,” edited by

One, of ,the polyester laminate and the mel ester com- P. F. Bruins (Gordon and Breach Science Publishers, 1976) p. 315.
posite is processed under vacuum. The rate of watef1 . r. jonEs in “Handbook of Polymer-Fibre Composites.”
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