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SYNOPSIS

Advanced composite materials based mainly on epoxy resins are being
used in increasing numbers of components in the aerospace industry.
Such components have to survive in a range of moisture and temperature
environments in different parts of the world at varying altitudes. It
is important therefore to have sufficient information about the beha-
viour of composite components to predict what effect these environ-
ments will have on their properties. The aim of the work reported in
this thesis was to provide such information not only for epoxy based
systems but to make comparisons with polyester and vinyl ester based
materials. '

-Five glass fibre reinforced resin systems were used. Two vinyl esters,
one polyester, one straight epoxy and one epoxy prepreg mixture. The
effect of immersion in distilled water and exposure to humid air at 60%
and 95% relative humidity was investigated at temperatures ranging from
259C to 70°C, for periods of sixteen and forty days. During these periods
moisture uptake for both unidirectional and bidirectional materials was
recorded on a daily basis, and variations in glass transition tempera-
ture were determined. At the end of each period the ultimate tensile
stress, tensile modulus, tensile strain to fai]ure; interlaminar shear
strength and interplanar shear strength of each material was determined.

The water absorption results for the vinyl ester resins, polyester and
straight epoxy resin initially showed Fickian diffusion characteristics.
In the epoxy prepreg material a two stage diffusion process was observed.
No equilibrium water absorption plateau was obtained over forty days at
60% relative humidity for any of the materials, at any temperature. Al
the mechanical properties dropped under these conditions and this was
shown to be as a result of degradation at the glass-resin interface. At
95% relative humidity the fall in mechanical properties was greater and
not recoverable. Under these conditions plasticization of the matrix had
occurred. All the material samples which were subject to hot water under- -



went pronounced degradation. The degradation process was shown to
be due to penetration of water at the glass-resin interface, followed
by attack on the coupling agent and glass fibre surface. This degra-
dation process was confirmed.by micro-observations of the fracture
surfaces.
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CHAPTER 1
INTRODUCTION

The addition of a fibrous material to another material {the matrix)

in order to strengthen this matrix is not a novel idea, indeed it

dates back to the ancient Egyptian's practice of reinforcing mud

bricks with straw. The modern day equivalent of this process is the
reinforcement of concrete by fine steel wires. Present day fibrous
composite materials, composed of high strength fibre in a polymeric

or metallic matrix are an important advance in material technology.
Several reinforcing fibres besides glass and asbestos are now avail-
able, notably carbon, graphite, boron, armid, aliphatic polyamide, etc.
Glass can have a variety of different compositions. E-glass (E for
electrical) is the most commonly used glass because it has good strength,
stiffness, electrical and weathering properties. 'C-glass (C for corro-
sion) has a higher resistance to chemical corrosion than E glass but is
more expensive and has lower strength properties. S glass is more
expensive than E glass but has a higher strength and is more temperature
resistant. It is used in special applications such as the aircraft
industry where the higher modulus may justify the extra cost. The
physical form of the fibres is also important; it may consist of mono-
filament, chopped strand, woven fabric or mat. The number of filaments
per bundle influences both the mechanical and environmental properties.

Glass reinforced plastics (GRP) are'perhaps the most widely used and

the most familiar composite material, replacing wood, itself a naturally
occurring fibre reinforced material, in many applications. GRP have
advantages as structural materials over both unreinforced plastics and
glass fibres used alone. Unreinforced plastics have low density and

are easily processed. They have good weathering properties and require
no surface protection. Disadvantages, which Timit their use in struc-
tural applications, are low stiffness, low strength and ¢reep under load.



Glass fibres are stiff and strong but so brittle that the high stiff-
ness and strength cannot be fully utilised. By fabricating a composite
material of glass fibres embedded in a plastic matrix, it is possible
to combine many of the desirable properties of both constituents. Thus
glass reinforced plastics are 1ight, strong, constructional materials
with weather resistant surfaces which are easily fabricated into com-
plex shapes. The glass fibres enhance the poor stiffness, strength

and creep resistance of the plastic matrix, whose purpose is to trans-
mit the load into the stiff fibres and to protect them from damage.

A range of different GRP materials is now available depending on the
choice of the matrix and the method of different reinforcement. There
are two principal types of plastics, thermoplastics and thermosetting
materials, but thermosets are the main plastics used as matrix. Thermo-
plastics such as polypropylene and polystyrene are solids which soften
and flow on heating and return ‘to.the solid state on cooling. Thermo-
setting materials such as epoxides and polyesters are usually supplied
as viscous syrups which set to a hard solid when activated by a cata-
lyst, but remain solid on furthér heating. A unique feature of GRP
materials is that they are usually formed during fabrication of a com-
ponent. Traditionally this fabrication is by hand Tay up in which glass
fibre reinforcement is piaced on a mould and impregnated with catalysed
resin. The required thickness'is built up in layers, the resin left to
cure and the finished article removed from the mould. To facilitate
this process glass fibres are'supplied in sheet form, of which there

are four main types: chopped strand mat, which consists of chopped
glass fibres held randomly orientated in a mat by a chemical binder;
woven rowing which are coarse woven fabrics; upidirectionally aligned
long fibres held together by a~thin weft or.by chemical binder and pre-
preg material which is a tape or sheet of fibres impregnated with resin,
As. GRP finds further applications other fabrication techniques have:
been devé1oped. such as spraying of chopped fibres and catalysed resin
onto a mould, hot press moulding method, filament winding, pultrusion,
resin injection etc.



The introduction of GRP coincided with both the development of radar
and the outbreak of World War II. These two factors led to the early
introduction of GRP into many applications, particularly in the field
of radar antenna covers. The USA space programme and the advent of
many new fibres and new matrix types gave an additional impetus to
composite research and development in the early 1960s. The kapid
increase in usage of GRP over the last forty years is shown in Figure
1. Today GRP is a common and widely accepted structural material. Com-
posite bodies have the basic advantages that they can be fabricated
from a wide choice of reinforcement and matrix materials; their prop-
jerties may therefore vary over a very considerable range. In general,
composite materials can possess a number of advantages relative to

conventional bulk materials including metals. These are summarised
below:

i) increased strength and stiffness
ii) lower densities
iii) high fatigue resistance
iv) relative ease of fabrication
v) good corrosion resistance
vi) good electrical and thermal resistance.

|
GRPs are by no means "wonder materials", the advantages must be balanced '
against the disadvantages when considering the use of GRP; they are |
relatively expensive materials, the properties are strongly directional \
dependent, properties are subject to large degree of scatter, they are \
non-weldable and require complicated joint structures, the long term
properties are not fully understood. \

The increasing use of fibre composite materials in industry has resulted
in extensive research to determine their behaviour under different
environmental conditions. The aerospace industry in particular is
interested in fibre composites due to the advantages these materials
offer over the more traditional metals. They offer, potential savings



in weight, the ability to tailor the material more closely to the
design requirements and manufacturing advantages in being able to

mould complex shapes and hence reduce the numbers of parts and the
numbers of joining operations. For helicopters some applications
require more compliance (hub) or more damage tolerance (blades) which
glass fibres can provide. For some rotor blades, however, where more
efficient complex shapes require increased stiffness, carbon fibres are
being incorporated into hybrid carbon fibre/glass fibre designs. Most
of these applications use the fibres in an epoxy resin,

These components have to survive in a range of different environments

of moisture, temperature and loading in different parts of the world,

at different altitudes. Air moisture content can vary between 0 and
100% relative humidity, and temperatures are typically in the range
-400C to 70°C in flight and up to 90°C on the runway. In supersonic
aircraft the temperature can reach as high as 130°C. Further problems
such as thermal spiking, can be created by rapid changes in the environ-
mental conditions. Often the composites are under load when exposed to
such environments, Consequently the effect of the environment on compo-
sites employed in various applications needs to be investigated. Many
aircraft and military establishments have sponsored work to determine
the effect of water absorption on the properties of fibre composite
materials.

The current generation of epoxy resins used in high performance fibre
composites absorb water from the atmosphere with the surface layer rea-
ching equilibrium with the surrounding environment very quickly followed
by diffusion of water into all of the material. The water absorbed is not
usually in the 1iquid form but consists of molecules or groups of mole-.
——— P —’**—""‘—": o -
cules linked by hydrogen bonds to the polymer. In addition liquid water
can be absorbed by capillary action along any cracks which may be present

or along the fibre matrix interface. Epoxy resins can absorb a maximum
of between 1% and 10% by weight of moisture (depending on chemical



composition). In composites with 60% by volume of fibres the moisture
uptake is between 0.3% and 3% by weight. The immediate effect of
absorbed moisture is a swelling of the resin which counteracts to some
extent the shrinkage during the curing process and it can result in
significantly reduced residual thermal strains in 1aminates]. Water
absorption by the epoxy resins also leads to a reduction in the glass
transition temperature and to a softening of the resin with a lToss of
resin stiffness and strength, particularly at elevated temperaturesz.
In longer term the resin may be permanently damaged and a further
degradation in properties may resu1t3. These degraded resin properties
manifest themselves in the fibre composites as loss of performance in
the resin dominated properties, such as reductions in strength and
stiffness under shear loading, compressive loading and loading perpen-
dicular to the fibresz. In some composites, such as those with glass
fibres, the fibre properties may also be degraded by moisture absorp-
tion. As the properties of any composite depend on the behaviour of
the matrix fibres and the interface it seems essential to know the rate
of water absorption in glass epoxy composites in order to predict their
long term behaviour. In many cases water absorption obeys Fick's law
and diffusion is driven by the water concentration gradient between

the environment and the material producing continuous absorption until
saturation is reachedq. In other cases however this model is seen not to
be applicable, due to breakdown under certain conditions of humidity and
temperature or during cycles of exposure to water vapour followed by
drying which can initiate other mechanisms such as cracking or chemical
breakdown™?*

Moisture and temperature may affect the performance of composite mate-
ria]sq, i.e. tensile strength, shear strength, elastic moduli and
swelling (dimensional changes) etc. The quantity of water absorbed

by a Taminate is thus of considerable importance, in particular to the
designer when setting design limits for structures operating in moist
environments.




The objective of this research was to determine the moisture content
as a function of time of composite materials when the material is
either exposed to humid air at different temperatures or fully sub-
merged in water at various temperatures. A second objective was to
determine the effect of the moisture content on the mechanical
properties. Tests were performed at temperatures of 250, 409, 500,
60° and 700C with the materials exposed to humid air at 60 and 95 per-
~ cent relative humidities, and to distilled water. Changes in weight,
ultimate tensile strength, tensile modulus, percent elongation, inter-
laminar shear strength and in-plane shear strength were measured over
a 40 days period, and the effects of the environment on these parameters
were assessed, The mechanical testing was carried out at the end of
16 and 40 day test periods., Five resin systems were tested under the
same conditions so that comparisons could be made. Two of the resins
were Vinylester 411-45 and 470-36 both manufactured by the Dow Chemical
Company. These resins are relatively recent additions to the thermo-
setting family. They have some features in common with unsaturated
polyesters and have structural features similar to those of epoxides.
Vinylester resins are notable for their high elongation and their con-
venient processing characteristics. It is claimed that these resins
QQEEEEE_EEPE_EPEEpsion resistance because of fewer_ester groups per
unit of molecular weight than corrosion resistant polyesters. Further-
mo;gf"fﬁé*égzg?ilipEHgéEmEFé'?BFhéqug1y at the ends of the molecule.

e e e

This is in contrast to polyesters where ester linkages form part of
the repeating unit. These resiris were compared with epoxy MY750, 913
Pre-Preg both manufactured = by Ciba Geigy and Crystic 272 (isophthalic
polyester} manufactured by the Scott-Bader Company. . The 913 PrePreg

was supplied as a part-cured epoxy resin preimpregnated glass. Its
usefulness is that it allows the moulding of high volume fraction (VF=0.60)
good quality laminates with excellent environmental and mechanical prop-
erties.



CHAPTER 2
LITERATURE REVIEW

2.1 THE CHEMISTRY OF THE RESINS

A description is given of the polymers which have been used as resin
matrices in this work. This consists of a brief outline of the chemistry
of the resins, a mention of any fabrication problems and a statement of
the relative advantages and disadvantages of the different types.

2.1.1 General Resin Chemistry

Polymer resins may be divided into two types, thermoplastic and thermo-
setting. The former consists of linear or branched chain molecules and
are fusible and normally soluble in conventional organic solvents. In
contrast, the thermosets in their final form have a three dimensional
network structure and are infusible and insoluble. Their thermal and
chemical resistance is therefore generally superior to that of the
thermoplastics. The majority of the resins used in reinforced plastics
are of the thermosetting type. These are of relatively low molecular
weight and in the curing process chain lengthening, chain brahching and
finally chain crosslinking occur. This is evidenced by a change from
liquid state through gelation state to a solid state. Curing may require
the addition of curing {crosslinking) agent and cataiysts besides the
application of heat. The crosslinking can occur either through an
addition or a condensation reaction. An addition reaction is a chemical
reaction in which simple molecule> (monomers) are added. to each other to
form long-chain molecules {polymers) and no by-products are fofmed,
whereas condensation reaction is a chemical reaction in which two or
more molecules combine with the separation of water or some other simple
substance. By the variation of the structure of the prepolymer and of
the curing agent and of their relative proportions, the number and length
of the crosslinks may be varied and hence the properties of the final
polymer (see Table 2.1)].




2.1.2 Polyester Resins

Polyester resins form a very important sector of the thermosetting

resin industry. In fact it has been said that they are the foundation
of the glass reinforced plastics (GRP) industryg. The basic materials
which make up a polyester resin are a dibasic organic acid or anhydride
reacted with dihydric alcohol (g1ycol)9. An unsaturated polyester resin
may be prepared by reacting unsaturated dibasic acid such as maleic
anhydride with a glycol. The acid rapidly melts in the glycol with
mould heatingIO. To obtain a polymer chain which can be crosslinked
into a thermosetting resin a proportion of the dibasic acid used must
contain an unsaturated group or double bond1]. The commonest components
which are used in the preparation of simple polyester resin are shown in
Figure 2. By varying the ratio of the two anhydrides the reactivity of
the polyester can be varied from low to high. A high reactivity resin
contains a high proportion of unsaturation. The other major component
of a polyester resin is a reactive monomer, generally styrene. The pro-
portion of styrene to resin is approximately one to two. This serves

as so]vequggaephe polymer chain and viscosity reducer. 0ther1gi1uents
are vinyl;y toluene, methyl methacrylate, and diallyl phthalate ~. Good
colour and weather resistance, necessary for GRP, can be obtained by
replacing part of the styrene by another monomer, methyl methacrylate.
By varying the glycols and dibasic acids used, a whole family of poly-
ester resins can be made. For example, a resin based on isophthalic
acid in place of orthophthalic acid will have reduced water absorption.
Similarly changing the glycol to neo-pentyl glycol (NPG) or bisphenol A
gives resins with improved chemical resistance. Hence the wide range
of resins commercially available today. The polyester resin used in
this work was Cryslic 272. It is an isophthalic polyester resin (Figure
4). 1t is claimed that it has high mechanical strength and excellent
strength retention in wet environments at medium temperatures up to

800C ]3.' The reason styrene is used as the reactive monomer is because
of its general ease of use and relatively low price.



The Tow molecular weight polyester syrup is crosslinked in the presence
of a peroxide by copolymerisation with the styrene, or another vinyl
monomer to form an insoluble crossiinked structure. Crosslinking occurs
via a free radical polymerisation reaction which is initiated by the
decomposition of the organic peroxide (Figure 5). Accelerators are
often added to help the decomposition of the catalyst to form free radi-
cals. Two types are commonly used. The first decomposes by the applica-
tion of heat (e.g. benzoyl peroxide)}. The second when mixed with an
accelerator, a metal salt such as cobalt naphthenate will decompose at
room temperature e.g. methyl ketoneperoxide, (MEKP). Crossisugsof a
simple polyester resin with styrene is shown in Figure 6. A post-cure
may however be necessary for the development of optimum physical and
mechanical properties. Because room temperature cur es may be used

and because no volatiles are evolved in the reaction and hence pressure
need not be applied, it is possible to construct large structures from
reinforced polyester resins.

Typical cast resin properties of various classes of polyester resin are
shown in Table 2.2'7.

2.1.3 Epoxy Resins
14,15

Epoxy resins are like polyester resins in having no volatile reac-
tion (cure) products, although there may be a volatile solvent present.
They have superior mechanical and electrical properties, but are more
expensive than polyester, and present fabrication problems at least in
the field of large glass laminate products. Epoxy resins are among the
best matrix materials for many fibre composites. There are several

reasons for this:

i) Epoxy resins adhere well to a wide variety of fillers, reinforcing
agent and substrates;

i1) The wide variety of available epoxy resins and the curing agent
can be formulated to give a broad range of properties after cure;
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i11) The chemical reaction between epoxy resins and a curing agent
does not release any volatiles or water. Hence the shrinkage
after cure is usually lower than in vinylester .~ g .Rusier
resins;

iv)  Cured epoxy resins are not only resistant to chemicals, but they
also provide good elecfrical insulation.

Table 2.3]6 shows that epoxy resins have superior strength and elastic

properties with a lower shrinkage on curing and a Yower coefficient of

thermal expansion. The strength of the interface bond between resin and

fibre is also higher for epoxy resins. However they have the disadvan-

tage of a higher viscosity before curing and they are more expensive.

By definition, an epoxy resin can be identified by the presence of two
or more epoxides in the molecule. Figure 7 shows an epoxide group.
Chemically, this is a very reactive group since it is under strain and
readily opens?7. These resins were first developed in the 1940s. The
most common epoxy is made from bisphenol A; other types are epoxy
novolac and cycloaliphatics. Depending upon the choice of curing agent,
these versatile resins can be made to cure or harden either slowly
(several hours) or very quickly (1éss than 1 minute) at room temperature
or at elevated temperatures 8. Versatility is also achieved in perfor-
mance. Epoxy resins can be formulated to yield a variety of properties
ranging from soft, flexible materials, to hard, tough, chemical resis-
tant products. They can be modified into low viscosity liquids for easy
pouring or converted to solid compositions for laminating and moulding
applications.

The chemical structure of an epoxy is often complex. The structure
depends on the specific cure conditions because more than one reaction
can occur during cure and the kinetics of these reactions exhibit diff-
erent temperature dependencies. The major portion of these resins are
derived from bisphenol, acetone and epichlorohydrin, as shown in Figures
8 and 9. Figure 10 shows the structure of a bisphenol A epichlorohydrin.
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This type of epoxy is useful for casting, laminating, adhesives and
coatings. As stated before the most outstanding property is their
excellent adhesion which is due in part to the secondary hydroxylgroup
located along the molecular chain. A more common formula for the

epoxy resin product of bisphenol A and epichlorohydrin commonly referred
to as a diglycidyl ether of bisphenol A (DGEBA resin) is shown in Figure
11. The value of n, the number of repeating units, is dependent on the
quantities of epichlorohydrin and bisphenol A reacted together. If a
large excess of epichlorohydrin is used the probability of producing a
resin where n = 0 is increased. As the excess of epichlorohydrin is
decreased so the value of "n" is increased. As n increases the molecu-
lar weight of the resin increases as does the viscosity. DGEBA resins
vary in form from being moderately viscous (ca. 50 poises) to low mel-
ting solids (MP: 70°C).

The epoxy resin has to be cured (crosslinked) into a three dimensional
network to be useful, This is done via a curing agent. The crosslinking
of the resin can then occur through epoxide on hydroxyl groups, by direct
linking of resin molecules, with the aid of a catalyst and linking via a
reactive intermediate. Most reactions used to cure epoxy resins occur
through the epoxide ring. It is the capability of this ring to react

in a variety of ways with several different reactants that gives epoxy
resins their versatility.

The resins as described cannot be crosslinked at a rapid enough rate by
the application of heat alone and a curing agent must be added. The epoxy
system is a very versatile one in that many different curing agents may
be used and the properties of the final network structure therefore tai-
lored to a certain extent to meet specific requirements,

The curing agents most widely used are those containing several active
hydrogen atoms and can be written in the form RXH e.g. polyamines, poly-
phenols etc. The reaction is shown in Figure 12. The resin and curing
agent usually have more than one reaction site per molecule thus accounting
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for the three-dimensional network. The curing agent used for this
work was a polyamine (HY 951 ex Ciba-Geigy - triethylenetetramine) .
- see Figure 13,

2.1.4 Vinyl Ester Resins

Vinyl ester resins are a relatively recent addition to the thermosetting
family of resins suitable as matrices for fibre reinforcement. They were
commercially introduced during the 1960519'20. Vinylesters are related
to both polyester and epoxy resins and in fact show the more favourable
properties of both of these. Because they contain unsaturated vinyl
groups in the chain, they can be cured with vinyl monomers, such as
styrene, in the same way as polyester, therefore making fabrication by
hand lay-up techniques practicable. The backbone of a vinyl ester resin
molecule however is identical with that of an epoxy and therefore the
good mechanical properties exhibited in epoxides are also reflected in
vinylesters. The definition of a vinylester resin is simply "a polymeri-
zable resin in which the terminal positions of the .resin are vinyl ester
groups and in which the main polymeric chain between the terminal posi-
tions comprises the residue of a polyepoxide resin"Z]. A simple poly-
epoxide resin is synthesised by reacting epichlorohydrin with bisphenol
A as shown in Figure 14, Advantages22 claimed for this system are as
follows:

i) The initial resin can have a precise chemical structure and is
of relatively low molecular weight

ii)  The epoxy resin backbone conveys high resilience

11i) The presence of hydroxyl groups promotes setting of and adhesion
to reinforcing fibres such as glass and carbon

iv) The terminal location of the reactive sites ensures a more uniform
polymer structure, which may result in lower internal stresses
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v) The lower number of ester groups combined with a polyester resin
means that the vinylesters have lower water absorption and
improved chemical resistance.

Vinylesters are most commonly manufactured by terminating an epoxy resin
with a vinyl group through the addition reaction of an epoxy resin with
an acrylic monomer, such as acrylic acid (Figure 15). The reaction of
an acid addition to the epoxide ring (esterification) is exothermic and
produces a hydroxyl group without the formation of by-products (e.g. as
in polyesterifications where water is produced). Epoxide resins that have
been used to produce vinylester resins include the bisphenol A types
(general-purpose adherent resistant vinyl esters), the phenolic-novolac
types (heat resistant vinyl esters) and the tetrabromo bisphenol A types
(fire-retardant vinyl esters). After production the vinyl ester is then
diluted with a reactive monomer such as styrene.

The molecular weight of the epoxy resin portion can be controlled by
reacting the diglycidyl ether of bisphenol A with specific amounts of
bisphenol A23. Physical properties such as tensile strength, tensile
elongation and heat distortion temperature are relatable to the molecular
weight of the epoxy resin portion of the vinyl ester resin. Thus vinyl
ester resins can be tailor made to meet the requirements of specific
applications. A direct comparison of the molecular structure of two
chemical resistant resins, are a bisphenol A, fumaric acid polyester

and the other a vinyl ester, will help to demonstrate the improved
chemical resistance of the vinyl ester resins. The vinyl ester resin
differs in two important aspects. Firstly it does not contain any ester
groups within the main polymer chain. Secondly, the reactive vinyl sites,
unlike the polyester, are situated at the ends of the vinyl ester chain.
Since the ester groups are subject to hydrolytic acid, this makes the
polyester much more vuinerable, and once attacked the chain is split up
leaving it open to further chemical attackza'zs. In the vinyl ester,
however, not only are there fewer ester groups, but also, even if they

are attacked the main body of the molecule remains unaffected. The attack
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mechanism is more complex for some types of chemical and optimum resis-
tance to chlorinated solvents (1ike ethylene dichloride and monochlor-
benzene) and the strongest bleaching agents (l1ike chloride dioxide and
sodium hypochlorite) has been achieved with vinyl esters having a higher
crosslink density. These resins also have a higher glass transition
temperature and may be used at higher operating temperatures, Figure 15
shows a comparison of the two molecular structures.

The epoxy resin products from the backbone of vinyl ester resin and DGEBA
is in fact the backbone of the Derakane 411 series of resins. In studying
the 411 series there are two forms of this resin marketed by Dow, mainly
411 and 411-C. Although of similar structure they differ in that 411 is
of higher viscosity than 411-C. It is likely that they differ in the
molecular weight backbone {n = 1.3) than 411-C (n = 0.2). The DGEBA
backbone will provide vinyl ester resins, and in particular Derakane
411-45, with excellent mechanical properties and good thermal properties.
Figure 17 shows the structure of Derakane 411-45, It is a general purpose
vinyl ester resin, containing 45 weight percent styrene.

A further epoxy type used as a backbone for vinyl ester resins is the
resin group of epoxy novolacs. These resins are produced by reacting
epichlorohydrin with a novolac resin]8 while novolac resins are a product
of phenol and formaldehyde as shown in Figure 18. Further reaction can
take place and a novolac of the general structure shown in Figure 19,

These novolac resins can then be reacted with epichlorohydrin to produce
the epoxy novolac resin structure as shown in Figure 19. The important
point to note is that unlike the DGEBA resins where there are only two
epoxide groups, epoxy novolacs are multifunctional and the number of
remnant epoxide groups are dependent on the value of n (number of epoxy
groups is equal to n+2). It is worth mentioning that because of their
muitifunctionality these resins produce on cure a tightly crosslinked
system with better elevated temperature performance, chemical resistance
and adhesion then DGEBA resins, The epoxy novoiac structure provides
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the backbone for the Derakane 470 group of vinyl ester resins. Because
of the properties of the backbone 470 resins have extended the useful
operating temperature of vinyl ester resins while retaining excellent
corrosion resistance.

The reaction between 470 type backbone and methacrylic acid is compli~
cated by the fact that (unlike 411 type backbone where ester linkage is
only present at the two ends of the backbone), ester linkages are formed
similér]y at both ends of the 470 type backbone and in addition at the
Site of each epoxide group within the repeating unit. Figure 21 shows
the reaction of methacrylic acid with the 470 type epoxy unit. 1In the
470 series of resin, vinyl unsaturation is present at the terminal groups
and within each repeating unit of epoxy novolac backbone. The result of
this is that 470 series of resin is more highly crosslinked than the 411
types.

In the case of all the vinyl ester resins used in this work the cross-
linkable monomer is styrene. The resins are cured by a ffee radical
copolymerisation and it has been stated]q that this reaction can be
promoted by heat which breaks down the peroxide catalyst into free
radicals. However to enable the reaction to take place at room tempera-
ture initiators are used to promote the cure. The initation (e.g. cobalt
octoate, cobalt naﬂlhenate, dimethyl aniline) act by breaking down the
peroxide catalyst (e.g. methyl ethyl ketone peroxide) to give two free
radicals. Each free radical is able to react with the vinyl monomer and
in doing so forms a new free radical. See Figure 5. A rapid chain reac-
tion is initiated and a crosslinked structure is built up by reaction of
the free radical with the vinyl unsaturated groups within the vinyl ester
resin. As the crosslinking proceeds the vinyl ester changes from a
liquid to a waxy solid and finally to a hard solid. Although the cure
takes place at room temperature the vinyl ester experiences an exotherm
of the order of 200°C on cooling the vinyl ester is not totally cross-
linked {or cured). This is due to 'gel effect' which partially inhibits

26

the cure The inhibition is caused by loss of mobility of the styrene
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as the solid phase is formed during cure. To remobilise the styrene

and effect full cure the vinyl ester is post cured at 80:-100°C for two
to three hours. Of the resins used the 470 series are far more reactive
than 411. The catalyst/accelerator proportions used for these resins

is based on a formulation found27 to give complete cure with 411-45,
These proportions were as follows

Catalyst "M" (50% MEKP) 2 ml
Accelerator "R" (6% cobalt octoate) (.3 ml
Accelerator “D"  (10% DMA) 0.05 ml

Per 100g of resin.

In addition to hardening the resin, the cure also shrinks the resin.
The amount of shrinkage is dependent upon the crosslink density of the
resin and so 470-36 will exhibit more shrinkage than 411-45,

Table 24 shows typical physical properties of the vinyl ester resin.

The mechanical properties of a vinyl ester resin are generally superior
to those of conventional polyester resins and comparable with those of
established epoxy resinszg'zg. During the curing of vinyl ester resins
the carbon to carbon double bonds (-C=C-, vinyl groups) at the ends of
the chain virtually all react leaving very few -C=C- bonds to be suscep-
tible to oxidation and other types of chemical attack. The few ester
groups in vinyl ester resins contribute towards the superior chemical

resistance of vinyl ester resinsBO.

2.1.5 913 PrePreg

913 PrePreg is manufactured by Ciba Geigy Ltd, and for this work was
supplied as a part cured epoxy resin preimpregnated glass. Its useful-
ness is that it allows the moulding of high volume fraction (VF = 0.60)
good quality laminates with excellent environmental and mechanical
properties. '
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The resin system of the 913 system is known to contain two epoxy resin
types and a further additive with dicyandiamide hardenerZ]. The two
epoxy resins are MY 750 and MY 720, and the MY 750 portion is in excess
of the MY 720 portion. MY 750 is a general purpose resin produced by
Ciba Geigy and is a diglycidylether of bisphenol-A (DGEBA) resin. The

structure is shown in Figure 11.

This structure can be compared to the epoxy backbone of Derakane 411-45,
It can be seen that 411-45 is the vinyl ester equivalent of the epoxy
resin MY 750. MY 750 imparts excellent strength and toughness to a glass
or carbon fibre 1am;22}e. However it does not have the high temperature
properties that MY 270" has. This epoxy resin has a much more complex
molecular structure as shown in Figure 22.

The name or chemical nature of the third additive has not been made
available to Loughborough University of Technology but information gained
from Ciba Geigy stated that it improved the impact properties of the cured
PrePreg as well as acting as a processing additive. It is likely that the
unknown additive is thermoplastic in nature and a considered guess is that
it is a member of the polysulphone group of plastics.

MY 750 and MY 720 can be cured by adding an amine hardener. For example
the reaction between a primary amine and the epoxy resin would progress
as shown in Figure 23.

The secondary amine can react with further epoxy groups or other polymer
chains and in this manner crosslinks are formed (Figure 24). However,
these simple curing agents are not suitable for PrePreg as they would
not allow the PrePreg to have any shelf-life (913 has a shelf-life of
one month at 250C and 18 months at -18°C) and the quality of the cured
article would not be of the order required. For this reason 913 PrePreg

contains a more complex amine hardener, dicyandiam’ide (DICY), see Figure
25,
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DICY is often referred to as a latent curing-agent and it is this
property that makes it so attractive for PrePreg. There is little

or no reaction with the PrePreg at room temperature but full cure

is rapidly reached at elevated temperatures. The 913 PrePreg is
suppiied B-staged (or part-cured) and the part-cure takes place during
manufacture after the glass or carbon has become impregnated by the
resin. This part-cure imparts handieability to the PrePregq. At a later
stage when fully cured at higher temperatures (up to 150°C), the follo-
wing reactions take place:

i) epoxy-epoxy reaction are catalysed by the tertiary amine, and

ii) reaction between -QOH groups on epoxy with hardener cyanide groups.

2.2 ENVIRONMENTAL EFFECTS ON FIBRE REINFORCED COMPOSITES

Fibre reinforced plastics are being used increasingly in the aerospace
industry because of their strength and stiffness, combined with their
low density and the low cost of the finished components. In a service
environment, fibre composite structures will be exposed to ultra-violet
radiation, lightening strikes and atmospheric moisture and consideration
must be given to their effect on mechanical properties.

Most aerospace applications use fibres in polymeric matrices, usually
epoxy resin. The polymeric matr"ix3]’32 will absorb moisture directly
from the atmosphere. - Reinforcing the resin with fibres does not prevent
such moisture absorption from occurring. The effect of this moisture
uptake is to plasticise the resin and to lower the glass transition
temperature {(Tg), and thus to influence directly the load carrying
properties of the material. The strength properties that are dependent
upon matrix properties such as compressive strength, interlaminar shear
strength etc. will suffer most degradation. As moisture content increa-

. ses so will the degree of degradation.
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A gaseous or 1iquid environment may produce profound changes in proper-
ties of composite materials., These can best be understood in terms of

the effect of these environments on the individual constituents, i.e.
fibre, matrix and interface. These regions are shown in Figure 26. It

is generally recognised that the glass/matrix interface is the determining
factor of the reinforcement mechanism, especially wet strength retention33.
A summary of the main changes which can occur is given in Table 2.534'35

and also described in the following sections,

2.2.1 The Effect of Moisture on Glass Fibres

The E glass fibres commonly used in fibre composites consist of 55 per-
cent 5i0, as the main component and oxides of other metals such as Al,
Mg, Ca as the remainder33. The fibres are coated with a coupling agent

which protects the glass and assists its binding to the matrix.

Glass fibres are brittle and their strength is very sensitive to imper-
fections such as voids, cracks, surface scratches etc. The classical
brittie fracture theory postulated by Griffith36
approximate expression to the brittle strength:

assigns the following

VE

wC

I

cu

where V = specific surface energy
E = Young's modulus
¢ = crack length

The environmental factors (especially humidity) tend to reduce specific
surface energy (V) and with it the tensile strength. In fact the "virgin"
strength of glass measured in a liquid nitrogen (-196°C) environment37 is
about 108 psi as against 200-500 x 10% psi under ambient conditions. The
energy required for glass to absorb water molecules (interface energy)
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while submerged in water is lower than the energy required for glass to
adsorb water molecules in the air. Hence a lower critical stress is

required for the spontaneous propagation of existing cracks in a water
. 6
environment .

The presence of liquid water on the untreated glass surface can lead to
stress corrosion38. This is caused by the water leaching alkali salts
out of the glass. The presence of a protective coating on the fibres
does not totally prevent attack. Evidence of attack on the coated fibre/
resin interfaces has included leaching of sodium salts from the g]ass39.
The degradation of glass fibres by moisture attack occurs in three stages:

The first stage of attack consists of the following chemical reactions,
with the sodium ions migrating outward:

Si - 0 (Na) + Hy0 = Si-OH + Na* + OH-

During the second stage the OH" ions disrupt the strong siloxane bond
(the main structural backbone of glass), producing a Si-0° molecule:

Si-0-Si +0H =Si -0H +5Si-0"

which in turn decomposes another water molecule (the third stage, a repe-
tition  of the first):

Si -0" + H2 0=Si -0H + OH'

Consequently an alkaline medium is created, the OH" concentration being
equivalent to that of the released Na*. This in turn gradually raises
the pH level.
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IsTinger et a]40 have suggested that moisture can attack glass surfaces
forming alkali hydroxide and silica hydrosol gel solutions. The presence
. of the alkali hydroxide could further enhance the corrosive action of the
moisture, changinganinitiallyreversible absorption process into an irre-
versible one.

The environment also affects the strength properties of the fibres. Glass
fibres are susceptible to water leaching of the soluble oxides such as

K20 and Na20. After prolonged exposure, leaching results in surface pits
and reduction of properties. The presence of dissolved salts in the

water around the fibre can Tead to the generation of osmotic pressure

which may eventually produce debornding at the interface even in the absence
of an applied stress. Therefore, surface degradation of the glass (with
resulting reduction in composite strength) is unavoidable unless the sur-

face is protected by a strongly-bonded polymeric coating35.

2.2.2 The Effect of Moisture on the Interface

A composite material must contain an interface region that transfers
stress between the matrix and fibres*!. The boundary between resin and
reinforcement is sometimes regarded as a third phase or 'interphase'
region., Some kind of adhesive bond either physical, mechanical or chemi-
cal, is essential between the matrix and fibres. Such a bond enables the
matrix to transfer loads between the fibres. The matrix also protects
the fibre against mechanical damage or chemical attack. The fibres are
usually coated with a coupiing agent and the primary function of the
coupling agent is to provide a strong chemical 1ink between the oxides
groups on the fibre surface and the polymer molecules of the resin. The
basic principles are illustrated in Figure 27. - The general chemical
formula for silane coupling agent is R—Six335. This is a multifunctional
molecule which reacts at one end with the surface of the glass and at the
other end with the polymer phase. A mass of indirect evidence already
cited42’5] suggests that properties of composites particularly mechanical
properties, are often limited by failure at the interface, and this is
supported by direct evidence of separation of the interface by visual
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observations and electron micrography. It has been suggested that the
weakest portion of the fibre reinforced plastic system is the glass/
coupling agent interface52’53. This interface is especially weak when
water is present. Bernett and Zisman56 observed that a clean glass
surface exposed to ordinary atmospheric conditions immediately picks up
a molecular layer of water, Water can only reach a bonded interface by
diffusion both through the matrix and along the interfacial layer. The
path'length for diffusion may be stunted when ingress into a composite
is assisted by capillary flow along channels, for example voids or
stress crack557’59. The word 'wicking' has been correctly used to
describe this process, but it has also been used rather loosely to denote
the accumulation of water in the channels formed around filaments that
are debonding. The appearance of wicking is indicated by the spread of
debonding from exposed fibre ends in some systems. This occurs either
because there is only a physical bond that can be rapidly displaced by
water, or because diffusion along the interfacial layer is much faster
than diffusion through the matrixsg. Wicking in these senses, however, is
by no means general and diffusion of water through the matrix can equally
well cause debonding42’44'60.

Optical retardation is an experimental method used to detect fibre
debonding in a matrix61. Measurements using this technique have been

used to detect the bonding of coated-and uncoated fibres in a polyester
composite. The samples were immersed in distilled water at 20°C and at
100°C with fibres embedded to a depth of less than 10 um. With the coated
fibres no debonding was determined during periods of immersion at 200C for
up to 10 months. In hot water detonding was only detected after relatively
long immersion times. During the initial period of resin swelling, the
chemical bonding introduced by the coupling agent is able to withstand

the tensile interfacial stresses produced. Debonding is eventually
initiated by the growth of discontinuous bubble-like regions at the

fibre interfaces. In boiling water these appeared after 4 hours and even-
tually joined to produce complete debonding (after about 60 hours). It
must be stressed, however, that these observations are for polyester resins
and may not apply in other resin systems. The resins used in determining
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the above results were films approximately 200 ym thick. Consequently
the results may only be used to compare the different environments and
the effect of coating the fibres. With the uncoated fibres an increase
in the resin retardation after 20 minutes indicated the initiation of
debonding. Complete debonding occurred after about 2 hours. In boiling
water debonding occurred after only a few minutes.

~ In the usual GRP materials two types of chemical bond are susceptible

to hydrolysis, siloxane and ester linkages. The former occurs in the
glass between the glass and coupling agent, and within the coupling

agent - ~°. The presence of water, which may diffuse through the resin

to the interface, the covalent H-0 bond hydrolyses as shown in Figure 28,
Since this process is reversible the covalent bond can reform when the
water is away. Thus, in the presence of a simple shear stress parallel
to the interface (Figure 28b) the surfaces can slide past each other
without permanent bond failure. Direct experimental evidence for this
reversible bond process has been obtained by Fourier transform infra-red
spectroscopyss. The ester linkages occur in polyester resins, in anhydride-
hardened epoxides and in some coupling agents. The hydrolytic degradation
of polyester and epoxy resins is well estab]ished42'44'67'68‘69. It is
accompanied by the extraction of lTow molecular weight materials and the
formation of characteristic circular cracks. The rqYes of hydrolysis can
be appreciable in the context of the 1ife desired for GRP structures,
although it is difficult to measure for the separate materials when they
are combined in a composite.

Vaughan et a170

agent and the resin-coupling agent interfaces and the ultimate effects

studied the influence of moisture on the glass-coupling

on the resulting reinforced epoxy commercial laminates. It was found
that the presence of water affected the physical properties of the lami-
nate after prolonged immersion. During short immersion periods no sig-
nificant indication of moisture attack on silane finished glass fabric
was detected.
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According to EakinSQ] the degree of order of successive molecular layers
decreases with increasing distance from an interface and their response
to external stress decreases similarly. He suggested that the effect

of water penetration on the resin is twofold:

i) remote layers undergo swelling, whereas those close to the inter-
face are stiffened and their capacity for energy absorption is
reduced;

ii) the water forms very thin layers at the interface, counteracting
the matrix-fibre bond and creating an alkaline medium at high
temperatures which intensifies the debonding process and may even-
tually lead to failure at relatively low 1oad'1evels.

Pressure pockets generated at the fibre matrix interface during immer-
sions cause further disruption of the glass resin bond71. There are at
least three mechanisms by which diffused water can lead to the generation
of internal pockets of pressure72

i) Gas release:

This can occur by the reaction of dissolved hydrolysible chlorine in the
unreacted resins with, for example, calcium carbonate inclusions from
the atmosphere. The gas evolved is carbon dioxide. This can only occur
if hydrolysible chlorine is present in the resin, epoxy resins are the
main example.

i1) Hydration:

Impurities such as A1203 or clay may be introduced into the resin or
fibres during handling, or from the atmosphere. Pressure from the
hydration of such inorganic salts can lead to crack propagation.

iii) Osmosis:

When a solute is dissolved in a solvent, the chemical potential of the
solvent diminishes. Chemical equilibrium can only be obtained if the
solvent and the solution have different pressures. In practice the
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exchange of solvent without equalisation of pressure can be realised with
the aid of semi-permeable membranes*. Whether the resin can sustain such
pressures will be determined by the degree of crosslinking. The observed
higher incidence of fractures in composites exposed to fresh water than
in composites exposed to salt water indicates that ions as well as alkali
metal ions are less readily able to permeate hot, wet resins.

Debonding is often a spontaneous process, and so must be favoured by a
consequent decrease in the energy of the system73. In the absence of an
external load, there are three main sources of energy change. Strain
energy in the resin and glass due to their differential volume change,
the chemical energy change of network (e.g. hydrolysis), and surface

energy changes on debonded interfaces separate.

2.2.3 The Effect of Moisture on the Matrix

In a composite the role of the polymeric matrix is two-fold: protection
against environmental attack; and a load transmitting medium.

When left in a humid environment resins absorb water molecules by a
diffusion process38. The molecules become attached by hydrogen bonding
to polar groups such as hydroxyl and amine groups which exist in the
resin structure. The molecular network then expands, to an extent
governed by the crosslink density, and the resin swells. In some cases
this can produce voids in the resin, Water penetration of the matrix
takes place by the following mechanisms74: (a) through fibre-matrix
interfaces {capillary); (b) through the resin (diffusional), and (c)
through cracks and voids in the composites. The capillary mechanism is
much more prominent than its diffusional counterpart. As for the third
mechanism, its contribution depends mainly on the size and distribution
of the cracks and voids.

* A porous material capable of sustaining a pressure differential and
which allows free passage to the solvent, but not to the solute.
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The water will cause plasticisation of the resin and will reduce the
value of the transition temperature Tg between the glassy state and

rubbery state. The water also reduces the stiffness of the resin and
causes it to swell,

2.2.3.1 The Effect of Moisture on Epoxy Resins

Epoxy resins absorb atmospheric moisture, apparently by instantaneous
surface adsorption and subsequent diffusion through the interior, The
absorbed water is not liquid, but exists rather in the form of hydrogen
bonded molecules or clusters within the polymer. The rate at which
water diffuses into the epoxy resin is much Tower than that for poly-
esters. On the other hand the total quantity of water absorbed by
epoxy castings after prolonged periods is surprisingly high - often
‘E:Zl_w[w74’75.

Water absorption by epoxy polymers depends on their chemical structure,
in general the more 'polar' the polymer the larger the amount of water
absorbed. Cured epoxy resins when immersed in the liquid water absorb
several weight percent, the amount being a function of the structure of
the resin and the type of hardener used to effect cure76’77. The results
presented by Rashid76 establish clearly that the amount of water absorbed
by the epoxy resins depends on the type of hardener used and the chemical
structure of the crosslinks determines the water sorption behaviour. The
polyamide cured resin absorbs nearly four times as much water as the
anhydride-cured resin. It was also noted that for the resins cured

with the polyamide or pthalic anhydride the water absorption was not
reversible even at modest temperatures. Water absorption by the diamine-
cured resins was reversible,

The importance of absorbed water is due to its effect on the properties
of the resin. The resin's glass transition temperature is lowered78’79,
and elastic moduli and compressive strength are reduced. Over recent

years there have been a number of reports on water absorption in cured
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epoxy resinsao. their composites81 and the effect of thermal cyc]ingys.

One of the more extreme environmental conditions experienced by an

epoxy composite matrix occurs during a supersonic dash of a fighter air-
craft. The aircraft dives from high altitudes (where outer surface
temperature is -20 to -559C) into a supersonic, low-altitude run during
which aerodynamic heating raises the surface temperature to 100-150°C,

in a matter of minutes. On reduction of speed the outer surface tempera-
ture drops extremely rapidly at rates up to about 500°C/min, thus expo-
sing the epoxy composite to a thermal spike. Simulation of such thermal
spikes has been shown to increase the amount of moisture absorbed by the
EpoXy or epoxy compositesz'as. However, after a certain number of con-
secutive thermal spikes, the amount of moisture absorbed ceases to
increase. Browningm'83 suggested that such increases result from micro-
cracks caused by the moisture and temperature gradients present during
the thermal spike. The damage does not occur unless the thermal spike
maximum temperature exceeds the Tg of the moist epoxy.

Work on unfilled epoxy resins6 has shown that the weight increase of
samples exposed to hot water was greater than the weight increase of the
samples exposed to cold water. Dimensional changes also tend to follow

the same pattern. Specimens exposed to hot water undergo pronounced
degradation, which sets in shortly after exposure and is associated

with a significant irrecoverable weight loss. Degraded specimens are
characterised by higher void content and lower strength compared with

their cold water counterparts. The degradation process is attributed

to penetration of water into the matrix-fibre interfaces and is followed

by an attack, at high temperatures, on the glass-fibre surface and

coupling agent, Thg,pbserved_weight loss_has_been atiributed-to-leaching.
As no such behaviour was detected in the unfilled samples, the leached
‘;;Eg;?EI:ﬁEEETFEVE—EFEQEEEEEE:ﬁgiglyﬁin fﬂ; glass-fibres, or in the
coupling agent_phase {which helps to bind the fibres to the matrix).
Samples exposed to a hot water environment were then placed in a cold

water environment together with some fresh samples. The samples previously
exposed to hot water gained significantly more weight than their cold water
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counterparts. This confirms the assumption whereby leaching by hot
water resulted in higher void content within composite interfaces,
which was in turn reflected by subsequent higher water absorption.

The work reported in references 75-86 indicates that at room temperature

) properties are not significantly altered by water absorption. There is
also general agreement that the presence of absorbed moisture does result
in a diminution of mechanical properties at elevated temperature. Figures
Rypica]]y range from a 15-60% loss of interlaminar shear strength and a
0{60% loss of flexural strength of moisture content levels which would be
expected to occur in service. The slight permanent loss of properties
which occurs in some cases is most probably due to swelling of the matrix
§nd the production of voids. It is known that the ILSS of a composite

iﬂecreases by about 7% for every 1% void content87.

Water absorption by fibre-reinforced epoxy resin can significantly alter
its conducting and dielectric propertiesBB, but these changes are usually
found to be reversible on drying. In the case of carbon-fibre composites
the effect of the absorbed water is to decrease its conductivity in a
direction normal to fibre alignment. This is due to a decrease in fibre-
to-fibre contact. In addition, the swelling which occurs acts like an
externally applied strain and also increases resistivity. Conductivity
is greatly increased in glass-fibre reinforced epoxy resin which has

absorbed more than a certain amount of water.

2.2.3.2 The Effect of Moisture on Polyester Resins

Polyesters are known to be susceptible to hydrolysis i.e. to chemical
attack by water., Their molecular mass is reduced by the reaction and
consequently their physical properties. Polyester contain ester groups
in the main chain. Hydrolysis of the ester groups may be expressed by:

-QC0C- + H20 = COZH + «COH
ester absorbed acid alcohol
water e

—_—Waler -
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In work by Steelsg, styrenated unsaturated polyesters were found to be
incompletely cured in air due to inhibition of the curing reaction in

the presence of oxygen. The system resulting from such a cure had low
heat stability, low resistance to hydrolysis, and showed greater swei]ing
in solvents than those cured in the absence of air. Postcuring in water
or an inert medium led to a further reaction of the residual styrene-
monomer and anhydrides with radicals fixed in the networkgo. Increases
in the glass transition temperature (Tg) however, were also observed for
polyesters that had been postcured in water when the residual monomer

had been completely exhaustedgo.

Stee19] observed that unstressed castings of polyester resins showed

gross disc cracking when exposed to hot water for long periods of time.

He studied the kinetics of crack formation and suggested that plots of
crack initiation time against temperature followed the Arrhenius rela-
tionship, being linear down to 40°C for at least one resin, with an acti-
vation energy of about 100 kJ moi~-1, These plots are reproduced in Figure
29. Steel observed that for a given resin, cracking always occurred at
the same water absorption level, and deduced that (at least in some cases)
cracking would never occur at ambient temperatures, since the critical
water uptake level would exceed the equilibrium absorption value. Ano-
ther conclusion emerging from this study was that the crack ijnitiation
time increased slightly with post-cure time. The explanation offered by
Steel concentrated on the rupture of polyester chains either by swelling
forces or by the hydrolytic scission of ester groups.

About the same time as Steel was reporting these findings, another study
by Ashbee et a]sl
The cracks, in unsaturated polyester resins, were studied by optical and

was directed to the same disc cracking phenomenon.

electron microscopy. The size, number and orientation of the cracks
were different in different polyester resins. Sometimes the orientation
was random, but in other cases most of the cracks were roughly parailel
to the specimen surfaces. These authors proposed that the cause was
osmosis arising from water-soluble inclusions.
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Pritchard et a]gz reported the time taken to produce disc cracks in
polyester glass laminates exposed to hot water on one side only, as
in a tank or pipe. Most of the cracks were confined to the region
just below the surface exposed to water. The surface regions also
underwent a different kind of cracking, probably as a result of
shrinkage through further cure.

Work on glass reinforced pol_yesterg3 has produced a plausible explana-
tion for the weight variation of samples submerged at high temperatures
in a water bath. Initially the water uptake followed a pattern predic-
ted by the Fickian diffusion model (see Section 2.3). Deviation from
the calculated values occurred after the development of microcracks on
the surface and inside the sample. These cracks were formed owing to
the moist, high temperature environment. After a few hours material
loss was observed. As long as the moisture gain was greater than the
material loss the weight of the sample increased. Once the weight of
the lost material exceeded the weight of the absorbed moisture, the
weight of the sample decreased. Of course when the material was lost
the measured weight change no longer corresponded to the moisture con-
tent of the material.

Numerical values for the percentage weight loss of polyester resin and
glass reinforced polyster exposed to water at different temperatures
have been determined94. Although the polymeric composites behave 1ike
the resin kinetically, the equilibrium water uptakes and weight losses
are influenced by the presence of the fibre. The composites take up
more water than the pure resin, especially at higher temperatures, at
which debonding of the fibres from the matrix is more evident and
induces localized water entrapment is more evident. Apicella et a]g4
found that weight losses after a fixed time are also strongly influenced
by the test temperature. The higher weight losses observed for the com-
posite, especially at 90°C, may indicate that segregation or incomplete
curing of some prepolymer components may occur around inclusions. Unreac-
ted components or partially bonded groups may be desorbed easily and
preferentially to the debonded and water-coated fibres.
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Apicella et alg4 concluded that the exposure of the resin and composites
to water at different temperatures induced modifications in the mecha-
nical properties. The chemical attack on the ester linkage may be
responsible for the low heat resistance in the presence of absorbed
water. Embrittlement of the matrix results in the loss of segments which
plasticize the unaged resin. The degradation mechanism may be associa-
ted with both the low chemical resistance and the possible migration of
some of the components initially present in the thermoset.

In further work Apicella et a195 also noted iverdr Jow ~- hydrolytic
stability for the isophthalic resins, which underwent significant weight
losses and embrittlement after conditioning in water. Moreover, both
isophthatic and bisphenol B resins showed the formation of randomly
distributed disc shaped fractures of sizes ranging from 0.1 to 1.0 mm,
probably due to hydrolysis, which further depressed the mechanical
strength. Crack formation was observed in the system B to a much lower
extent than in the isophthalic resin and only after four times longer
exposure periods,

Glass-polyester laminates used for the construction of boat hulls some-
times develop small blisters in localized regions below the waterline.
These blisters are developed slowly as a result of immersion in water,
It is commonly found that small, lightweight craft, such as canoes, are
free from blisters, because they are lifted from the water after use,
whereas boats of 10 metres in length remain in the water for months at
a time. The extent of the problem is almost as much a matter for
controversy as the cause; some reports indicate that only a few per-
cent of all polyester boats suffer from notﬁceab]e blistersgs, while
others suggest that the defect is more common97. Blisters have also
been observed in swimming pool liners and in chemical process equipment.
Once a laminate has been seen, then any blisters which form will do

so more rapidly at high temperatures than at low ones. Klunder and
Wilson reported98 that the time to blister in distilled water, for a _
4 mm thick chopped strand mat orthophthalic laminate with an isophthalic
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gelcoat, was two years at 200C, 720h at 40°0C, 480h at 600C, 120h at
80°C and 48h in boiling water. Naturally the higher temperatures
have relevance only for laboratory test panels and for special appli-
cations such as water tanks and pipes.

2.2.3.3 The Effect of Moisture on Vinyl Ester Resins

Vinyl esters are a relatively recent development in the field of
synthetic resins. Consequently there is very little information
available on their behaviour. The main body of the literature refers
to epoxide and polyester resins.

By far the largest use of vinyl esters is in making corrosion resistant
equipment. There are numerous reports and data concerning the chemical
resistance of resins and composites. These include published papers on
the corrosion behaviour and mechanisms due tdf?ﬁﬁEFsion in different

99-105)

liquids j.e. sodium hydroxide, acids, oil, etc Little information

is available on the effect of water on the vinyl ester resin or composite.

<Like the polyester resins,_the vinyl ester resins are known to be sus-
ceptible to hydrolysis]03,rthat is the water degrades bonds in the_‘-‘m
b;;EBEﬁE‘bf the resin, The bond most susceptible to hydro]ysié is the
ester linkage. Hydrolysis of ester linkages may occur in hot water
where it is a reaction of some concern for the general purpose poly-

esters. The reaction is accelerated by acid or base. The presence of

the extent of the reaction. In addition, vinyl esters have a methyl
group deriving from methacrylic acid which shields the vulnerable ester
linkage. Further, most of the vinyl esters have but two ester linkages
per molecule which should make them less susceptible to attack than the
true polyester resins.

The relative hydrolytic stability of the resins can be related firstly

to their tendency to undergo disc-cracking. Loader106 studied the water
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absorption of unsaturated polyester resins and compared them with
vinylester resins. The experimental method he used was to expose
specimens of cured polyester and vinylester resins to dejonised water
at 209C, 50°C and 80°C, and to monitor appearance and weight. The
results obtained showed that disc-cracking did not occur in any of the
vinylester resins, at 20°C, 50°C and 80°C, whereas disc-cracking was
observed for the polyester resins,

Apicella et a195

also observed from their work, that the vinylester
resin showed the highest stability on ageing, which was siightly higher
than that of the bisphenol A polyester. Although these systems were also

embrittled by the long term conditioning in water, the effect was less
evident,

2.2.4 The Effect of Moisture on Composite Properties

Moisture and temperature may affect the performance of composite mate-
rials, i.e. tensile strength, shear strength, elastic moduli, fatigue
behaviour, creep, swelling {dimensional changes) and electrical resis-
tance. The absorption of moisture from humid environments at room temp-
erature is in general a reversible process and with most advanced com-
posites there is no degradation in room temperature mechanical proper-
ties107. Because moist resins soften at elevated temperatures, resin
dominated strengths and stiffnesses are significantly less at these
temperatures, than those for dry composites. Certain combinations of
temperature and moisture (and stress) can produce microcracking in the
resin or at the fibre/matrix interface which will degrade the mechanical
properties even at room temperature. For instance 15% to 60% less inter-
laminar shear strength can be expected at temperatures and moisture con-
tents expected in serﬁice38. In compression, the fibres rely on the
matrix to provide the supporf necessary to prevent fibre buckling;

under hot/wet conditions the resin softens and the compression strength
is reduced (Figure 30). Since the compressive strength is reduced under
hot/wet conditions, the flexural strength shows a similar trend86 (Figure
31) and exhibits compression face failures. Tests on chopped strand mat
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(CS™M) polyester laminates reported by Scott Badeﬁloa, give stiffness

retention data after 300 days immersion in distilled water at 20°C.

For laminates with unsealed and sealed edges, it was found that 89%

and 97% of the initial flexural modulus was retained. When immersed

in water at high temperatures, strength properties depend on the temp-
erature resistance of the resin, Modulus retention data for several
CSH reinforced polyester resins immersed in distilled water at 1009C
for 50 days are reported by Pritchard]og. Table 2.6 gives flexural
modulus retention data taken from this paper., It is seen that modulus
retention varies from 58% for orthophthalic resin to 97% for bisphenol
types. Strength retention data for various CSM reinforced polyester
resins immersed in distilled water at 100°C for 50 days are given by
Pritchardlog. Table 2.7 shows flexural strength retention data. There
is a significant reduction in tensile strength, although modulus values,
shown in Table 2.7, were less affected. As expected the vinylester and
bisphenol laminates have the superior properties.

The effect of moisture and temperature on resin properties and resin

110

dominated composites properties have been generalised into a simple

algebraic expression for incorporation into available composite micro-
mechanics equations:

-1 |3
Wet resin mechanical property at test temperature _ Ts !

Dry resin mechanical properiy at room temperature Is - Io

where TS is the glass transition temperature of the wet resin, T is the
test temperature and T0 is 273%. This kind of relationship is shown
in Figure 32 for unidirectional flexural strength, in-plane shear
strength, in-plane shear modulus, transverse modulus and matrix ten-
sile strength.
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The following relationship has been proposed which relates the effect
of absorbed moisture to the mechanical properties of composite materials
(under prolonged exposure i.e. 35,000 hours)6:

o, o *8 log W

where % is the ultimate tensile stress, W is the amount of absorbed

water and o and B are empirical constants.

Experimental work on glass-reinforced polyester has indicated a signi-
ficant difference in the tensile and flexural strengths of dry and wet
samp1e56. The samples were exposed to water at 25-759C for periods of
up to a year. The high scatter of results made them difficult to
evaluate, however two distinct processes, one reversible and one irre-
versible, related to strength degradation, were indicated. Detachment
and plasticising of the resin which is reversible znd the disruption
of chemical bonds, which are irreversible were observed. The work by
Isha]i6 indicated that there are three main effects when GRP samples
are exposed to water.

Initially water penetrates into the relatively large spaces in the
matrix phase, such as pores, cracks, unbonded parts of the interface
etc.

Secondly water penetrates to the fibre-matrix interfaces. In hot

water exposure this has three effects: (a) degradation or rupturing

of the interfacial bonds provided by the coupling agent, {b) exposure
of the glass fibres which in turn lead to water molecules being absorbed
onto the surface. This results in a significant reduction in their
surface energy and subsequent tensile strength, (c) chemical degrada-
tion within the composite.
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Finally the effect of leaching causes irrecoverable weight loss with
time in both longitudinal and transverse composite samples under hot
water exposure. Unfilled samples showing an absence of weight loss
indicated the degradation mainly occurs at the -glass surface or at
fibre-matrix interfaces.

2.2.5 The Effects of Moisture on the Glass Transition Temperature (Tg)
of Resin

The glass transition temperature, Tg, of a polymer is defined as the
temperature above which it is soft and below which it is hard. The hard
polymer is a glass like material, while the soft polymer varies from a

rubbery material to an 011]]].

From a practical standpoint it is more appropriate to discuss a glass
transition temperature region rather than a single Tg, as the change
for a hard polymeric material to a soft material takes place over a
temperature range. This range, as illustrated in Figure 33, for a
typical crosslinked amorphous polymer, is characterised by a decreasing
modulus with increasing temperature. A very rapid decrease in modulus
occurs with increasing temperatures above Tg.

m that the Tg of a polymer can be lowered by mixing

with miscible liquid (diluent) that has a lower glass transition tempera-

It is well recognised

ture than the polymer. This process is referred to as plasticisation,
Many polymers, such as epoxy resins, polyester resins etc. absorb
moisture from high humidity environments. Moisture is a plasticizer
for such systems, producing a lower value of Tg. Similar effects are
observed in composite586. The reduction in Tg is approximately linear
with moisture uptake (Figure 34)]07

decrease in Tg for about 5% moisture uptake. This reduction in Tg can be
1M1,z

and for epoxy resins there is a 100°¢

modelled by a free volume theory of mixtures of two components

For a diluent such as water in a polymer this gives]]]:
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Tg = [aprTgp tay (1-Vp)ng]/[apV + ad(1-V)]

where o is the thermal coefficient of volume expansion, Vp is the volume
fraction of polymer, the suffix p stands for polymer and the suffix d
stands for diluent. A value for the Tg for water has to be used and
this is usually taken as about 273K.

2.2.6 Measurement of Tg

2.2.6.1 Thermal Analysis

i) Differential Thermal Analysis (DTA)

Differential thermal analysis or thermal spectrometry, measures the heat-
energy change occurring in a substance as a function of temperature,
Experimentally, the sample is heated side by side with an inert reference
material at a uniform rate, and the temperature difference between them
is measured as a function of temperature, as shown in Figure 35. The
resuliting curve is called a thermogram or a thermal spectrum, from which
information on the temperature, heat, and rate of transformation can be
derived. As DTA directly measures the heat-energy change occurring in

a substance, it is theoretically possiblie to detect and measure any
physical transition and chemical reaction that is accompanied by heat-
_energy change. This implies an extremely broad scope for the DTA tech-
nique, as most changes in state and chemical reactions are accompanied
by heat-energy changes. Physical transitions that can be studied or
have been studied by DTA are: glass transition, crystallization from
the meit, crystalline disorientation, and melting. Among the chemical
reactions that can be studied by DTA are polymerisations and various
other chemical reactions of interest in the polymer area. Chemical
reactions may involve either a polymer reacting with another polymer

or with some chemicals, or a transformation caused by some form of
energy such as radiation or heat. Chemical reactions may include oxi-
dation, vulcanization, crosslinking, curing etc.
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i1) Differential Scanning Calorimetry (DSC)

Most studies by DSC on polymers focus on Tg measurements and specific
heat changes in glass transition regions where there is an abrupt change.
The sample and reference are heated separately by individually controlled
heater elements (Figure 36)}. The power to these heaters is adjusted con-
tinuously in response to any thermal effects in the sample. In this way
sample and reference are at identical temperatures. The differential
power required to achieve this condition is recorded as the ordinate

on the recorder, with the programmed temperature of the system as the
abscissa. Schematic DTA or DSC curves are plotted as a function of time
or temperature at a constant rate of heating. The ordinate represents

AT the difference between the sample and reference temperatures for

DTA measurements or daQ/dt the power difference between the sample and
reference cells for DSC measurements. Schematic DTA or DSC curves
illustrating many typical phenomena are shown in Figure 37. The peak
area between the curve and a baseline is proportional to the enthalpy
change in the sample. A shift in the baseline results from change in

the mass of the sample.

Generally first-order transitions should give narrow peaks. Physical
transitions in polymers are often from structures of varied size and
configuration, and yield spectra much broader than similar transitions
in Tow molecular weight compounds.

Second-order transitions or glass transitions cause abrupt changes 1in
curve shape. The sample absorbs more heat because of its higher heat
capacity.

Chemical reactions such as polymerization, curing (which may be either
endothermic or exothermic), oxidation, or crosslinking (which are always
endothermic) give broad peaks.

The curves for cooling scans are inverse to those for heating to the
extent that the transitions and processes are reversible. Cooling
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transition often either occurs at lower temperatures due to supercooling
or tends to be spread out over a wider temperature interval.

DSC instruments can analyse solid and liquid samples - solid samples

can be in foil, powder, crystal or granular form, HMaterials such as
polymer films can be conveniently éamp]ed by cutting out sections of the
film with a standard paper punch or centre borer, Solid polymers can be
sliced into thin sections with a razor blade or knife. A sample is placed
in an aluminium pan which is sealed using a sample pan crimper. The
proper weight of the sample depends upon the problem and may vary between
0.5 mg and 10 mg. Small samples permit higher scan speeds, yield maximum
resofution and thus better qualitative results; yield most regular peak
shapes; permit better sample contact with controlled atmosphere and
better removal of decomposition products; and are recommended where

the transition. energy to be measured is very high. Whereas large samples
permit observation of small transitions; yield more precise quantitative
measurements; and produce large quantities of volatile products for
detection by the effluent analysis system.

2.2.6.2 Dimensional Changes

1)  Dilatometry

Thermodilatometric analysis is the continuous monitoring of the length,
area or volume of a specimen as a function of temperature or time iso-
thermally. The technique is a classical physical one and has been used
widely in polymer science to study many processes e.g. poiymerisation
kinetics, glass transition temperature, melting and crystallisation
kinetics. Many of these original studies were made on the simplest of
apparatus on polymer samples stored over mercury in glass dilatometers,
and heated externally with a thermostatted liquid bath whose temperature
could be held accurately at a fixed temperature or heated slowly at a
constant rate. Most modern thermodilatometers monitor the linear expan-
sion of a solid or glass sample through a mechanical push rod which 1ightly
rests on the free end of a sample. The sample is heated externally with
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an oven. The push rod's weight is compensated by a support system which
balances the weight and only a nominal pressure of less than 1 gram is
exerted on the sample. For most accurate and absolute measurements a
differential system is adopted in which the expansion of the sample is
compared to that of a standard.

In most commercial dilatometers the measuring device is a linear variable
differential transformer which responds to the end of the push rod.

Other systems have used deflection methods e.g. strain gauges, and mecha-
nical Tevers. These have been reported e]sewhere]]a. These instruments
are particularly sensitive to linear dimensional changes and so are useful
in detecting small changes associated with the onset of transitions within
the polymer. Specimens of 3-6 mm can conveniently be handled on the Stan-

ton-Redcroft TMABYT,

i1) Thermomechanical Analysis (TMA)

If an increasedload is applied to a polymer sample, in tension, or under
compression at constant temperature, it will deform elastically (initially)
and then yield when permanent deformation occurs. The load-deformation
curve is an important parameter of all materials since it defines Young's
modulus, yield stress, uniform drawing or necking, brittle, weak or duc-
tile behaviour. These properties are temperature dependent, and brittle
materials become more or less ductile as the glass transition is approached,
and using an environmental chamber it is possible to determine stress-
strain curves as a function of temperature. TMA attempts to determine

the effect of temperature on mechanical properties by continuously varying
the temperature and to do this the sample is subjected to a constant
strain. It is an attempt to measure single point mechanical properties

as a function of temperature. However, as with dilatometry, TMA is used

to evaluate coefficients of expansion, and these are sensitive to transi-
tions within the polymers, o, B and y transitions and also melting points.
This has been used by Halden et a11]4 to detect transitions in glassy
polymers. The softening temperature, heat distortion temperature, or
sample deflection temperature are readily measured.
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Studies can be made on thin strips of polymer film or on fibres by
clamping the two ends - one to a firm support and the other to the push
rod. The use of point bending tests can also be made on rigid samples
held on knife edges and bent centrally between the edges, by the push
rod.

2.2.6.3 Dynamic Thermomechanical Analyses

Dynamic thermomechanical analysis {DTMA) techniques measure mechanical
properties on samples under an oscillatory l1oad and are extremely useful
technically in considering the overall performance of polymers, since

the mechanical properties are measured as a function of temperature and
frequency. These properties are also very sensitive to molecular struc-
ture, and changes with temperature have been useful in determining glass-
transition regions, the presence of crystallinity, phase separation and
crosslinking.

There are many types of instruments available commercial and research,
which differ in the type of measurement made and the frequency of the
loads applied. Some measure Young's modulus, others shear and even
the bulk modulus. Each technique has its own limitations and restric-
tions in use, and also range of applications. In general, polymers are
viscoelastic and as such, in deforming, energy is stored elastically,

as potential energy, and some is dissipated as heat. The energy lost

as heat manifests itself as mechanical damping. For each test, an
elastic modulus and mechanical damping are measured as a function of
temperature and oscillatory load frequency. To exploit the full poten-
tial of the techniques, measurements should be made over a wide range

of temperatures and frequencies as possible. Within the limitations of
the technique, however, it is generally better to choose low frequencies
e.g. 1 Hz rather than high frequencies, 10* - 10 & Hz. .Secondary transi-

tions are more readily detected at low frequencies.
—_— T T T ———
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2.3 DIFFUSION

In order to account for moisture effects in the design of composite
structures, it is necessary to be able to predict both the total moisture
content and profile as a function of the service environment. A know-
ledge of the diffusion characteristics of composite materials is also
necessary for the purpose of performing accelerated environmental condi-
tioning prior to mechanical testing. It is well recognised that absorbed
moisture can have undesirable effects upon the elevated temperature,
resin-dependent material properties of composites currently in uses.

The predominate mechanism for the transfer of this absorbed moisture in
glass reinforced plastics has been shown to be a diffusion-controlled
process. Detailed knowledge of the nature of this diffusion process is
essential in determining the amount of absorbed moisture and its distribu-
tion inside a Taminate over the service life of a composite structure.

When a dry composite material is placed in wet environments it is consi-
dered that the surfaces immediately come into equilibrium and are satura-
ted. Water then penetrates into the composite so that a water profile
exists across the specimen thickness, as shown in Figure 385. If satura-
tion is achieved, a uniform distribution of water exists through the thick-
ness of Eﬁe\material.

The rate at which water is absorbed by a composite depends on the nature
of the fibres and the matrix, the orientation of fibres with respect to
the direction of water penetration, the temperature, the difference in
water concentration between the composite and the environment, applied
stress and if the absorbed water interacts with or damages the composite.
The time necessary for water to penetrate to the centre of the composite
depends on the rate of water absorption and the material thickness.

2.3.1 Theory of Diffusion

The transmission of a penetrant through a homogeneous polymer normally
occurs by an activated diffusion process. The penetrant dissolves in the
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surface layer, migrates through the bulk material under a concentration
gradient and evaporates from the surface. Provided a constant concen-
tration difference is maintained across the material, a steady state

of flow is attained, with a constant transmission rate, after a rela-
tively short transient-state build up.

Most ‘of the evidence in the Hteraturez’4 suggests that moisture is
absorbed by a bulk diffusion mechanism in the resin and that for sheet
laminates the rate of absorption can be described by Fick's law of

~

diffusion. The basic equations relating to diffusion behaviour are
well established, being defined by analogy to the heat transfer process
as follows:

The rate of permeation F is defined as the amount of penetrant passing,
during unit time, through a surface of unit area normal to the direction
of flow,

i.e. F = (1)
Re

where ) is the total amount of penetrant which has passed through area A
in time t.

in the steady state of flow F is constant and the rate of permeation is
directly proportional to the concentration gradient, 1i.e,

F=-0% (2)

where D is the diffusion coefficient
c is the concentration of diffusing matter
x is the distance normal to the plane.
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The units of F are Mass.Length"z, Time-I, and those of D are Length2 and
Time-]. The inclusion of the minus sign means that matter flows down a
concentration gradient. This is called Fick's first law of diffusion115.

The first law is mainly useful under steady state conditions. Another
equation must be set up in order to deal with non-stationary state of flow
where concentration is a function of time as well as distance. Consider

a volume element enclosed by two planes spaced a distance L apart and
associated with concentrations of diffusing matter C and C] respectively
~and rates of permeation F and F1 respectively.

F F

—— e,

If the concentration gradient may be considered uniform between the two
planes then the concentrations may be related by

a dc
C1 =C+L % (3)
The rate of permeation across the first plane is given by
F=-D

and the rate of permeation across the second plane is then
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-
]

d dc

fl

¥ Lo (4)

The rate of accumulation of diffusion matter in the volume element is

-L g€ (5)

and this must be equal to the differences of the rates of the permeations
across the two respective planes i.e.

dc

_ _ dc
Lgg=F -F

-L (a;) (5)

n

and thus we obtain Fick's Second Law:

Fea0P 7y

If D is constant with respect to distance and concentration then

-0 (8)

The distribution of water in a large flat sheet during absorption or
desorption is governed by one dimensional (i.e. through the thickness)
case of Fick's Second Law {(equation 8).
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Equation 8 can be solved analytically, given a concentration independent
diffusion coefficient and the appropriate boundary conditions. In the
case where the initial concentrations of penetrant are uniform through-
out the sheet, the boundary conditions are

C=C, att=0andall x (9)

where C0 is the initial concentration. If the sheet is suspended in an
atmosphere containing a different amount of penetrant than the one in
which it was initially conditioned, and assuming that both surfaces of
the specimens attain equilibrium as soon as the absorption and desorption
begins, then the boundary conditions would be

C=C,atx=0 and x= hatts>20 ‘ (10)

where h is the thickness of the sheet and Cm is the equilibrium concentra-
tion. After some length of time, the sheet would absorb the penetrant and
the boundary conditions would become

C=C att==andall x (1)

With the boundary conditions given in equations 9, 10 and 11, one solution
that can be obtained for equation 8 15116']]7

C,-C = I
t 4 . 2n+l -D{2n+1)2x2t
f;ftg =1-- g (2n+1)! Sin {2n+] )nx exp ( nhz) il (12)
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The total amount of moisture in the material is obtained by integrating
equation 12 through the thickness of the sheet

h
M= [ C{x,t)dx (13)
0

The result of this integration is (119)

-D(2n+])2n2t|
h2

Jp— N —8; (2n+1)"2 exp (14)
m

o118

m, is the initial weight of the moisture in the material (i.e. the weight
prior to exposure to the moist environment) and m, is the weight of moisture
in the material when the material is fully saturated in equiiibrium with

its environment.

A parameter of practical interest is the percent weight gain, defined as

M = weight of moist material-weight of dry material

weight of dry material x 100

x 100 (15)

The total weight of the material is equal to the sum of the dry weight
Hd and the weight of the absorbed moisture

W=HWy+ (m/g) (16)
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The subscripts i and m refer to the uniform initial and fully saturated
conditions, respectively. Equations (14)-(16) give

= G(mm - mi) +m, (17)

Another solution to equation 9, given the boundary conditions - equations
9, 10 and 11 is (118)

m - m, n=e n

G = 1o g Bty 2 -1) erf ¢ =0 18
m, = ms ( ) ("7 + nzo (-1) er EIE;;; F )

Equation 18 is most suitab]e‘for small times, while equation 14 is best
used for moderate and large times. The value of D can be deduced from
the 1n1t1a1 gradient of a graph as a function of (t%/h) that is

D=() () . | (19)

F is the initial gradient of a graph.

2.3.2 Determination of Diffusion Coefficient (D) and the Maximum Moisture
Content (mm)

If a material (either homogeneous or composite) is exposed to a moist
environment, depending upon the environmental conditions and the condi-
tion of the materia]s; the material either absorbs or loses moisture as
manifested by weight gain or weight loss. The objective is to determine
the percent moisture content {m) of the material as a function of time (t)
(see equation 15). The moisture content {percent weight gain) is plotted
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versus (t)% as shown in Figure 304. Initially when (t < tL) all curves
are straight lines, the slope being proportional to the diffusivity of
the material. After a long period of time the curve approaches asympto-
tically the maximum moisture content (Mm). The value of Mm is a constant
when the material is fully submerged in a liquid, it varies with the

relative humidity when the material is exposed to moist airllg. In the
Tatter case this may be expressed as
b
M, = @ (¢/100) (20)

where a and b are experimentally determined constants for each material
(a is the saturation moisture content in percent of the material in a
100% RH environment), For many materials b in equation 20 can be set
approximately to unity119. This approximation usually provides an ade-
quate description of moisture content as a function of relative humidity,

although deviations frequently occur in very wet environments74.

The diffusivity D is obtained from the initial siope (t < tL) of the
Mm versus (t)i curve, Figure 39

M, - M

h 2 1
D= 2 2 21
(ﬁﬂ;) ((tL)é - (t)é) (21)

where D = mass diffusivity (mm? s™1)
h = thickness of the sample (mm)
M = percent moisture
t = time (seconds)
Mm = maximum moisture content

Since most moisture diffusion experiments include moisture diffusion
through six surfaces, the value for D in equation 21 is in error. For
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the true one-dimensional diffusion coefficient D = 0, a correction
factor given by Shen and Spm‘nger]18 can be used giving

_ h  h,-2
D= =D (1 tut E) (22)

where w and 2 are the laminate width and length respectively.

121

The initial rate of moisture uptake depends on the temperature because

the diffusion coefficient is temperature dependent according to an

Arrhenius re]ationship2’4

D =D, exp (-E/RT) (23)

where D is the diffusion coefficient {mm2 s~1)

D, is a constant for the resin system (mm2 s=1)
E is the activation energy of diffusion (kJ mol1™?!)
R is the gas constant kJ/gm OC

and T is the absolute temperature (°C)

Taking the natural log of equation 23 yields

o= - (%7 (24)

Thus a plot of In D versus 1/T should yield a straight line (Figure 41).
A value of E can then be determined from the slope of the line.

The moisture uptake described by equation 21 indicates that the initial
rate of uptake depends on the thickness of the laminate. Typical curves
for moisture uptake for laminates with different thickness are shown in




51

Figure 4238. Since the diffusion of moisture is usually only through
the resin the diffusion coefficient will clearly depend on the volume
fraction Vf of the fibres in the composites. For diffusion parallel to

the fibres, the resin cross-section is (1 - V) and the diffusion coeffi-

cient is given by]]B

Dyp = 0, (1 - V) (25)

where Dr is the diffusion coefficient for resin alone. For diffusion
perpendicular to the fibre, the diffusion coefficient is

D,y = (1= Ve/m)?) (26)
128

For other angles o to the fibres

D, = D1]C052a + D, SinZa (27)

2.3.3 Non-Fickian Diffusion

The fundamental characteristics of Fickian and non-Fickian behaviour

were described by Cranklzo.

Essentially, in Fickian diffusion, the
absorption (weight gain} and desorption (weight 1o0ss) curves when plotted
against (time)5 are always concave towards the (time)i axis and asympto-
tically reach the final equilibrium value. Calculations performed on

the basis of Fick's Taw fail if:

a) cracks develop in the material or delamination occurs, essentially
altering the structure of the materials?
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b} moisture propagates along the fibre-matrix interfaces;

c¢) there are voids in the matrix, and

d) the matrix itself (even without cracks) exhibits non-Fickian beha-
viour.

The first three of these conditions involves some form of discontinuity
inside the material. Frequently, such discontinuities can be minimised

by appropriate manufacturing procedures. Non-Fickian behaviour is a
material characteristic. Bonniau and Bunsel]77 found that the hardener
used to cure the epoxy resin had an effect on diffusion kinetics for cured
glass fibre reinforced laminates: a diamine hardener resulted in classi-
cal diffusion, a dicyandiamide hardener gave Langmuir two-phase diffusion
behaviour, and an anhydride hardener resulted in such damage above 40°C
that it was not possible to describe the diffusion.

Experimental evidence indicates4 that for many materials (especially for
epoxy based composites) Fickian diffusion is a reasonable approximation.
However, moisture absorption and desorption in some polymers proceeds by
non-Fickian processes. Non-Fickian absorption-desorption processes
exhibit a maximum saturation level. However the moisture content may not
remain constant at this 'apparent' maximum level, but may decrease or
increase as time progresses. A more general theory of diffusion, known

as the Langmuir model, introduces the concept that water molecules can
become trapped by the composite, so that at any given moment, only a
fraction of water molecules can diffuse free1y]22’]23. Two parameters
are introduced, which are (i) the probability, o, of a trapped molecule
being freed and (ii) the probabiltity, 8, of a free molecule being trapped.
With this two phase diffusion model the weightgainM% as a function of
time t is written in terms of four parameters, the diffusivity D, weight
gain at saturation Mm%, the probability « of a molecule of water passing
from a combined state to the free phase and the probability B of a
motecule of water passing from the free to the combined phase. The gen-

eral form of the absorption curve for this type of diffusion is given
122
by -"".
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Dn2 Dw? (28)

For a < < and B < <

we can write

- . B - -1 Dt
e = M I 5ig %P [-a.t] ~ =55 > exp[- s n2{2n+1)2]]

=
I t~18
Q
i
+|—

(29)
Dt .
For = > 0,05 this reduces to
h
_ _ B _ a8 _ Dt
M% = Mp%[1 g exp[-a.t] ¥ 2 exp [ E; m2]] (30}
For 2t < 0.05
h2
_ a 4, Dt
e | (31)

It can be seen that the two phase model reduces to the single phase case
when o =1, B = 0. The two phase model leads to the type of absorption
curve shown in Figure 4338.

Whether or not moisture transport through a composite is by Fickian
diffusion depends not only on the material but also upon environmental
conditions. Equations based on Fick's law are more apt to describe the
moisture transport at low temperatures and for materials exposed to humid
air. Deviations from Fick's law solutions become more pronounced at
elevated temperatures and for materials immersed in liquids. Salts, water,
soivents and hydrocarbons are especially detrimental to the material.



54

CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1 MATERIALS USED

3.1.1 Fibre Reinforcement

The glass fibre used in this work was Equerove 23/24 (CRC Fibreglass Ltd).
It is a 600 tex fibre (600g/kilometre) of nomirially 13 micron filament.
The size and coupling agent are formulated for use with epoxy resins,

[t was purchased on 10 kg cheeses and wound onto the laminate frames as
-required. Properties of the roving used are given in Table 3.1]24’125.

This type of fibre was chosen because of its similarities to 913 PrePreg.

3.1.2 Resin Matrix

3.1.2.1 Derakane*Vinyl Ester Resins

The Derakane Vinyl Ester resins 411-45 and 470-36 were used in this work,
the molecular structures and related properties of which are described in
earlier sections, 411-45 is manufactured by reacting a bisphenol-A

epoxy resin backbone with methacfy]ic acid and diluting it with 45 per
cent styrene. 470-36 is derived from an epoxy novolac resin reacted with
metacrylic acid and diluted with 36 per cent styrene. Even with higher
styrene content, 411-45 is more viscous than 470-36, making it a little
more difficult in hand lay-ups, however since it has a longer gel time
this effect is balanced out. Both resins have extremely good "wet-out"
properties. With both vinyl esters Methyl Ethyl Ketone Peroxide (MEKP)
was used as a catalyst for room temperature curing. Cobalt Octoate
(Cob-Oct) and Dimethyl Aniline (DMA) accelerators were used to initiate
the cure . The proportions of catalyst and accelerators used for both
these resins listed in Table 3.2. These proportions were found to give

a gel time of approximately 45 minutes at room temperature, a convenient

*  Derakane is the trade mark of Dow Chemical Company.



55

period enabling the fibres to be completely wetted out. When mixing

these with the resin, care had to be taken so that accelerator and
catalysts did not come into contact with each other, since they are
explosive if mixed in certain proportions. The accelerators were first
mixed into the resin. The catalyst was then added immediately before
~use, When the catalyst was added it caused a chemical reaction resulting
in the mixture "boiling" consequently the resin was left for approximately
five minutes after the MEKP had been added to the reaction to take place
and the bubbles caused by 'the boiling to disappear.

3.1.2.2 Polyester Resin

Crystic 272 (ex-Scott Bader), an isophthalic polyester resin was used in
this work. It was chosen because it has similar mechanical properties to
those of vinyl ester resins and also has good processing characteristics.
Methyl Ethyl Ketone Peroxide (MEKP) was used as a catalyst for room
temperature curing. Only cobalt octoate accelerator was used to initiate
the cura.. The proportions of catalyst and accelerator used with the
‘resinare shown in Table 32. These proportions were found to give a gel
time of approximately 35-40 minutes. When mixing the resin with MEKP

and cobalt octoate the same precuations were taken as with the vinyl
ester resins.

3.1.2.3 Epoxy Resins

MY 750 (ex-Ciba Geigy) was used. It is based on the glycidation of bis-
phenol A with epichlorohydrin.

When the laminates were made using MY 750 as the matrix material, some
difficulties were encountered with wet out and solids because it is a

highly viscous resin. It was decided that a solvent should be added to
lower the viscosity of the resin. Dichloromethane was used as the solvent.
This facilitated "wet-out” and when a vacuum was applied to these laminates
both dichloromethane and voids were removed. (N.B. Ciba-Geigy also add
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dichloromethane to their "resin mix" when manufacturing 913 and 914
PrePregs). To crosslink this structure a triethylenetetramine was used
as curing agent, no accelerator was required. The proportions of sol-
vent and hardener added are shown in Table 3.3.

3.1.3 PrePreg Material

913 PrePreg (ex Ciba-Geigy) was used in this work. It comprises of a
modified epoxy resin preimpregnated into unidirectional £ glass. 913
contains a latent curing agent so that curing will only take place at
elevated temperatures so that materials can be stored for long periods

at -180C. The fibres contained in the PrePregmaterial used in this work
were the Equerove E glass as described in Section 3.1.1 so » comparisons
can be made between these epoxy resin prepreg materials and the other
composite materials without differences in fibre characteristics obscuring
the comparions. Curing was carried out under pressure with applied heat
in a simple compression moulding process. It was cured for 20 minutes at
1409%. It is claimed that cured 913 PrePreg laminates have outstanding

environmental resistance126;

3.2 EQUIPMENT

The undirectional composites slabs were manufactured within a basic metal
frame. The approximate internal dimensions of the frame were 230 mm x
300 mm, and thickness was approximately 2 mm. A special filament winding
rig modified at the University, was used to wind the glass fibre roving
around the metal frame. The rig simultaneously rotated the frame along
its longitudinal axis while moving a feeder arm in the lateral direction,
The roving was fed through a ring on the feeder arm and attached to one
end of the frame. On winding the roving was wound onto the frame while
moving along its length. Thus the density of glass fibre on each pass was
controlled by the lateral movement of the arm and the rotational speed

of the frame. Eight passes at a constant speed were required for each
frame to obtain the necessary fibre thickness. Square frames with internail
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dimensions of 230 mm x 260 mm were used for the +450 samples. After two
passes along one axis each frame was removed from the rig and replaced
so that roving could be wound on at 900 to the initial winding. Four
passes were applied in this direction, and to complete, two further
passes were wound on in the initial direction. Figure 44 shows the
filament winder,

Drying of the specimens was done in an ordinary air circulation oven and
an environmental cabinet was used for conditioning them in which the
selected conditions of temperature and humidity could be maintained.

A Grant's water bath was used for water immersion tests.

Tensile tests on the samplies were carried out on a 100 kN Dartec servo-
hydraulic testing machine at a constant rate of extension and results
were recorded in the form of stress-strain curves on a chart plotter.
An extensometer was used for strain measurement while load was taken
via the load cell in the test machine, The interlaminar shear testing
of the samples was done using an Instron testing machine.

The Polymer Laboratories' Dynamic Mechanical Thermal Analyser was used
to determine the glass-transition temperature of the samples. In normal
operation a bar sample is clamped rigidiy at both ends and its central
point vibrated sinusoidally by the drive clamp. The stress experienced

by the sample, via the ceramic drive shaft is proportional to the current
supplied to the vibrator.. The strain in the sample is proportional to the

sample displacement and is monitored by non-loading eddy current trans-
ducers and the metal target on the drive shaft. The drive shaft is
supported on light metal diaphragms which allow longitudinal but not
lateral motion.

|
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3.3 MANUFACTURING TECHNIQUES

3.3.1 Laminate Lay-Up Procedure

3.3.1.1 Derakane Vinyl Ester 411, 470 and Polyester 272

Glass fibre was wound onto the metal frame as previously described.

150 gms of the appropriate resin was weighed out and thoroughly mixed
with appropriate catalyst and accelerators. The resin was then placed
in a refrigerator for 2 to 3 minutes, both to allow escape of gas produ-
ced by the reaction with the catalyst and to cool the resin in order to
increase gelling time,

In order to impregnate the fibres, approximately one-third of the resin
was initially poured on to a horizontal sheet of glass, which was just
large enough to fit inside the frame. Then the fibre-wound frame was
pressed onto the glass plate, allowing resin to soak the fibres from
below. The remainder of the resin was then added to the top surface of
the fibres and allowed to thoroughly soak the:glass fibre, the wetting
out being encouraged by manual working of the fibres surface using a
ribbed roller. The gelling time of both vinyl esters and polyester
resins, 40-50 minutes, allowed sufficient time for the resin to be
thoroughly soaked, and for complete wet out of the fibres to occur.
Greater care was needed in applying the resin to the cross-ply laminates.
It was necessary to work the resin in both fibre directions.

When visual examination of the system showed complete wet-out i.e. no
dry fibres were evident through the resin, excess resin and air bubbles
in the system were forced off the side of the frame with a straight metal
edge strip. A second piece of glass of the same size as the first was
pressed on top of the fibres. The method of removing voids proved very
efficient, with no voids being evident to the naked eye in the test
specimens. Finally, weightstotalling 45kg were placed on top of the
glass plate as shown in Figure 45.

It should be noted that clear plastic sheets (Melinex sheets) impregnated
with a release agent were placed between the glass sheets and the metal
frame to prevent adhesion of the resin to the glass.
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3.3.1.2 Epoxy MY-750

Prior to wetting of the fibres, 150 grams of resin was weighed out and
thoroughly mixed with dichloromethane; hardener was then added. The
proportions are shown in Table 3.3. The procedure to wet out the fibres
with the resin was the same as described in the previous section.

When the system showed complete wet out i.e. no dry fibres, the laminate
was placed in the vacuum chamber and a vacuum was applied for about 20
minutes to remove the dichloromethane and the voids. This method of
removing the dichloromethane and the voids proved very efficient. The
laminate was then removed from the vacuum chamber, and excess resin and
any remaining air bubbles in the system were forced off the side of the
frame with a straight metal edge strip. Finally weights totalling 45 kg
were placed on the top of the glass plate. Melinex sheets were again
placed between glass plates and the metal frame to prevent adhesion of
the resin to the glass.

3.3.1.3 Epoxy 913 PrePreg

The epoxy PrePreg laminates were made from Ciba-Geigy Fibredux 913
material. It is supplied as a continuous roll of resin coated fibres

in sheet form. The laminates were manufactured using the compression
moulding technique recommended by Ciba-Geigy. The lay-up sequence in

the compression mould was as follows: 1 layer Tygaflor, 1 layer of woven
glass mat, 1 layer of absorbing fabric, 1 layer of Tygavac, 16 layers of
913 PrePreg 230 mm x 150 mm, 1 layer of Tygavac, 1 layer of absorbing
fabric, 1 layer of woven glass mat and finally 1 layer of Tygaflor.
Tygavac is the bleeder cloth, which absorbs the excessive resin and
Tygaflor is the release film.

The laminate sandwich was held between two mild steel compression moul-
ding plates and moulded in an electric or steam heated press. The
pressure on the plates was raised to 2000 kN/m? and then the temperature
increased from ambient to 1500C at maximum of 159C/min etc. The heating
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softened the resin and allowed the surplus resin in the PrePreg to be
squeezed out of the laminate thus consolidating the material and elimi-
nating voids. The laminate was left under full pressure at 150°C for
20 minutes after which it was ejected from the press, and cooled down
to room temperature.

3.4 CURING PROCEDURE

The vinyl esters, polyester and epoxy were cured at room temperature

for a period of 24 hours. This was followed by a post-cure at 80°C for

2 hours for vinylesters and epoxy. The polyester was post-cured at 80°C
for 3 hours. The laminates were post-cured to ensure that crosslinking
was complete. 913 PrePreg laminates were not post-cured.

3.5 TEST SPECIMEN PREPARATION

From the unidirectional slabs, specimens were cut for tensile and
interlaminar shear tests and from the cross-ply slabs specimens were

cut at 450 angle for in-plane shear tests. Tensile test and in-plane
shear specimens were made in accordance with BS 2782 specification]27,
method 320E, and as shown in Figure 46. Preparation of test pieces
initially involved cutting the laminate slab out of the steel frame using a
diamond tipped circular saw. Up to five tensile specimens and two strips
12 mm wide, for interlaminar specimens could be obtained from each slab,
Only three in-plane shear specimens were obtained from each of the cross-
ply laminates. Care was taken not to obtain specimens from the edges of
the slab due to distortions of fibre alignment and the presence of excess
resin in these areas. Having cut out the specimens, their edges were
smoothed on a linisher and aluminium alloy HS30 end tabs were bonded to
them using Araldite MY750 epoxy resin with HY 951 hardener. A curing
period of 24 hours was allowed at room temperature.

The specimens for the interlaminar shear tests were prepared according

to BS 2782 Part 3, method 341A'28. The minimum thickness of each specimen
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was 2 mm * 2%, the overall lengthwas 6 times the mean thickness and the
width 10.0 =+ 2 mm. The interlaminar shear strength specimens were pre-
pared as follows.

Strips approximately 12 mm wide were cut lengthwise for each composite
slab on a circular diamond cutting wheel. The cut edges were polished
down to 1200grade silicon carbide paper and a width of 10 + 0.5 mm, great
care being taken to keep the edges parallel. The strips were cut into
lengths 6 times the thickness and, keeping the corners square, were
polished down to 1200 silicon carbide paper and a length of 6 times the
mean thickness.

3.6 VOLUME FRACTION ANALYSIS

Small samples were cut from the centre of each slab in order to analyse
the percent fibre content. These small samples, 1-2 grams, were placed
in a crucible and heated to 600°C for 2 hours. This ensured that all the
resin was burnt off. The remaining glass fibres could then be weighed,
and volume fraction could then be determined, from the following measure-
ments and calculations:

Measurements before heating:

" 1) Weight of crucible - A;
ii) Weight of crucible +sample-B;

therefore the weight of the sample NS = B-A

Measurements after heating:

iii) Weight of crucible and fibres - C;

C-A,
WS-N

therefore the weight of fibres wf
and the weight of the resin wr

£
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The following densities, obtained from the manufacturers, were used
in the final calculations:

£ glass = 2.54 g/cc
Vinylester 411 = 1.12 g/cc
Vinylester 470 = 1.18 g/cc
Epoxy MY 750 = 1.19 g/cc
Polyester 272 = 1.20 g/cc
PrePreg 913 = 1.23 g/cc

The volume fraction of fibres was calculated from the following equa-
tion:

We g
V. = x 100
f Wo ooy + Wepe

where Pt is the density of the glass fibre
and pC)iS the density of the resin.
-

3.7 ENVIRONMENTAL CONDITIONING

Before placing the test specimens into moist environments (humid air
and 1iquid) they were dried in an air oven at 35°C, until their weight
became stabilised and no more weight loss was observed. The specimens
were weighed regulariy on a Stanton Analytical Balance. On average it
took 48 hours for the weight to become stabilised. The specimens thus
dried were placed in the appropriate environmental conditions and their
weights were taken by weighing them periodically. Three sets of condi-
tioning were used, (i) 60 percent relative humidity, (ii) 95 percent
relative humidity, and (iii) water immersion at 25°C, 40°C, 50°C, 60°C
and 70°C. Three sets of samples were placed in the moist environment:
(1) unidirectional tensile specimens and *450 tensile specimens without
the aluminium tabs for weights measurements, (ii) specimens as in (i)
but with tabs for mechanical testing, and (iii) interlaminar shear specimens.
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The specimens were left in the moist environment for a total of 40 days.
The mechanical testing was carried out after 16 and 40 days respectively.
The tensile specimens were placed on a special holder so that the environ-
ment surrounded the specimens as shown in Figure 47. The interlaminar
shear specimens were placed in small trays standing upright so that the
moisture could enter from both sides.

The environmental conditions were produced in a microprocessor controlled
environmental cabinet (Figure 48) in which humidification was by the
injection of atomised distilled water on the heaters in a separate cham-
ber. The temperatures of the environmental chamber were controlled by
heaters and were kept within +19C. A Grant's water bath was used for
water immersion tests. The bath was filled with distilled water. The
set temperature of the bath was maintained at =0.5°C. To protect the
adhesive from water attack during immersion the aluminium tabs were
coated in silicon grease.

3.7.1 Thermal Spiking

Sudden, large temperature changes, referred to as "thermal spikes" are
encountered, for example by aircraft flying supersonic speeds. Thermal
spikes may alter the moisture absorption as well as the mechanical
properties of the composite materials. To investigate this, unidirec-
tional and +45° specimens manufactured from each resin matrix were placed
in the environmental cabinet for 40 days and spiked daily. The humidity
inside the cabinet was kept constant at 95%, but the temperature was
varied between 25° and 70°C. Spiking was performed in the following
sequence.

i)  The specimens were oven dried at 35°C for 48 hours

ii)  The specimens were placed inside the environmental cabinet at
95% RH, 25°C,

iii) The specimens were kept at 95% RH; 25°C for 18 hours.
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iv} The temperature was raised to 70°C in 1 hour
v) The specimens were kept at 95% RH, 70°C for 4 hours
vi) The specimens were removed from the cabinet for weighing after
4 hours at 95% RH, 70°C.
vii)  The door of the cabinet was left open to bring the temperature
down to 25%in one hour
viii) The specimens were replaced in the cabinet again at 95% RH, 250C
after weighing.

The whole sequence was repeated daily for 40 days.

3.8 MECHANICAL TESTING

3.8.1 Tensile Testing

A servohydraulic test machine was used to test the specimens to failure
on which a constant rate of grip separation of 5 mm/min was used for all
tensile specimens in accordance with BS 2782]27. Strain was measured
with an extensometer which fed via an amplifier into the chart recorder.
In order to eliminate any effect of slippage of the extensometer knife
edges, strips of double sided tape were used on the specimens under the
grips. Load was measured directly through the load cell of the test
machine and fed into the chart recorder. Results obtained were the
graphical plot of load vs strain from the duration of the test. With

the cross-ply samples the maximum load was read from the digital display
on“the console of the machine. Figures 49 to 52 show the experimental
set up, i.e. testing machine, control panel of the testing machine,
grips and the extensometer.

3.8.2 Interlaminar Shear Testing

The specimens were tested on the three-point bending rig as shown in
Figure 53. Such rigs are used to determine the cross-breaking strength
of rigid materials. However with composite materials of appropriate size
the rig can be used to determine the apparent interlaminar shear strength
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of the material. The Instron machine was fitted with a 500 kg load
cell and geared to give a cross-head speed of 0.1 cm/min and chart
speed of 10 cm/min. The dimensions of the specimen to be tested were
measured and the rig was set up as shown in Figure 54. A force was
uniformly applied across the width of the test piece under member B
by moving the supports A and C upwards as shown in Figure 55, until
the maximum force that the test piece could withstand had been
reached. In all cases the failure mode was by shear.

3.9  GLASS-TRANSITION TEMPERATURE

The glass-transition temperature (Tg) was measured by using a Dynamic
Mechanical Thermal Analyser (DMTA) developed by Polymer Laboratories
(PL} hence the name "PL-DMTA". Figure 56 shows the PL-DMTA, and Figures
67 to 60 show schematic views of the mechanical load, clamping arrange-
ment, drive shaft components and clamping frame support. The mechanical
head houses the sample in a temperature enclosure where it is subjected
to small amplitude sinusoidal oscillation.

A bar sample (38 mm Tong, 12 mm wide and 2-3 mm thick) was clamped rigidly
at both ends as shown in Figures 61 and 62.and its central point vibrated
sinusoidally by the drive shaft. The sample was then heated inside the
mechanical head at a rate of 49C/min. The temperature programmer controls
. the balanced heat oven to produce uniform heating. The temperature range
for Vinylester 411, 470, Polyester 272, and Epoxy 750 was set from 25°C

to 150°C, whereas for 913 PrePreg the range was from 259C to 200°C because
of its high Tg. The temperature was controlled to within 0.2° by a
piatinum resistance thermometer situated immediately behind the sample.
For high temperature argon gas was introduced from pipes in the rear
bulkhead. As temperature is raised DMTA senses any change in molecular
mobility in the samples. When samples pass through a glass transition
temperature they soften, This can be seen because a downward displacement
is recorded. Apart from measuring Tg it also measured damping factor

(tan 6) and modulus E (N/m?).
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3.10 MICROSCOPY

Sections were taken from unidirectional and cross-ply samples to see

the fibre distribution in the composites. The surface was polished

and subjected to optical and scanning electron microscope examination

in unetched conditions. The polishing of the surface consisted of wet
grinding on consecutively finer silicon carbide paper up to a longitu-
dinal finish on 600 grit. The fine scratches from silicon carbide papers
were removed by using alumina powder (i.e. 5 micron) on Selvyt cloth,
with water as lubricant.

The fracture surface of the specimens was subjected to scanning electron
microscopy. The scanning electron microscope used was a Cambridge
Instruments microscope. The fracture surface was cleaned ultrasonically
and gold coated before examination.
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CHAPTER 4
RESULTS

This chapter'presénts the results of the experimental work. Three
sets of environmental conditions were used i.e. 60% RH, 95% RH and
water immersion.at the following temperatures 25%, 40°, 500, 60° and
700C. For each environmental condition the following parameters were
measured:

a) MWeight increase (%)

b) Maximum moisture content (%)

c) Diffusion coefficient (mm2 s-1)

d} Glass transition temperature (OC)

e) Ultimate tensile strength after 16 and 40 days (MPa)

f) Strain at tensile failure after 16 and 40 days (%)

g) Tensile modulus (0.25% strain modulus) after 16 and 40 days (GPa)
h) Interlaminar shear strength after 16 and 40 days (MPa)

1) In-plane shear strength after 16 and 40 days (MPa).

J) Volume fraction (%).

4.1 MWEIGHT INCREASE

The weight increase of unidirectional tensile specimens and +459 specimens
were measured. The nominal dimensions of the specimens were in accordance
with BS 2782 as stated in Section 3.5. A1l the specimens were without

the aluminijum tabs.

The specimens were dried in the air oven, and their dried weight "wd"
was measured. The specimens were then placed in a constant temperature,
constant moist environment and their weight 'W' was recorded as_a func-
tion of time. The weight of the samples was recorded each day. From
these values the moisture content (per cent weight gain) was calculated
as follows:

-_W——‘i x 100
d
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where W, is the dried weight of the samples and W is the moist weight
of the sample.

The average percent moisture content was plotted graphically against
time (time)% in (days)%, as illustrated in Figures 63-132. Each point
on the graph represents the average result of five samples. All five
data points were within +10 percent for both 0° and +45° samples.

4,2 DIFFUSION DATA

4.2,1 Maximum Moisture Content

The initial percent weight increased linearly with the square root of
time and then attained a plateau value after some time, as shown in
Figures 63-132. The plateau value is defined as the apparent maximum
moisture content (%). For 60% RH this plateau value was not clearly
defined, i.e. the weight of the specimens was still increasing after

40 days. So the maximum moisture content in this case was taken as the

value at the 40th day, for the calculation of diffusion coefficient.

4

The values for the maximum moisture content of both 0° and +45° specimens

at different environmental conditions are given in Appendix A.

" 4,2.2 Diffusion Coefficient

The diffusion coefficient was calculated from the following expression,

A full description of the expression was given in Section 2.3:

M. -M

h 2 1
D = (g7) (=)
M, Y

where D = diffusion coefficient (mm? s~1)

=
il

thickness of the specimen (mm)
M= maximum moisture content (%)
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M] and M2 are the percentage uptake of water by weight after times t]
and t2 respectively and are taken from the linear portion of the percent
average moisture against square root of time plots, see Figures 63-132.
Since most moisture diffusion experiments include moisture diffusion
through six surfaces, the value of D in the above equation is in error.
For the true one-dimensional diffusion coefficient Dx’ the following
correction factor given by Shen and Springer4 can be used

D, = D(1 + h/w + h/2)™?

where w, h and 2 are the laminate width, thickness and length respectively.
Therefore the equation for one dimensional diffusion coefficient is:

2 MZ—M] 2 -2
DX = 'n(h/4Mm) (-%:-,EI—) (1 + h/W + h/l)

£
=
o
=
o
=
x
"

diffusion coefficient {mm2 s-1)

=
]

maximum moisture content (%)

e initial slope of the % average moisture content against
2 "1 square root of time curve

thickness of the laminate (mm)
width of the laminate (mm)
tength of the laminate (mm)

= X
noon

A basic computer program was written to fit the best straight line (least
squares) through the first 20 data points, i.e. % average moisture and square
root of time points. The program also calculated the following parameters:

M, -M

i) initial slope of the curve (fg:f%)
2
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ii) intercept on Y axis
iii) Pearson's correlation coefficient
iv) standard deviation

The following formulae were used in the program. For n points on a
graph (X],Y]), (XZ’YZ)’ - (Xn,Yn) the 'best' straight line fit has
the equation

For given values Xi the corresponding Y values on the 'best' straight
line are mx. + C

n XY, -IX, -ZY,
Slope m = 11 L L

g ]

2 _ 2
n X, (z xi)

and

£X.2, £Y. - =X, £X.Y,
1 1 1 11

Intercept C

1t

2 _ 2
n X, (z Xi)

Pearson's correlation coefficient t

E (X;-X) (YY)
YIE(X-K)2 5(Y,-N)2)

where X and Y are the mean values of X and Y and n is the number of (X,Y)
points. £ indicates summation.
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n X2 - (£X)?2
n{n-T)

Standard deviation = ¥

If the Pearson's correlation coefficient (r)} value is close to %1,

it indicates that the line through the data points is a straight line.
However if the r value is zero or close to zero, it is not straight
through the data points. A Tow standard deviation value also indicates
a good straight line through the data points. A high value isc<mused by
apoor fit and may be due to a bad scatter of points.

In all cases a reasonable straight line through the initial part of per-
cent moisture content against square root of time curve was found, The r
values were in the range of 0.96 to 0.99, standard deviation values were
in the range of 3.03 x 1073 to 3.52 x 10~2 and the C values were close to
zero indicating the curve passed through the origin. The small scatter
of points indicated by the standard deviation values shows the benefit
of the computer program in consistently calculating the initial slope of
the curve,

4.2.3 Activation Energy (kJ mol”?!)

The initial rate of moisture uptake depends on the temperature because
the diffusion coefficient is temperature dependent according to an

Arrhenius relationship8’4.

D= D0 exp (-E/RT)

where D = diffusion coefficient (mm? s-1)
D, = permeability index (mm2 s-1)
E = activation energy for diffusion (kJ mol~1)
R = universal gas constant 8.315 J/mol~ Ok
T = exposure temperature 0K
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Taking the natural log of the above equation yields

~ E, 1
]nD- 1" DO - (*ﬁ)T

Thus a plot of 1nD versus 1/T yielded a straight line, as shown in
Figures 133-163. A value of activation energy (E) was then determined
from the slope of the line, as described in Section 2.3,

4,3 GLASS TRANSITION TEMPERATURE (Tg °C)

Polymer Laboratories - Dynamic Mechanical Thermal Analyser (PL-DMTA),

was used to evaluate the glass transition temperature on the composite
samples. As the percent moisture content increased the glass transition
temperature of the samples decreased. The results are shown graphically
in Figures 164 -169 in which percent moisture was plotted against the
glass transition temperature. Appendix A shows the detailed experimen-
tal results of the Tg°C for different resin matrices for various percent
moisture levels., Figure 170 shows the general form of graph obtained from
the PL-DMTA, from which the Tg°C of the sample was read off directly.

Attempts were also made to evaluate the Tg°C of the specimens by Differen-
tial Scanning Calorimetry (DSC), but it was unsuccessful due to reproduc-
ibility of the results. The full description of the apparatus is given in
Section 2.2.6.1.

4.4  TENSILE TEST

A1l the specimens were tested on a 100 kN Dartec servohydraulic test
machine. The specimens were positioned in self-tightening wedge shaped
grips and pulled to complete failure. The strain was measured with an
extensometer. Tests were always performed as soon as possible after
removing the specimens from the environmental cabinet or from the water
bath. The tests were carried out after 16 and 40 days conditioning



73

respectively. Prior to testing the thickness and width of each test
piece was measured at three points along its length and the mean value
recorded. Two types of load/strain curves were obtained for the longi-
tudinal tensile specimens as shown in Figures 171a and 171b. In some
cases the load/strain curve had a 'jump' as shown in Figure 171b, this
was due to the longitudinal cracks running along the length of the speci-
men near to their edges. The jump does not affect the measurement of
the tensile modulus, as this was obtained by measuring the load at 0.25%
strain. At these low levels of stress and strain "“jumps" were not
observed. However when measuring stress and strain difficulties were
encountered. When there was a "jump", there appeared to be two points
that could be considered as candidate values for load at failure and
strain at failure, Point C was the point at which the "jump" occurred.
There was no tensile failure of the fibres however and therefore no
justifications in using either the value for load or strain as true
values of tensile stress or strain. At point A, there was tensile failure
of the specimens and this point is a far more worthwhile candidate for
values of stress and strain. So it was decided to take point A as load
at failure. The strain to tensile failure was at point B (Figure 171a).
The load-strain curve which showed a "jump", the strain was calculated
at points D and E respectively. The difference in strain values 6&x
(Figure 171b) was subtracted from the strain value at point B.

4.4.1 Ultimate Tensile Strength (UTS)

From the load/strain graphs the maximum load applied to each sample was
obtained by reading the highest point reached by the curve. The UTS was
calculated from:

o' = ﬁ% kN/mm2 or MPa

where o = UTS (MPa}
A = maximum Toad {(kN)
W = average width (mm)
t = average thickness (mm)
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The results calculated for each composite were normalised to 45% volume
fraction of glass fibre. The value of 45% was chosen because it represen-
ted the volume fraction usually obtained with hand lay-up samples. Five
tensile specimens were tested for each environmental condition. Each
point on the graph represents the average result of these five specimens.
Figures 172-181 show the plots of percent moisture content against UTS
for each resin matrix and for every environmental condition. Appendix B
shows detailed experimental results for each environmental condition for
unidirectional specimens. The mean, standard deviation (5.D} and the
coefficient of variation (CV) are reported. The following formulae were
used to calculate the mean, S.D. and C.V.

n{n-1)
c.v. =22y 100
X
where X = the value of an observation
and n = the number of observation(s)

4.4.2 Strain to Tensile Failure

The percent elongation at failure of the unidirectional specimens was
obtained from the linear portion of load-strain graph as shown in
Figures 171a and 171b, and discussed in Section 4.4. The detailed
experimental results are summarised in Appendix C. The mean value,
S.D. and C.V. were calculated for each set of results. Figures 182-191

show the graphical plots of percent elongation against percent moisture
content, for each resin matrix.
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4.4.3 Tensile Modulus (E)

The tensile modulus was obtained by measuring load at 0.25% strain as
shown in Figure 171. The initial point of the load/strain curve was
not 1inear and the curve was extrapolated back to determine the origin
as shown in Figure 171, The E was calculated from

_ Stress
E = Strain (GPa)

]
where Stress = af' (From Figure 171a)

A’ = Toad (kN)
W = width of the specimen (mm)
t = thickness of the specimen (mm)

Strain = Point B' on the graph (From Figure 171a).
The results calculated from each composite were normalised to 45% volume
fraction of glass fibre. Detailed results are presented in Appendix D.
Figures 192-201 are the plots of tensile modulus against percent moisture
content for the different materials.

4.5 INTERLAMINAR SHEAR STRENGTH (ILSS)

From the ILSS test a graph of load against extension was obtained for
each specimen tested. The general form of this graph is shown in Figure
202. For each specimen the ILSS was calculated using the following equa-
tion '

S = &%g (MPa)
where S = ILSS (MPa)
F = maximum force (N)
W = width of the test piece (mm)
t = thickness of the test piece
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When the samples were removed from the environmental cabinet or from
the water bath, they were weighed before being tested. Five samples
were tested for each environmental condition. The results are given
in Appendix E. Figures 203-212 show the plots of the percent moisture
against ILSS for the five materials. In all the cases samples failed
in the case of the shear mode as shown in Figure 213,

4.6 IN-PLANE SHEAR STRENGTH (IPSS)

This test was for 450 samples. The samples were tested on a 100 kN
Dartec servohydraulic test machine. The specimens were positioned in
self-tightening wedge shaped grips and pulled to complete failure. The
load-extension graph was not plotted on the chart recorder, because the
strain to failure was very high and the extensometer was not calibrated
to read high strain values. Therefore only load was recorded by reading
directly from the digital display on the console of the machine. Five
specimens were tested for each environmental condition. The IPSS was
calculated by using the following expression

U = 0.5 Pu/Wt

where U = IPSS (MPa)
PU = Toad at failure (kN)
W = width of the specimen (mm)
t = thickness of the specimen (mm)

Appendix F shows the detailed experimental results for the five materials.
Figures 214-223 show the plots of percent moisture content against IPSS
for each of the resin matrices.
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CHAPTER 5
DISCUSSION

5.1 EXPERIMENTAL TECHNIQUES

The filament winding method has several advantages. Firstly there is

a plane of symmetry about the plane of the metal frame itself. This
makes several 00/900 configurations possible, while the similarity to
the 8 layer symmetrical (16 strips) prepreg configuration allows easy
comparison with 913 PrePreg. Attempts were made to keep the volume
fraction of fibres and the thickness of the laminates constant through-
out the work, but this was not possible due to the difficulties encoun-
tered during the manufacturing of the specimens.

5.1.1 Volume Fraction of Fibres

The volume fraction results showed a maximum variation of 26 percent
between the lowest value {0.37), and highest vaiue {0.50), for both

vinyl ester resins and polyester resin. The low volume fractions

obtained resulted from problems during the fabrication of the composite
slabs. A long working time was needed to ensure that all the fibres had
been wetted with resin. Consequently the viscosity increased due to the
air curing and the task of removing excess resin was made extremely diffi-
cult. Oxygen in air will also inhibit the complete cure of an exposed
vinyl ester or polyester resin surfacezo. This inhibited surface may

vary in depth, and may result in reduced weatherability, poor chemical
resistance and/or premature failure. This problem can be overcome by
preventing or reducing contact of the curing surface with air. However,
with epoxy resin the scatter was small, between 5 and 10%, and the volume
fractions figures were slightly higher, between 0.48 and 0.55. The reason
for this was the addition of dichloromethane to the resin which lowered
the viscosity of the resin and also increased the gelation time from 1
hour to 3 hours. Conseguently there was more time for complete wet out

of the fibres and more time to remove excess resin from the laminate.
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The results also showed that there was a considerable difference
between the volume fraction of glass fibres in epoxy prepreg and the
wet hand laid up samples. The 913 PrePreq purchased had an initial
resin content of 39%. After pressing and moulding the volume fractions
of fibres obtained was between 0.55 and 0.60,

Despite these different volume fractions of glass between laminates,
withinlaminates the volume of glass fibre was constant. The effect of
this scatter on final ultimate tensile strength and modulus was cancel-
led by normalising the results to a constant value for volume fraction
of 0.45 as explained in the results section. This involved extrapola-
tion of results, which cannot be regarded as an ideal procedure. How-
ever it is not possible to normalise the weight increases that occur in
the laminates during environmental conditionings. Therefore directly
comparing the moisture absorption behaviour of the different composites
is unfair. Rao et a1'2? have investigated the effect of fibre volume
fraction on equilibrium moisture contents, and have shown that for glass-
epoxy composites, the equilibrium moisture level decreases with increa-
sed fibre fraction. It can be seen from Figure 224, that the maximum
absorption occurs for an all resin specimen (fibre volume fraction = 0)
and the minimum for that with highest fibre fraction (fibre volume frac-
tion = 1).

5.1.2 Distribution of Fibres

In a unidirectional laminate, all the fibres are aligned parallel to each
other. In an ideal situation, and for the purposes of theoretical analy-
sis, the fibres can be considered to be arranged on a square or hexagonal
lattice, as showibelow, with each fibre having a circular cross-section
and the same diameter, In practice glass and organic fibres closely
approximate to a circular cross-section with a smooth surface finish.
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OO0G:
OOGC

Hexagonal Square
2R is the centre to centre spacing of the fibres, S is separation of the

fibres, r is the radius of the fibres. For the ideal arrangements the
volume fraction of fibres VF is related to the fibre radius by:

-
n

F = (E)z {hexagonal)
23

-
i

2
F=7 (g (square)

The maximum value of Ve will occur when fibres are touching, i.e. r =R,
For a hexagonal array VF = 0.907 and for a square array Ve = 0.785.

Experimental studies of the distribution of fibres in unidirectional
laminate show that these ideal distributions do not occur in practice

except in small localised regionsas.

For the work under discussion,
Figures 226-227 show a low volume fraction laminate and a high volume
fraction laminate. In some regions the packing closely approximates
to a hexagonal array, but resin rich regions with irregular packing
occur throughout the laminate. In the low volume fraction laminate

the packing was often very irregular, some fibre bunching and large
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resin rich regions occurring as shown in Figure 226. Misalignment of
the fibres was also more pronounced in low volume fraction laminates.
The irregular dispersion of the fibres will have a significant effect
on some properties, notably the transverse strength and modulus.

One of the main consequences of non-regular packing is the difficulty
of achieving volume fractions greater than0.70 and this value must be
regarded as the practical 1imit for commercial materials. Another
aspect of the fibre packing and spacing which is important in many
processing operations, particularly where the resin is introduced into
a closed mould containing dry fibres, is the wetting out of the fibre
by flow of the resin through the packed fibres. At high volume fraction
and with small diameter fibres the spacing between the fibres is very
small and long times and high pressures are required for complete
infiltration.

L//S.I.S Thickness of the Laminates

The samples with a low volume fraction were usually thicker than the
samples with high volume fraction. The thickness of both vinyl ester
and polyester samples varied from 2 mm to 2.50 mm, whereas the thickness
for 913 PrePreg and epoxy MY750 ranged from 2 to 2.10 mm respectively.
Thickness is an important quantity when considering the moisture uptake
of a composite. Work on polyester resin has shown that there is an
exponential relationship between sample thickness and water transmission
rate.gBAs the thickness increases the water transmission rate falls
(Figure 225). The thickness of the specimens for water absorption work
was in the range of 2.00 to 2.10 mm.

An alternative technique for producing high fibre volume fraction and
constant thickness specimens is 'leaky moulds'. 1In this technique, the
fibres are impregnated with the resin in a leaky mould., Resin is poured
onto the base of the mould, the fibres placed on top, and more resin is
poured onto the fibre. A laminating roller is used to speed up the
wetting out procedure and ensure complete impregnation of the fibres by
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the resin. Once this process is complete, the 1id is placed on the
mould and clamps applied to each corner to produce the compression
force. Spacers, which determine the thickness of the laminate are
inserted in the gaps around the edge of the mould and the excess resin
is squeezed out of the ends, taking with it any air which may still be
present in the fibres. The void content of the resulting laminate is
extremely low. Using this method, and by keeping both the amount of
the fibres on each metal frame and the laminate thickness constant, it
is possible to produce good quality laminates. However at present this
technique is not suitabie for producing 0/90° 1aminates, due to exces-
sive voids. Hence this fabrication technique was not used during this
research.

5.1.4 Voids Content ﬂﬂ’/’—q\

The main advantage of the fabrication technique used in this work was
that specimens were produced with no voids. The specimens with any
visible air bubbles were discarded., Two main methods were used to
determine void content in the 0° and 450 laminates. Firstly, voids
were readily detected in polished specimens, i.e. the cut samples were

polished and examined under optical microscopes. This method was quick
and reliable. Secondly, the density method was used. This is the most
widely used method, which assumes that Vv =1 - (Vf + Vr)’ where

Vf = wf.pcpf and Vr = (pc/pr)(1-wf) where W and p are weight fraction

and density, respectively. The subscripts ¢, f and r refer to composite,

fibre and resin, respectively. The void content of all the specimens
was less than 1 percent. The method was difficult to perform and some-
times gave negative answers. This may be due to the following:

1. Very accurate determination of Pes Pes P and Nf was required
Only small samples were used, not necessarily representative
There may be a polymeric coating on the fibres, of different den-
sity from that of the resin.
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Another method which may be used in determining void content is an
ultrasonic scanning technique (C-scan). This method is the non-destruc-
tive examination of void -distribution and delamination faults in com-
posite materials. The test sample is scanned by an ultrasonic pulse
and the attenuation in the material is measured. The information is
processed to produce a two-dimensional image of the sample.

Voids can arise from two main causes. Firstly incomplete wetting out of
the fibres by the resin. This results in entrapment of air and is more
likely in systems where the dry fibres are closely spaced and the visco-
sity of the resin high. Secondly, the presence of volatiles produced
during the curing cycle. The void content and distribution can therefore
be seen to depend on fibre volume fraction and distribution, resin prop-
erties and processing conditions such as temperature, pressure and time.
It has been shown that regardless of resin type, fibre type and fibre
surface treatment, the interlaminar shear strength of composite mate-
rials decreases by about 7 percent for each 1 percent of voids up to a
total void content of 4 percent87. According to Judd and Nrightg7
also reduce the magnitude of the following mechanical properties:

, voids

1. Interlaminar shear strength
2. Longitudinal and transverse flexural strength and modulus
3. Longitudinal and transverse tensile strength and modulus.

5.1.5 End Tabs

Aluminium end tabs were stuck onto the ends of the undirectional and +450
samples for tensile and in plane shear tests. The tabs were stuck using
epoxy resin MY 750 and HY951 hardener. The tabs were attached prior to

any environmental conditioning. To protect the adhesive from moisture
attack during water immersion silicon grease was smeared around the tabs.
Such a procedure was only partially effective, however, as moisture diffu-
ses from inside the composite to the outer- surfaces and will eventually
penetrate the bondline. As well as attacking the composite the environ-
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mental conditions severely attack the adhesive used for the end tabs,
which in some cases led to their detachment. In such cases it was
possible to fit temporary tabs to the samples as they were placed in
the test rig.

5.2  WATER ABSORPTION

As stated previously under service conditions a component may take many
years to reach its equilibrium moisture content. To test composite mate-
rials in a moist state they have to be conditioned at an elevated tempera-
ture in order to reduce the time. Boiling water has been used as a quick
method to condition specimens, but is not satisfactory because it tends to
leach soluble components from the resin and fibre/resin interface. Con-
ditioning is better done in warm humid air. It was therefore decided to
use the following conditions:

i) 60% RH at 25°, 40°, 50°, 60° and 70°C for 40 days
ii) 95% RH at 259, 40°, 50°, 60° and 70°C for 40 days
iii) MWater immersion at 25%, 40°, 509, 60° and 70°C for 40 days.

In order to generate more informative data for the five resin matrices,

it was decided to condition the samples for 40 days, rather than longer
periods of time. Unidirectional and +45° samplies were used for moisture
uptake results for two reasons. Firstly the geometry of the diffusion path
is dependent on the fibre arrangement and volume fraction. Secondly, the
interface has different diffusion characteristics and a wicking or capil-
lary action can occur along the interface causing rapid diffusion.

In the discussion which follows degradation mechanism will be introduced
which relates to both vinyl ester resin and polyester resin. The degra-
dation mechanisms discussed are also applicable to epoxy based resins, but
the particulars are different.
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Degradation of plastics may be brought about by two means i.e. physical
and chemical. The physical degradation is the deterioration of resin
properties without breaking chemical bonds. It is associated with
solvents and water.As opposed to chemical deterioration, physical
degradation may be reversible. Water can chemically attack both resin
and glass. These processes are extremely slow, and the primary corro-
sion mechanism is physical, caused by water diffusion into the matrix.
Water adsorbs strongly at the glass-resin interface, and water attack

is usually recognisable by the cloudiness or opaqueness of glass-resin
laminates. This was noticeable with both vinyl ester resins and poly-
ester resins for water immersion at 60° and 70°C respectively. The
chemical degradation is deterioration of a resin or composite in which
chemical bonds are broken. This may include an attack of the reinfor-
cing material as well as the resin. It is well known that laminates are
not as resistant to attack as are resin castings130’]31. As pointed out
above some of the damage is physical, caused by diffusion of water or
solvent into the laminate, where it can collect at the resin-glass inter-
face. The major chemical degradation mechanisms for vinylester resins and
polyester resin applicable inthissituation was found to be hydrolysis.
Hot water attacked the glass reinforced plastics by hydrolysis of the
resin, fibres and interfacial bond. ngsgjysis of ester linkages may
occur in_hot water, where it is a reaction of some concern for the poly-
ester resin. The reaction is accelerated by acid or base. The presence
of the styrene as a co-reactant in the resin blends is beneficial in
reducing the extent of the reaction. In addition, vinylester resins have
a methyl group derived from methacrylic acid which shields the vulnerable
ester linkage. Further, most of the vinyl ester resins have only two
ester linkages per molecule which makes them less susceptible to attack
than the polyester resins.

Epoxy base resins do not contain hydrolysable ester groups and so the
water has less scope for producing fresh osmotic solutes by hydrolysis.
The accommodation of water in crosslinked epoxides is a complex matter.
It appears probable that much of the water is bound to hydroxyl and other
polar groups, rather than in the free state.
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5.2.1 Appearance Changes

None of the samples tested in 60% RH and 95% RH showed any appearance
changes after 40 days at 25°, 409, 50%, 60° and 70°C. During water
immersion, there were no significant changes in appearance in any of

the samples at 259and 40°C.after 40 days. However as the temperature
increased several specimens suffered external damage. At 50°C, surface
cracks were visibie on epoxy MY 750 samples after 40 days, other samples
were unaffected. At 60°C for the same material, the cracks were obser-
ved after 16 days and at 70°C the cracks were observed only after 7 days.
Figure 228 shows the surface appearance of epoxy MY 750 specimens, expo-
sed to water at 709C after 40 days. The micrograph shows that hot water
has leached away resin from the surface of the specimens, making the
fibres visible to the naked eye. Although this photograph was taken
after 40 days this damage was apparent after 7 days, i.e. the fibres
were visible to the naked eye. The epoxy MY 750 samples appear to have
more surface cracks and cracks were also much deeper than other mate-
rials tested (Figure 228b). At 60°C in the water bath, the fibres on
the epoxy samples became visible after 16 days. At this stage the sur-
face was examined under the scanning electron microscope. The resultant
micrographs were similar to those shown in Figure 228,

There were no surface cracks observed in the polyester 272 at 50°C and
609C respectively. At 700C, the cracks were noticed after 35 days.

Figure 229 shows the surface appearance of polyester 272 after 40 days

in the water bath at 70°C. It can be seen from the photograph, that

hot water has ‘washed' away some of the resin from the surface. The sur-
face was also examined under the scanning electron microscope (Figure
229¢). The random fibre distribution shown in Figures 228-229 was due

to the action of the laminating roller during manufacture of the specimens.

Neither of the vinyl ester resin composites exhibited any surface cracking
within the time period of the experiments,It is believed that this can be
attributed to the relatively few ester groups available for hydrolysis.
Moreover vinylesters are formulated so that the few ester linkages present
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are located at the ends of molecules rather than randomly. The number
of accessible hydrolysable ester groups in polyester affects the extent
of hydrolysis leaching in hot water and therefore affects the formation
of surface cracks.

Figure 230 shows the surface appearance of 913 PrePreg after 40 days

at 70°C. The photograph shows a series of white patches on the surface
of the specimen. These patches started to appear after 20 days at the
centre of the samples. After 35 days, the whole sample surface developed
white patches. Apart from the white patches, the sample's surface also
showed small rectangular bubbles (blisters). It is believed that white
patches are due to leaching out of the resin from the surface and the
formation of blisters are due to osmotic pressure. The water diffuses
through the resin and separates out at voids. In the process it dissol-
ves any soluble materials in the surrounding glass and resin. The resin
acts as a semi-permeable membrane and the osmotic pressure develops in-
side the hole because the water continues to diffuse to the regions with
the largest concentration of soluble material. The pressures are even-
tually sufficient to cause rupture and blister formation. There was no
sign of any blistering at 259, 40°, 50° and 60°C for 913 PrePreg.

The curing agent used in 913 PrePreg is a complex amine hardener,
dicyandiamide (DICY). This is often referred to as a Tatent curing-
agent and it is this property that makes it so attractive for PrePreg.
There is little or no reaction with the PrePreg at room temperatures.’
DICY has very low solubility in water at ambient temperatures, but
becomes much more soluble at high temperatures e.g. 70°C and above.
When DICY dissolves in water it undergoes reactions such as those

illustrated be]owlBo, which produces free ammonia:
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An accumulation of free ammonia might be expected within the confined
space of the water bath and some diffusion within the laminates could
also occur. The presence of ammonia accelerates the hydrolysis of
glass fibres]3] and ammonia with the laminate interior would also be

expected to increase the rate of water absorption, by acting as a source
of osmotic pressure.

Another possible manifestation of osmotic pressure in composite material
is the initiation of fibre-resin debonding by the development of pressure
pockets at the surface of fibres, following the diffusion of water to
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the fibre-resin interface and leaching of water-soluble substances from
the fibre surfaces. Figure 230(b) shows the appearance of debonding which
occurred in the system. The location of debonding was confined to the
uppermost layer of glass (nearest to the exposed surface). Sectioning
through the white patches previously mentioned, showed substantial
debonding had occurred in specimens exposed at 709C (Figure 230(b)).
Debonding of the fibres from the matrix was also observed in other
systems. Both vinylester resins showed debonding at 60°C and 709C after
40 days. Debonding was also observed with Polyester 272 at the same
temperatures after 40 days. The debonding was more severe in the 913
PrePreg and epoxy MY750. The resultant micrographs are similar to those
shown in Figure 231.

None of the samples tested in humid air showed any colour changes after

40 days at 259, 400, 509, 60° and 709C. During water immersion, the colour
of each resin tended to fade. The significant changes occurred at higher
temperatures i.e. at 609 and 70%C respectively. Polyester 272 changed its
colour from white to cloudiness, and both the vinylester resins (470-36
and 411-45) showed colour changes. The 913 PrePreg changed its colour

from dark red to light red. The changes in colour indicate a change in
properties of the matrix material. This is a physical degradation, i.e.
deterioration of the resin properties without breaking chemical bonds.

At lTower temperatures i.e. at 252, 400 and 50°C, the colour changes are
reversible. At these temperatures when the sampleswere dried in a vacuum
oven at 35°C for a week, the original colour was restored. At high
temperatures it was not possible, indicating permanent damage to the
composite and especially to the matrix. The specimens most affected

were Polyester 272 and both epoxy base resins i.e, MY750 and 913 PrePreg.

5.2.2 Weight Increase

The plots of weight percent water absorption versus the square root of
time for the five materials at 259, 400, 500, 60° and 70°C for 60% RH,
95% RH and water bath are shown in Figures 63-~132. It is clear from
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these graphs that the initial rate of weight increase and the final
weight after 40 days depends on:

a) the material
b) the temperature
c) the environment (% RH).

5.2.2.1 60 Percent Relative Humidity

Figures 63-72.show the plots of weight changes from the five materials
exposed at 250, 40°, 509, 60° and 70°C as functions of time for both 0°

and 459 fibre orientation. A number of observations can be made concer-
ning the water absorption behaviour shown in Figures 63-72. Firstly, the

vinyl ester resins tend to pick up less moisture than other materials.

This is because the vinylester resins have relatively few ester groups

available for hydrolysis, and also the methyl group which shields the

ester linkage increases resistance to hydrolysis. Vinylester 470-36

tended to absorb more moisture than Vinylester 411-45, because of its
higher crosslink density and more ester groups for hydrolysis.

The second observation, which can be made, is that the absorption beha-
viour at 25°, 40°, 50%, 60° and 70°C appears to conform 'approximately’
to Fickian behaviour for both 00 and 459 fibre or%entation for both
vinyl ester resins, polyester resin and epoxy MY750. The definition
of the Fickian behaviour is that the initial percent weight increases
Tinearly with the square root of time and is foilowed by a levelling of
the weight (saturation). For both vinylester resins, polyester resin

and epoxy MY750 the initial percent weight increased linearly with square

root of time but there was no sign of the weight being levelled off. This

was due to the exposure time, which was not long enough for the materials

to reach an equilibrium point. The absorption behaviour for 913 PrePreg
compared to the other materials tested was different i.e. the initial
percent weight increased linearly with the square root of time, then
there was a slight relaxation in increase in percent weight followed by
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further rapid increase in percent weight rather than reaching an equitli-
brium point. This is known as two phase diffusion behaviour. The 913
PrePreg is known to contain two epoxy resin types and a further additive
with dicyandiamide hardener (see Section 2.1.5). So therefore it is
possible that each resin has different diffusion characteristics. Other
workers77 have also found that the hardener used to cure the epoxy resin
had an effect on the diffusion kinetics for cured glass fibre reinforced
laminates, a diamine hardener resulted in classical diffusion behaviour
(Fickian), whereas a dicyandiamide hardener gave a two phase diffusion
behaviour and an anhydride hardener resulted in such damage above 40°C
that it was not possible to describe the diffusion behaviour,

The third observation, which can be made, is that the rate of moisture
absorption increased with temperature as did the apparent equilibrium
moisture content (Figures 73-82).

The apparent diffusivities were calculated showing that water absorption
initially followed Fick's law.

Figures 134 and 135 show the graphical plots of log of the diffusion
coefficient versus the inverse of the absolute temperature for the five
composite materials tested, yielding an activation energy of diffusion.
The values for activation energy of diffusion were similar for the five
materials tested. The values ranged from 12.891 kJ mo]'1 for 913 Pre-
Preg to 19,052 kJ mo1"] for 470-36 Vinylester. All the materials tested
showed a strong empirical linear relationship between diffusion coeffi-
cient and the temperature, indicating that the diffusion coefficient
depends onthe temperature, as given by the Arrhenius equation:

D= Do exp (-E/RT)
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The full results for diffusion data for both 0° and 245° samples res-
pectively are given in Appendix A. '

The diffusion plots for 0° and +45° specimens show that the initial rate
of water absorption for Epoxy MY750 and 913 PrePreg is much slower than
both vinylester resins and polyester resin, although the total quantity
of water absorbed by both resins after 40 days was higher, so it seems
that the low initial permeability simply delays any effects associated
with water uptake. The accommodation of water in crosslinked epoxides
is a complex matter, it appears probable that much of the water is

bound to hydroxyl and other polar groups, rather than in the free state.
Epoxides do not contain hydrolysi ble ester groups and so the water has
less scope for producing fresh osmotic solutes by hydrolysis, it appears
probable that much of the water is bound to hydroxyl and other polar
groups, rather than in the free state, whereas both vinylester and
polyester resin contain hydrolysable ester groups. Direct comparison
between 0° and £45° data shows that the initial water absorption for
+450 specimens is much faster (i.e. higher diffusion coefficient values)
under the same exposure conditions. This was due to the rapid diffusion
along the fibre-resin interface for the +45° samples.. The fibre-resin
interface has different diffusion characteristics and a wicking or
capillary action can occur along the interface causing rapid diffusion.
Figures 149, 152, 155, 158 and 161 show the diffusion plots for 0° and
+459 specimens, It can be seen from the plots that the lines of the
graph for the 0° and 450 composites are almost parallel, but the acti-
vation energies for diffusion for both laminates are not the same.
Additional data are necessary to ascertain whether this apparent diffe-
rence in activation energies between the unidirectional and :45° lamina-
tes is real or due to a limited data base.

132 found that activation energies for graphite/epoxy uni-

Other workers
directional and bidirectional (0/90) composites were different under
identical exposure conditions. . They also found that good correlation

between the data and Fick's law was obtained for both the neat resin



g2

and the unidirectional composites, while the corretation for the bi-
directional laminate was rather poor. The activation energy values

for neat resin, unidirectional and bidirectional were 13.4 kJ mo]’l,
9.47 kJ mol”! and 6.98 kJ mol”] respectively.

5.2.2.2 95 Percent Relative Humidity

Figures 83-102 show the plots of weight change of specimens exposed to
95% RH at 259, 40°, 50°, 60° and 70°C as functions of time for both 0°
and +450 fibre orientation. The rate of moisture absorption increased
with temperature as did the "apparent" equilibrium moisture content,

as compared to 60% RH. Epoxy MY750 and 913 PrePreg absorbed the most
moisture at 40°, 50°, 60° and 709C, while Vinylester 411-45 absorbed

the least. As will be seen later, absorbing a smaller amount of moisture
does not necessarily mean a smaller degradation in mechanical properties.
Both Vinylester 470-36 and Polyester 272 absorbed more moistufe than
Vinylester 411-45. At 250C, the amount of moisture absorbed by all the
specimens was similar withthe exception of epoxy MY750 which absorbed
s1lightly more.

The water absorption behaviour of both vinylester resins and polyester
resin(at all temperatures tested) appears to conform to Fickian beha-
viour. The initial percent weight increased linearly with square root
of time and was followed by a slow increase in percent weight. As the
temperature increased, the time taken by the specimens to reach equi-
1ibrium moisture content decreased. The equilibrium moisture content
did not always remain constant after it reached a level value, but kept
either increasing or decreasing. This was particularly true at higher
temperatures. This may be due to thermal spiking effects i.e. removing
samples from higher temperature/humidity to room temperature/lTow humi~
dity, for weighing.

The water absorption behaviour of Epoxy MY750 resin at 250, 40°, 500
and 60°C appears to conform to Fickian behaviour. At 709C the initial
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moisture absorption was linear with (time)i, but instead of reaching

a final equilibrium value, the rate of moisture uptake started to
increase rapidly. The weight was still increasing after 40 days. The
same picture was observed with *45% specimens. This suggests that there
may be a change in the chemical structure. Another possible explanation
for this behaviour is that, the working temperature (70°C) is approaching
the glass transition temperature of the resin (90°C).

The water absorption behaviour of 913 PrePreg at all the temperatures
tested, exhibited non-Fickian behaviour. The initial percent weight
increased linearly with (time)é, then there was slight relaxation in
increase in weight followed by a further rapid increase in percent
weight rather than an equilibrium point. The weight was still increa-
sing after 40 days for both 0C and $45° specimens.

The apparent diffusivities were calculated, assuming that the initial
water absorption followed Fick's law. The values for diffusion coeffi-
cient, for all the materials tested are presented in Appendix A.

Figures 135 and 136 show the plots of log of diffusion coefficient
against the inverse of the absolute temperatures for the five composite
materials, yielding an activation energy of diffusion. Both vinyl ester
resins and polyester resins showed strong empirical 1inear relationship
between the temperature and diffusion coefficient. For epoxy MY750,

this empirical Tinear relationship was not obtained, because at 70°C,

the calculated diffusion coefficient was slightly lower than that at
609C. This cannot be possible, because the diffusion process is strongly
temperature dependent. This indicates that the absorption curve at 709C
did not exhibit Fickian behaviour. Aithough for 913 PrePreg, the overall
water absorption behaviour was non-Fickian at all the temperatures, the
relationship between temperature and diffusion coefficient is reasonably
linear. The values for activation energy were lower than that for 60% RH
for both 00 and +45% composites. This is because there is less energy
required at higher environmental conditioning (95% RH) for the water
molecules to diffuse into the matrix than at lower envircnmental condi-
tioning (60% RH). The values are given in Appendix A.
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The direct comparison between unidirectional and +450 data shows a

much faster initial moisture pick-up for the +45° laminates under the
same exposure conditions. Figures 150, 153, 156, 159 and 162 show the
Arrhenius plots for 411-45, 470-36, 272, 750 and 913 respectively.

The maximum moisture content for #45% was also higher than 0° specimens
due to the rapid diffusion along the fibre-resin interface.

The whole process was reversible i.e. sample weight returned to its
original value when dried at 359C. The 913 PrePreg samples took a long
time for the weight to reach its original value. This was due to the fact
that it absorbed the most moisture, It was also interesting to observe
the shape of the desorption (weight loss) when plotted against (time)é.
For both vinylester resins, polyester resin and epoxy resin, the weight
decreased linearly with square root of time and eventually reached an
equilibrium point as shown below, whereas with 913 PrePreg the desorption
process was a two stage process similar to the absorption (weight gain)
process.

Desorption curve for 411, 470, Desorption curve for 913
272 and 750

Weight Toss (%)
Weight loss (%)

Time (da_ys)é Time ( ys)%
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Therefore it is possible from these desorption curves to predict whether
the absorption mechanism is Fickian or non-Fickian. Essentially, in
Fickian diffusion, the absorption (weight gain) and desorption (weight
loss) curves when plotted against (_t1'me)é are always concave towards

the (time)% axis and asymptotically reach the final equilibrium value.
The desorption curves for +45° specimens were similar to those for 0°
specimens,

5.2.2.3 Water Bath

The plots of weight percent water absorption versus the square root of
time for the five materials at 250, 400, 50°, 60° and 70° are shown in
Figures 103-120. The initial rate of moisture absorption increased, as
did the apparent equilibrium moisture. In some cases the maximum moisture
content was lower than that obtained for 95% RH. It is difficult to make
direct comparison of water absorption behaviour of the specimens which
have been exposed to water bath and to 95% RH. This is due to leaching

. out of water soluble constituent parts from the composite, when the
specimens are immersed in the water bath. The leaching out of the water
soluble constituent can even happen at lower temperatures, although it
becomes more apparent as the temperature increases., This was demonstra-
ted by drying the samples at 359C in an air oven, after removing them
from the water bath, after 40 days. A1l the samples tested at 25°, 409,
and 509C showed small weight losses except 913 PrePreg which did not

show any weight losses. The weight losses may be attributed to lost
resin. Attempts were made to analyse extracted materials using infra-
red spectroscopy to see what organic materials were leached out, but

this was unsuccessful because there was insufficient extracted material.
’Loader106 pointed out the extraction losses in vinylester and polyester
may be attributed to the loss of water-soluble voiatile materials such
as methyl ethyl ketone. As the test temperature increased, the weight
losses also increased (Table 5.1). However this weight loss did not
show on the water absorption curves (Figures 103-107) because as long
as the moisture gain was greater than the material loss, the weight of
the specimen increased. Once the weight of the lost material exceeded
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the weight of the absorbed moisture, the weight of the specimen
decreased (Figures 109-112). The shape of the desorption curve was
similar to that described in Section 5.2.2.2. The 913 PrePreg again
took a long time for the weight to reach its original value.

From the absorption {weight gain) and desorption (weight loss) curves,

it was possible to see the water absorption of 913 PrePreg was different
to other materials tested. The absorption mechanism of 411, 470, 272

and 750 for both 00 and 450 appears to conform, at least approximately
to Fickian behaviour. After an-initial linear increase with square root
of time, the weight nearly levelled off. The rate at which the weight
was increasing was very slow. With 913 PrePreg, the initial weight
increased linearly with square root of time, followed by a slight relax-
ation in weight increase, and after 9 days, a further rapid increase in
the percent. After 40 days, the weight was still increasing at much
faster rates than others. At 25°C Polyester 272 absorbed the most mois-
ture and Vinylester 411-45 absorbed the least. As the temperature increa-
sed, both 913 PrePreg and Epoxy MY750 absorbed moisture, while Vinylester
411-45 absorbed the least.

When specimens were tested in a water bath at 60°C, mechanisms other than
simple water absorption began to affect the weight gain. The initial
linear increase of percent weight for both vinylester resins and polyester
resin was followed by an equilibrium point. The percent weight levelled
off after 4 days. MWith 913 PrePreg, after the initial linear increase
with (time)é. there was slight relaxation in weight increase, followed

by rapid increase in weight. There was no equilibrium point, the weight
was still increasing after 40 days. This non-Fickian behaviour was also
observed with +45° laminates. With Epoxy MY750 the initial linear per-
cent weight increase was followed by saturation. After saturation,
irregular changes in specimen weight were observed, but after 16 days,
the weight of the specimens started to decrease rapidly (Figure 109).
This sharp drop in weight was followed by a more steady fall. This was
due to permenant microdamage (Figure 232), with the accompanying loss of
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resin and the fibre material. This sharp drop in weight was also
observed by other workersa’]30. The initiation mechanism of these
microcracks depends on osmotic pressure generation, or alternatively
on debonding cracks. The osmotic centres accelerate water absorption
and eventually generate microcracks; the cracking process is assisted
to an unknown extent by debonding (Figure 233). Water also penetrates
to the fibre-matrix interface and fibre-coupling agent interface, the

consequences of which are believed to be as follows:

a) Interfacial bonds provided by the coupling agent are ruptured or
degraded;

b) Glass fibres are exposed and water molecules are absorbed on to
their surfaces, with a significant reduction of their surface
energy and subsequent tensile strength; and

c) The degradation of glass fibre, also loss of interfacial bonding
through degradation or the coupling agent.

Direct evidence of the nature and location of the degradation caused by
hot water absorption is provided by photomicrographs in Figures 234-236.
The differences in the series are clear; the fibre contours of the
specimens previously exposed to hot water are distorted and roughened.
Some indication of the leaching action on the glass fibres was also
provided by atomic-absorption spectrometry analysis of the extracted
materials. The analysis of the water solution showed distinct traces
of silica, sodium and potassium compounds. Attempts were also made to
analyse extracted materials using infra-red spectroscopy to see what
organic materials were leached out, but this was unsuccessful because
there was insufficient extracted material. The same trend was observed
with #4509 specimens (Figure 110). "Both vinyl ester and polyester resins
showed Fickian behaviour, whereas with Epoxy MY750, there was a weight
decrease again after 16 days. Microcracking and debonding was observed
with Epoxy MY750 specimens. The 913 system did not show Fickian beha-
viour and the weight was still increasing after 40 days.
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The absorption behaviour of the five materials at 70°C is shown in

Figures 111 and 112. Epoxy MY750 showed the same behaviour as with 60°C,
but this time the weight started to decrease after only 7 days and
continued to drop sharply with square root of time. The examination of
the specimens again showed microcracking of the matrix similar to that
shown in Figure 232, massive debonding of the fibres from the matrix simi-
lar to that shown in Figure 233, degradation of the glass fibres and massive
surface cracks. The analysis of the water by atomic absorption spectro-
metry showed distinct traces of silica, sodium and potassium compounds,
indicating the leaching of the soluble oxides from the glass fibres.

Both the vinylester resins showed a small decrease in percent weight

after 12 days for 411-45 and 30 days for 470-36 (Figures 113, 114, 115

and 116). At this stage it was decided to place unfilied specimens of
411-45, 470-36 and 750 in the water bath to observe the water absorption
behaviour. The results obtained were interesting, especially with both
vinylester resins. The absorption curves for both vinylesters did not

show any weight loss, whereas the absorption curve for Epoxy MY750 did
show weight Toss. The absence of such weight loss in the unfilled speci-
mens of both vinylester resins indicates that the degradation process

takes place mainly at the glass surfaces or at the fibre-matrix interfaces.
Other workersl35 have also indicated that deterioration of the glass-resin
interface has been the major cause of degradation in glass reinforced
vinylester. A further question arises as to whether this deterioration
occurs at glass-coupling agent interface or the resin-coupling agent
interface. The glass-coupling agent interface is the weakest in the

glass reinforced plastic materials, and when water reaches this inter-

face the siloxane bonds between the silica coupling agent and the glass
surface are easily hydrolysed. The reformation of some of these bonds

upon drying has been demonstrated136, implying that degradation of this
interface is reversible.

The analysis of the water medium used for immersion of both vinylester
resin specimens showed slight traces of silica, sodium and potassium
compounds similar to those obtained for Epoxy MY750 specimens. Attempts
were also made to analyse the material extracted from the water solutions
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by infrared to see if there were any traces of resin, or coupling agent,
but it was not successful because there was insufficient extracted mate-
rial. There was no sign of any microcracking with both vinylester speci-
mens, as observed with Epoxy MY750, but both showed debonding between
glass fibres and the matrix.

There was no sign of any weight loss with Polyester 272 and 913 PrePreg.
With Polyester 272, the initial linear increase in percent weight was
followed by a saturation point, but after 16 days the weight started to
increase rapidly (Figure 117). The higher weight uptake for the samples
was due to the debonding of some of the fibres which traps additional
water, and also the formation of the surface cracks which increase the
water uptake. The surface cracks were observed after 14 days which
coincided with the onset of increase in the weight of the specimens.
There was no equilibrium point obtained for 913 PrePreg, the weight was
still increasing after 40 days, but at a very slow rate.

Although the initial absorption behaviour of all specimens tested at 60°
and 70°C showed Fickian behaviour, the overall process is non-Fickian.
The fundamental characteristics of non-Fickian behaviour are that if
cracks develop in the material or debonding occur§?déssentia1IJ?g]ter~Q;
the chemical structure of the material. Figures 137 and 138 show plots
of Tog of the diffusion coefficient versus inverse of the absolute
temperature for the five materials. For all the materials tested, 913
PrePreg, Polyester 272, Vinylester 411-45 and Vinylester 470-36 showed

a strong empirical linear relationship between diffusion coefficient and
temperature. For Epoxy MY750, there was no such linear relationship
because of extensive damage done to the samples at 60° and 70°%C during
immersion. The same was observed with t45%9specimens (Figure 138). The
+450 specimens again showed the initial rate of absorption of water was
much greater than 0° specimens for all the samples (Figures 151, 154,
157, 160, 163). The activation energy values for both 0° and 459 spe-
cimens were much lower than for 60% RH, which was as expected, because
at higher environmental conditions, there was less force required for
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the water molecules to diffuse into the resin matrix, but values com-
pared to 95% RH were almost the same or slightly lower. The activation
energy values are listed in Appendix A. Figures 139 to 148 show the
Arrhenius plots for the five materials separately. The plots show the
comparison between the three different environmental conditions i.e.
60% RH, 95% RH and water immersion. It can be seen that as the condi-
tions get more severe, the rate of water uptake increases rapidly
{(higher diffusion coefficient) at any temperature. The graphs also show
that the slopes of the 1ines are almost parallel to each other, indica-
ting similarities in the activation energy values. The same was observed
with +45° specimens,

Redrying of the specimens after being removed from water bath after 40
days at 60° and 70°C showed weight losses (Table 5.1). The weight of
913 PrePreg specimens did not return to its original value. The samples
were left for 60 days at 35°C in a vacuum oven. The weight levelled off
at 0.300%, after 45 days. The weight may have returned to its original
value, if the specimens were left for a long time, but this was jmprac-
ticable.

5.2.2.4 Thermal Spiking

The specimens were held at 95% RH, 259C for 18 hours and spiked daily for
4 hours at 95%, 70°C. This procedure was repeated daily for 40 days.

The data obtained for 00 and 45° specimens are presented in Figures 123,132.

The results show that thermal spiking did not change significantiy the
moisture absorption characteristics of the material as represented by
the moisture content as a function of time, the maximum moisture con-
tent and the diffusion coefficient. The initial rate of moisture uptake
and the final moisture content was higher than 95%, 25°C but lower than
95% RH, 70°C. The absorption behaviour for 411-45, 470-36, 272 and 750
for 0% and *45° laminates appears to conform approximately to Fickian
behaviour. The initial linear relationship between percent weight gain
and square root of time was observed followed by levelling out of the
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weight. The moisture behaviour for 913 PrePreg was non-Fickian type.
From these results it is not possible to assess the effect of thermal
spiking on the absorption behaviour of the materials.

The relationship between thermal spikes and material behaviour are

not fully understood yet. In fact some of the evidence is contradic-
tory. Significant changes have been observed in some materials subjec-
ted to thermal spikes79']38, while only minor changes were found in
some other materials under presumably similar spike condition581'139.
Other worker5136’137 found that increases in both the initial rate of
moisture uptake and final moisture content were due to the formation

of microcracks in the resin.

5.3 GLASS-TRANSITION TEMPERATURE (Tg)

The Tg is an important parameter with moisture transfer process. In
practice, the transition occurs over a temperature range, However, the
Tg is a convenient parameter for molecular structure of the material.
The moisture acts as a plasticiser, thus .lowering the value of Tg of
the resin. The lowering of Tg with.increasing moisture content is
illustrated in Figures 164-169, The results show that 913 and 750
suffered the largest decrease in Tg, 18° and 80°C respectively, because
both absorbed the most amount of moisture. The initial drop in Tg was
small for all the materials. The Tg decreased by 8°, 12° and 70°C,
respectively for 411-45, 470-36 and 272. The amount of moisture absor-
bed by 411-45, 470~36 and 272 was 0.62%, 0.82% and 0.9% respectively.
It is very difficult to compare the reduction in Tg for the material
tested because .all absorbed different amounts of moisture (Figure 169)}.
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5.4 MECHANICAL PROPERTIES

It is well known in the fibre composite technology that the fibre-
matrix interface gives fibre composites their structural integrity.
In particular, the large differences between the elastic properties
of the matrix and fibres have to be communicated through the inter-
face or, in other words, the stress acting on the matrix is transmit-
ted to the fibres across the interface. The interface in a fibre-
matrix composite is a surface which is common to both fibre and
matrix and the immediate region about this surface. It has physical
and mechanical properties which are neither those of the fibre nor
those of the matrix. An example of the role of the fibre-matrix inter-
face is illustrated below:

(a) braarraa—a—a—r
B~ e - g

A Adhesive

(b)

Clamps

D

(c)

Schematic diagram of a layer composite material to illustrate the impor-
tance of the interface bond strength
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The composite materijal is represented by alternate sheets of material
with different elastic properties (Figure a). In the absence of a
chemical, physical or mechanical bond between the layers the composite
has no tensile strength direction AA' normal to the layer planes. The
strength and modulus in direction BB', parallel to the layers, depends
on the way the sample is gripped. If no bond exists and a simple
adhesive grip is made to the outer layers and no normal force is exerted,
(Figure b) the strength is limited to the strength of the outer layers
since the applied load is taken up entirely by these layers. On the
other hand, if the layers are all clamped together in the grips (Figure
c), all the layers take the load and the composite will be much stronger
and stiffer. It follows from this example that in order to use the high
strength and stiffness .of the fibres, they have to be strongly bonded

to the matrix. However this interface bond strength is easily affec-
ted even without stresses produced by external loads, i.e. water at the
interface and microresidual stress effects on interface. Shrinkage
stresses during cure and thermal stresses due to differences between

the thermal expansion coefficients of the matrix and fibre also affect
the microstress at the interface in a composite material and are addi-
tional to the stresses produced by external loads. The stresses due to
curing arise from a combination of resin shrinkage during the curing
process and differential thermal contraction after post-curing at an
elevated temperature.

5.4.1 Ultimate Tensile Strength (UTS)

The UTS of all the materials conditioned at 60% RH and tested after 16
and 40 days, respectively decreased with moisture content as shown in
Figures 172-181. The UTS for 411-45, 470-36 and 272 decreased slightly
as the test temperature was increased, generally less than 6% at all
temperatures for 411-45, and less than 8% for 470-36 and 272 at all
temperatures except at 70°C when the decrease was 12% for both mate-
rials. The decrease for 913 and 750 at 250C was 8% and 5% respectively,
As the conditioning temperature was increased, both suffered large drops
in UTS than the other materials, The UTS decreased by 20% and 15%,
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respectively for 913 and 750 tested at 70°C. Both 913 and 750 absorbed
more moisture than the other materials at all temperatures, and this

was reflected in the drop of UTS. The high drop in UTS at high temp-
eratures, especially for 913 and 750 tends to indicate that the tensile
properties of the glass fibre were also affected by moisture. The absor-
bed moisture proceeds along the glass-resin interface faster than through
the resin. The interfacial bond between the fibres and the resin was
also affected as indicated by the ILSS (Section 5.4.4). At low moisture
Tevels, the UTS drop was due to degradation of the matrix, since the

UTS of the composites is less sensitive to moisture than that of the
matrix due to strong influence of the fibres on the strength of the
samples. The UTS degradation was reversible for all the materials at

all temperatures, when the specimens were redried and tested (Table

5.2). Hence no fibre damage or permanent interface damage.

The UTS of all the materials conditioned at 95% RH decreased rapidly
as the test temperature was increased (Figures 172-181), due to more
moisture being absorbed by all the materials. The UTS decreased by
%, 12%, 7%, 20% and 15%, respectively for 411-45, 470-36, 272, 913
and 750 tested at 25°C after 40 days. As the test temperature increa-
sed, the amount of moisture absorbed by all the specimens also increa-
sed, with 913 and 750 absorbing the most moisture at 70°C and 411-45
absorbing the least. However, the fact that 411-45 absorbed low mois-
ture did not mean smaller degradation in UTS. The amount of moisture
absorbed by 411-45 at 70°C after 16 and 40 days was 0.559% and 0.602%,

respectively, and for 913 at the same conditions it was 1.44% and 1.84%,

respectively. The UTS decreased by 34% and 42% for 411-45 after 16

and 40 days at 70°C, whereas the decrease for 913 was 30% and 40% res-
pectively. Both 272 and 470-36 showed similar trends to 411-45, These
results show that both 913 and 750 exhibit strong relationships between
percentage moisture content and percentage decrease in UTS. Both mate-
rials show that the drop in UTS was gradual, as the percentage moisture
increased, whereas for 411-45, 470-36 and 272, after the small drop in
UTS at low moisture levels, there was sudden large decrease in UTS when
the amount of moisture absorbed by the three materials increased slightly.
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decreased drastically after 40 days. The test conditions in this study
were rather severe and may not represent environments in which these
materials would be routinely exposed. As mentioned earlier, other
mechanisms than simple water absorption affected the samples, i.e. lea-
ching of resin, leaching of the interface and fibres. Hot water attacks
Vinylester and Polyester laminates by hydrolysis of the resin, fibres
and interfacial bond. The debonding was observed with all the materials,
with consequential decline in UTS. When hot water penetrates the fibre-
matrix interface, it is believed the consequences are as follows:

(a) interfacial bonds provided by the coupiing agent are degraded;

(b) glass fibres are exposed and water molecules are absorbed on their
surfaces, with significant reduction of their surface energy and subse-
quent tensile strength. The UTS decreased by 58% and 56% respectively
for 411-45 and 750 tested at 709C after 40 days. This decrease was
higher than other materials tested at the same temperature, i.e. 51%,
45% and 48% for 470-36, 272 and 913. This makes sense, becalse both
411-45 and 750 showed excessive leaching of the resin, and interface
hence the fibres were exposed to hot water attack. No recovery of the
strength was seen for any materials tested at all temperatures (Table
5.4),

5.4.4,1 Tensile Failure Mode

Two types of tensile failure modes were observed when the specimens were
tested. The specimzns.conditioned at 60% RH at various temperatures, and
tested after 16 and 40 days, respectively, showed a typical 'brush' like
failure with obvious fibre pull-out (Figure 237a). This type of failure
was also observed in specimens tested after drying. When the composite
is loaded the stress on the fibres is related to the stress on the lami-
nate by:

o N, + 0

M1 = Ve * o (1= Ve

where oy = stress parallel to fibres
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So, therefore the results suggest that there is some sort of threshold
level of water at which 411-45, 470-36 and 272 are strongly affected.
Similar trends were observed with ILSS results.

The degradation of UTS was due to the deterioration of the fibre-resin
interface. A further question arises as to whether this is a result of
deterioration of the glass/coupling agent interface on the resin/cou-
pling agent interface. It js believed that the glass/coupling agent
interface is the weakest in glass reinforced plastic materials. Once
the water reaches this interface, the siloxane bonds between the silane
coupling agent and the glass surface are easily hydrolysed. Glass
fibres are moisture sensitive, so it would appear that interface
degradation in all the samples is perhaps easily attained. Once the
water attacks the fibres, the strength of the fibres is drastically
reduced, which in turn.reduces the composite strength, as indicated

by the UTS results. The degradation of UTS was irreversible (Table 5.3)
indicating permanent damage done to the samples. The reversible portion
of this degradation may be due to reformation of some siloxane bonds at
the glass/coupling agent interface. It appears that more than one pro-
cess is responsible for the strength degradation of fibre-reinforced

resin systems. These are resin property changes, interface and fibre
degradation,

The UTS of all the materials decreased drastically after being conditio-
ned in water at all temperatures, At low temperatures (25, 400C), both
411-45 and 470-36 showed smaller decreases than the other materials.

The degradation mechanism was similar to that described for 95% RH, and
it was irreversible damage. As the test temperature was increased, the
amount of moisture absorbed by some materials also increased. Other
materials showed excessive leaching out of the resin, interface and
fibre. The degradation was due to a strong attack of water on the fibre-
resin interface and also on fibres. This results in loss of strength of
the fibres due to 'corrosion' which contributes to strength loss of the
laminates. At high temperature (60-70°C) the strength of all the materials
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As the force was applied longitudinal cracks caused by shear stress at
the interface appeared in the bulk of the specimens and propagated
rapidly along the fibre-resin interface to occupy the complete length

of the test piece. This debonding was followed by pronounced audible
signals of cracking as fibres pull-out, usually starting at the specimen
edge and propagating across the entire width. This caused total des-
truction of the laminate and the force dropped immediately to zero.

The tensile failure mode of the 411-45, 470-36, 272 and 750 specimens
changed, after being conditioned at 95% and water bath. The outer
layer of these specimens showed a distinctly "clamped" failure with
large islands of fibreé%%ntact with their reinforcing fibres. The
internal part of the specimens still showed the more typical "brush"
type of failure (Figure 237b). The 913 PrePreg specimens only showed
small "clumps" of resin and fibres intact while the main failure was
"brush" type (Figure 237c).

The above discussion neglects some significant features of the strength
of fibres such as the variationof strength from fibre to fibre and the
distribution of flaw sizes along each fibre. The composite consists of
a set of parallel fibres assumed to be strong and stiff with respect to
the matrix material in which fhey are mbedded. The fibres treated are
high strength brittle fibres whose strength is dependent upon the degree
of surface imperfections, It is assumed that flaws in the fibres are
distributed randomly and that the statistical information for the
strength of single fibres app]ies]qs. When a composite is loaded, and
as the load increases a fibre fracture will occur at one of the serious
flaw or imperfections. When such a fibre breaks, the stress in the vici-
nity of the broken fibre is disturbed substantially so that the axial
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stress in the fibre vanishes at the fibre break and gradually builds
up to its undisturbed stress value due to shear stresses being trans-
ferred across the fibre-matrix interface. The basis of the cumulative
weakening model is shown schematically below. The cracking of fibres
and matrix can occur before complete separation of the fracture sur-
face, hence "brush" type of fracture.

Region of stress
relaxation near break
in fibre

I W W, o, T Y WU L W L T . WA U W W W R )

W O L W Y, R W P, OO, W L . L Y, . . T . WL O,

LWk WL W W . L L W U, WU R . o . R W |

As mentioned in the previous section, the mechanical properties of the
glass fibre are reduced by moisture. The presence of moisture will also
affect the fibre fracture. The initial stages of the fracture follows
those described above for the cumulative weakening model. As each fibre
breaks, the redistribution of stress leads to additional stresses on

the neighbouring fibres, i.e. there is a stress magnification effect.
Thus there is an increased probability that fracture will occur in the
immedijately adjacent fibres. This increases as load increases and
eventually sequential fibre fracture occurs. When fibre fracture occurs,
the load transferred to the matrix is large and cannot be supported, so
that the matrix fractures when the fibres fracture, hence "clamped"
failure. The strength obtained from this type of fracture is low as
indicated by UTS results. The model is illustrated schematically below.
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5.4.2 Percent Elongation (ET1)

For unidirectional composites tested in tension parallel to the fibres
€c % tp T g0 provided that there is a strong fibre-matrix bond, where
e = strain and subscripts ,c, m, f apply to the composite, matrix and
fibre respectively. When the interfacial bond is affected by moisture,
the response of the composite will depend on the relative strains to
failure of the matrix and f1bres and two possib]e situations can occur,
Firstly a; >-g* and secondly e > sf , where ef and em are failure
strains in un1ax1a] tension of the fibres and the matrix respectively.
Mild conditioning (60% RH) at 259, 40° and 50°C appears to have little
effect on the percentage elongation. However as the temperature increa-
sed, all the materials showed significant drop in percentage elongation.
The percentage elongation decreased by 10%, 10%, 11%, 16% and 12% res-
pectively for 411-45, 470-36, 272, 913 and 750 at 70°C after 40 days.

As mentioned in Section 5.4.1, the deterioration of mechanical proper-
ties was due to water at the fibre-resin interface. The deterioration
of the percentage elongation was reversible, i.e. it returneq to its
original value as the moisture diffused out (Table 5.5). The same

trends were observed with UTS and E. Since the degradation of the
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interfacial bond was small, the resin will fracture before fibres as
illustrated below when tensile load is applied.

|

Resin fracture before
‘fibre fracture

|
|
I
Strain o

The matrix takes only a small proportion of the load because € > ep

so that when the matrix fractures the transfer of load to the fibres is
insufficient to cause fracture., At high environmental conditioning

(95% RH and water bath), the amount of moisture absorbed by the specimens
also increases. The high moisture content reduces the mechanical proper-
ties of the composite drastically due to strong attack of water at the
interface and on the fibres, Moisture has the effect of flexibilising
the matrix (e > e¥) or in other words, reducing the elastic moduli,

the mechanical properties of fibres are significantly reduced.When the
load is applied fibres fracture before the matrix as jllustrated below.
The load transferred to the matrix when fibre fracture occurs is very
large, and cannot be supported, so that the matrix fractures when fibres
fracture,



111

Uf* ______ sm* > €g 1

Stress Fibre

1l
1

|1
11
11

e * e * Fibre fracture before
' m resin fracturee * > ¢ %
Strain m T

The drop in percentage elongation for all the materials at all tempera-
tures was more obvious, often being conditioned at 95% (Figures 182-191),
The percentage elongation decreased by 9%, 12%, 12%, 16% and 11% respec-
tively at 400C after 40 days. As the test temperature increased, all
the materials continued to absorb more moisture. This was reflected on
the drop of percentage elongation which increased as the percentage
moisture increased. At 70°C 411-45 and 470-36 were worst affected,
although both absorbed least amount of moisture. The percentage elon-
gation decreased by 30%, 32%, 27%, 26% and 17% respectively for 411-45,
470-36, 272, 913 and 750 at 70°C after 40 days. Similar trends were
obsrrved with UTS and E resu]té. The attack of water at fibre-resin
interface and on the fibres was permanenf even at low temperatures.

No recovery was seen with the dried samples (Table 5.6).

At 25°C and 40°C in water, all the specimens showed similar decrease
in percentage elongation, although all absorbed different amounts of
moisture with 913 and 750 absorbing the most. As the temperature was
increased the drop in percentage elongation also increased with the
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411-45 and 470-36 showing the largest drop, although both absorbed
the least amount of moisture. Large reductions of percentage elon-
gation for all materials was due to leaching or resin and leaching
at the interface which resulted in excessive debonding. There was
also strong attack of water on the fibres. No recovery was seen at
all temperatures (Table 5.7). The full results are listed in Appen-
dix C.

5.4.3 Tensile Modulus (¢)

When a tensile load is applied parallel to the fibres in a undirec-
tional laminate, the strain (e]) in the matrix will be the same as
the strain in the fibre if the bond between the fibre and the matrix
is perfect. If both fibres and matrix behave elastically then the
corresponding stresses are given by:

Uf = EfE'ls g = E E-I

m m

where ve = stress of fibres
o_ = stress of matrix

m

g = strain

Ef = Young's modulus of fibre
Em = Young's modulus of matrix

It follows that Ef > Em the stress in the fibres is greater than in
the matrix. This is, of course, the underlying basis of fibre rein-
forcement since the fibres bear the major part of the applied load.
It is undoubted that degradation in the resin matrix properties would
behave in a parallel degradation in composite properties. For uni-
directional laminates, the simple rule of mixtures, can be uséd to
calculate the composite modulus from given fibre and resin matrix
moduli:
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E.=V.E_ + VmE

where the subscripts c, f and m refer to the composite, fibre and matrix
respectively. V is the volume fraction, and E is elastic modulus. It
is obvious that if E decreases E decreases accord1ng]y, as moisture
may reduce the 1nterfac1a] bond1ng strength ofacompos1te and cause a
loss of efficiency of stress transfer between fibres. Moisture has

the effect of flexibilising the resin, or in other words reducing the
modulus, hence reduction in the composite's stiffness. Full results

for the five materials are listed in Appendix D.

The tensile modulus decreased slightly after 16 and 40 days, respectively
for 272, 913 and 750, after being conditioned at 60% RH. 411-45 showed
slight increase at 409, 500 and 70°C and 470-36 showed slight increase
at all temperatures. The small increase in tensile modulus is consis-
tent with that found by the other workersg4’95'141- This increase is
attributed to moisture relieving the internal stress generated by diff-
erent coefficient of expansion of the fibre and resin as the matrix
cools from curing temperatures. The small decrease suffered by some
materials was due to deterioration of the matrix, which reduces its
stiffness as moisture increases. This process was reversible, in that
tensile modulus returned to its original value when the environmental
conditions changed and the water diffused out (Table 5.8).

When the specimens were conditioned at 95% RH, the tensile modulus drop
for all the materials was more obvious. The drop for 411-45 and 470-36
was small at 25°, 40° and 500C, compared to the other materials. The
tensile modulus decreased by 7%, 11%, 14%, 16% and 15% respectively at
for 411-45, 470-36, 272, 913 and 750 at 259C after 40 days. The amount
of moisture absorbed by all materials at 25°C was similar. Full results
are represented in Appendix D. As the temperature increased, the amount
of moisture absorbed by all the materials increased, with 913 and 750
absorbing the most amount and 411-45 absorbing the least amount. The
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tensile modulus decreased by 22%, 16%, 18%, 27% and 27% respectively

for 411-45, 470-36, 272, 913 and 750 at 60°C after 40 days. The results
showed that both 913 and 750 exhibit strong relationships between per-
centage moisture content and percentage decrease in tensile modulus,
similar to that obseryed with UTS results. Both materials show the

drop in modulus was gradual, as the percentage moisture increased,
whereas for 411-45, 470-36 and to some extent 272, after the small drop
in modulus at low moisture levels, there was a large and sudden decrease
in modulus although absorbed moisture was still small. The tensile
modulus decreasedby 28%, 31%, 25%, 28% and 32% respectively for 411-45,
470-36, 272, 913 and 750 at 70°C after 40 days. 913 and 750 absorbed
the most moisture at 709C after 40 days, while the 411-45 absorbed the
least,

The mechanism of degradation was similar to that observed with UTS,
Deterioration of the glass-resin interface has been shown to be a major
cause of degradation in glass reinforced composites. When this glass-
resin interface is affected by water, the strength and modulus are also
affected, since large differences between the elastic properties of the
matrix and fibres have to be communicated through the interface. The
results show that even at low temperatures (25°, 409C), the fibre-resin
bond was affected by water. Once the water reaches the interface, it
also affects the fibres reducing the strength and stiffness of the fibres.
The fact that all the materials showed fairly high drop in the modulus
at all the temperatures, also supports this contention. If the matrix
was only attacked by the water, the drop in the modulus would have been
small (i.e. Ef > Er)' The degradation was reversible for 411-45 and
470-36 at 259 and 40°C but no recovery was seen for 272, 913 and 750.
This suggests that the interface bond for 411-45 and 470-36 was less
affected than other materials. As the test temperature was increased,
none of the materials showed complete recovery, with 913 and 750 worst
affected (Table 5.9),
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When the specimens were conditioned in water at 25° and 40°C, the

drop in tensile modulus for 411-45 and 470-36 was small compared to
other materials. The tensile modulus decreased by 10%, 16%, 26%, 27%
and 27% for 411-45, 470-36, 272, 913 and 750, at 400C after 40 days.

As the temperature was increased, both 913 and 750 were worst affected
at all temperatures, but for different reasons. The drop for 913 was
due to absorbed'moisture, whereas the drop for 750 was due to excessive
leaching out of water, Both 411-470 and 470-36 also showed
leaching at higher temperatures. Excessive debonding was observed
with all the materials., When hot water penetrates the fibre-resin
interface the interfacial. bonds provided by the coupling agent are
degraded and the glass fibres are exposed. Glass fibre is susceptible
to water leaching of the soluble oxides such as E@O and Na,0. After
prolonged exposure leaching results in surface pits (Figure 236b) and
reduction of properties. The presence of dissolved salts in the water
around the fibre can lead to the generation of osmotic pressures which
eventually produces debonding at the interface even in the absence of
an applied stress. No recovery was seen for any material at all tempera-
tures (Table 5.10) indicating permanent damage done to the samples even
at low temperature. '

5.4.4 Interlaminar Shear Strength (ILSS)

It has long been recognised that the glass-resin interface in composite
exerts a strong influence on the shear properties of the composite mate-
rials. It also affects the ability of matrix materials to transfer
stress among the glass fibres. It has been proved that the bonding
strength between resin and fibres could be decreased by moisture]42']43.
Sometimes it may cause an irreversible effect on the composite materials. .
An ILSS test was used to observe the moisture effect on the composite
interfacial regions, Full results for the five materials tested are

presented in Appendix E,
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The specimens which were conditioned at 60% RH, at 250, 40°, 500, 60°
and 70°C and tested after 16 and 40 days, did not show any direct rela-
tionship between percentage absorbed moisture and percentage drop in
ILSS. The ILSS did not always decrease but sometimes showed a slight
increase as the percentage moisture increased (Figures 203-212). This
was due to the scatter of the experimental results rather than any
significant effect of moisture. Every time the specimens were condi-
tioned at different temperatures and tested, they were from different
slabs. Therefore it may be possible, that the interfacial bond between
the fibre and the matrix varies from slab to slab, hence the scatter of
the results. Only at high temperatures {60-70°C), after 40 days, did
some of the specimens show any significant decrease in ILSS. The ILSS
decreased by 6%, 10%, 6% and 2% respectively for 411-45, 272, 913 and
750 at 70°C after 40 days. At the same temperature 470-36 showed
increase of 4%, but at 60°C the same material showed a decrease of 4%.
The specimens which did show s1ight decrease in ILSS were mainly due

to the attack of water at the fibre-resin interface. .It is believed
that water proceeds along the glass-resin interface much faster than
through the resin. Therefore it seems that the bonding that exists

at the interface in the glass-resin composites, is easily affected by
even a small amount of absorbed moisture. At high temperatures (60-70°C)
the resin properties also change, which would cause a reduction of ILSS.
The resin simply becomes weaker to the high temperature exposure. A
lower resin strength will have an adverse effect on composites property
in which the matrix is required to carry a large portion of the applied
load, e.g. ILSS, if a shear failure mode occurs. An edge view of an
interlaminar shear crack is shown in Figure 239. The micrograph shows
that failure has occurred by shear failure of the resin and fracture
close to or at the fibre matrix interface. Shear zones have grown ahead
of the crack and some local interface debonding has occurred. The
decrease in ILSS of the samples due to uptake of water was reversible in
that the ILSS returned to its original value when the environmental con-
ditions changed and the moisture diffused out (Table 5.11}). Examinations
of the specimens revealed relatively good fibre-resin adhesion (Figure
239a), the examination of the fracture surface showed less fibre pull-out
has occurred indicating good bond between fibre and matrix (Figure 240a).
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When the specimens were conditioned at 95% RH, the ILSS drop for all

the materials was more obvious. The drop for 411-45 and 470-36 at 25°C
and 409C was small compared to the other materials although the amount
of moisture absorbed by all the specimens was similar. The ILSS decrea-
sed by 4% and 7% respectively for 411-45 and 470-36 at 40°C. At the

same temperature, the decrease for 272, 913 and 750 was 16%, 23% and

15%. These results show that the moisture has degrading effects on

the interface bond, especially for 913. The high volume fraction of
glass fibres in 913 PrePreg may in part be responsible for the high drop
in ILSS of this composite. Water penetration into composites is due

to through fibre-resin interfaces (capillary) and through the resin
(diffusional). The amount of water penetrating the composite by a
capillary action will depend on the volume fraction of the sample. In
913 penetration by the capillary action would have been more substantial
than in any of the other composites, due to the material's high volume
fraction. Increasing fibre content tends to impede the penetration of
the resin and strong interfacial bonds cannot be formed if the resin

does not wet the fibres. In such a case the ILSS would be expected to
decrease with increasing fibre content. As the test temperature increa-
sed, the drop in ILSS for all the materials increased, with 913 and 750
being worst affected. The ILSS decreased by 23%, 22%, 27%, 38% and 32%
respectively for 411-45, 470-36, 272, 913 and 750 tested after 40 days

at 709C, 913 and 750 absorbed the most moisture at 709C after 40 days,
i.e. 161% and 195% respectively, while 411-45, 470-36 and 272 absorbed
the least, i.e, 0.55%, 0.80% and 0.80% respectively. The results show
that 913 and 750 were worst affected at all temperatures, but the decrease
was gradual as percentage moisture increased, suggesting that some sort
of correlation existed between percentage moisture content and percentage
decrease. 411-45, 470-36, both showed that the decrease at 25°, 40° and
500C was small, but as the temperature increased both suffered a sharp
drop. The results indicate that the deterioration of the glass-resin
interface for 411-45 and 470-36 was only slightly affected up to 0.50%
moisture, whereas for 913 and 750 the deterioration was greater even at
Tow moisture level. The fact that most of the ILSS loss was irreversible
at 250 and 400C for 913 and 750 also supports the contention (Table 5.12).
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At high temperatures (50°, 60° and 700C) all the materials showed that
the ILSS loss was irreversible, with 913 and 750 both worst affected.
The reversible portion of this degradation was due to drying off the
water at the interface. The reversible changes which are likely to
occur at the interface are: (i) chemical breakdown by hydrolysis;
(i1) chemical break down by UV radiation; (iii) chemical break down
by thermal activation, and (iv) chemical break down by stress induced
effects associated with swelling., Debonding was also observed at high
temperatures (60° and 70°C) with all the specimens (Figure 238b).

When the specimens were conditioned in water at 259 and 40°C, the drop
in ILSS for 411-45 and 470-36 was small compared to other materials.

The ILSS decreased by 6% and 7%, respectively, for 411-45 and 470-36 at
40°C. At the same temperature, the ILSS decreased by 18%, 18% and 23%,
respectively, for 272, 913 and 750. The loss of ILSS was irreversible
for all the materials (Table 5.13). The irreversible loss was due to
chemical breakdown of interface by hydrolysis and.chemical breakdown by
thermal activation. Debonding was observed with 272, 913 and 750 speci-
mens at 40°C. Leaching of the interface will lead to the debonding bet-
ween fibres and resin (Figure 238c). These effects became more pronoun-
ced as the temperature was increased. At 60° and 700C all the specimens
except 913, showed excessive leaching of the resin and microcracking was
also observed with 750, More leaching out of the water soluble elements
was observed with ILSS samples compared to tensile specimens, because
the ILSS specimens are very small (2 mm x 12 mm x 18 mm) so that diffu-
sion of water into the specimens was much faster. Attempts were made to
analyse the extracted material, but it was unsuccessful due to the small
amount. The ILSS decreased by 33%, 24%, 38%, 43% and 36%, respectively,
for 411-45, 470-36, 272, 913 and 750. The loss of ILSS was irreversible
(Table 5.13). Examination of the fractured surface showed holes left in
the plastic matrix, indicating poor bond between the fibres and the
matrix. There were corresponding changes in the appearance at the matrix
fracture indicating that a degree of adhesion affected the overall frac-
ture process (Figure 240b).
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5.4.5 In-Plane Shear Strength (IPSS)

It is known that the strength of +459 composite specimens is less
dominated by fibres but depends on the shear properties of resin

and interface. The strength is dominated by matrix properties because
crack propagation can occur entirely by shear of the matrix without
disturbing or fracturing the fibres. Thus loss of stiffness of matrix
material and bonding strength of the interface may cause a reduction
in strength of +45° specimens.

The specimens which were conditioned at 60% RH at 25°, 400, 50°, 60°
and 70°C, and tested after 16 and 40 days showed a slight decrease in
IPSS (Figures 214-223). Full results are listed in Appendix F. Some
specimens showed slight increase rather than decrease as the percentage
moisture increased. This may be due to the scatter of the experimental
results, rather than effect of absorbed moisture. Only at 70°C, after
40 days did the specimens show any significant decrease in IPSS. The
IPSS decreased by 7%, 12%, 14%, 12% and 5%, respectively, for 411-45,
470-36, 272, 913 and 750. The deterioration of IPSS was due to changes
in the matrix properties and preface of water at the interface. Mois-
ture has the effect of flexibilising the resin or in other words, redu-
cing the elastic moduli. As mentioned previously changes in matrix
moduli have little effect on longitudinal tensile strength and modulus
because the matrix plays only a minor role. However, the effect on in-
plane shear strength may be substantial because the resin contribution
is large. The decrease in IPSS of the samples due to uptake of water
was reversible in that the IPSS returned to its original value when the
environmental conditions change and the moisture diffuses out (Table
5.14). The results show that overall behaviour was similar to that
observed with ILSS specimens. This is not unexpected, since both IPSS
and ILSS depend on the direction of shear displacements. For a given
resin matrix, the shear strength depends on the stress concentration
effects associated with the presence of fibres and on the strength of

the interfacial bond. At low VF the stress concentration factor is
relatively insensitive to VF’ but it rises rapidiy when VF is greater
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than 0.60. For composites with brittle resins (750, 913) the stress
concentration effect will lead to values of IPSS lower than the shear
strength of the pure resin. The strength of the laminates with more
flexible resins is approximately the same as the pure resin because any
stress concentrations are relaxed by Tocal deformation processes. The
same arguments apply to the effect of weakly bonded interfaces.

The initial drop for 411-45 and 470-36 was small compared to other
materials, when the specimens were conditioned at 95% RH at 25°C and
40°C. The IPSS decreased by 9%, 9%, 21%, 24% and 14% respectively for
411-45, 470-36, 272, 913 and 750. The amount of moisture absorbed by

all the samples was similar. The same trend was observed at 40°, 500
and 60°C, As the temperature was increased, both 913 and 750 absorbed
most moisture, while 411-45 absorbed the least. The 913 specimen
suffered a drop in IPSS at all temperatures, but the drop was gradual

as the percentage moisture increased. The same trend was observed with
750 specimens. The initial drop in IPSS for 411-45 and 470~36 was small,
but as the temperature increased a sudden drop occurred, although the
amount of moisture absorbed by the specimens was small. The degradation
was reversible for 411-45 and 470-36 at 250 and 40°C. None of the other
materials showed complete recovery (Table 5,15). At 50°, 60° and 70°C,
none of the samples showed recovery, indicating the specimens suffered
permanent damage. The changes in matrix properties were due to the
diffusion of the environment through the polymer. The irreversible
changes suffered by the matrix were due to chemical break down by ther-
mal activation and chemical break down by stress induced effects associa-
‘ted with swelling. These became more significant after prolonged expo-
sure at high temperatures. The same changes as those in the matrix occur
at the interface. The presence of moisture results in swelling of the
resin which is partly constrained by the presence of the fibres. The
degree of constraint depends on the fibre geometry and volume fraction.
Under non-equilibrium conditions the water content is not uniform and

the concentration gradients lead to stress and strain gradients in the
material. Similarly even when the moisture content is uniform, the
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different swelling characteristics of adjacent laminae in a laminate
leads to a build-up of internal stresses.

The specimens conditioned in water at 259, 400 and 50°C and tested

after 16 and 40 days respectively showed that 1oss of IPSS was higher
than 95% RH. The increase in loss was due to two reasons, firstly,

the amount of moisture being absorbed by the specimens, and secondly,

the leaching of resin and interface. As mentioned in previous sections
leaching of the resin was taking place, even at low temperatures (259,
40° and 50°). The leaching of the resin will change the chemical com-
position of the resin. and reduce the shear properties of the resin.
These changes were irreversible for all the materials (Table 5,16).

The IPSS decreased by 10%, 10%, 20%, 23% and 25% respectively for 411-45,
470-36, 272, 913 and 750 at 40°0C after 40 days. At high temperatures
(609, 709C) both 411-45 and 750 showed excessive leaching of the resin,
interface and fibres. Microcracking of the matrix was also observed

with 750 specimens at 60° and 70°C. Leaching was also observed in the
272 and 470-36 specimens. Both 913 and 750 showed a big drop in IPSS

at 700C after 40 days, but for different reasons, with 913 the drop was
due to the strong attack of water of the matrix and the interface,
whereas with 750, the large drop was due to excessive leaching of resin,
microcracking of the resin and leaching of the interface. The IPSS
decreased by 30%, 38%, 38%, 46% and 46% respectively for 411-45, 470-36,
272, 913 and 750. No recovery was seen for any of the materials. Figure
241a shows the failed specimens under load, It is obvious that a Targe
crazing area due to debonding of the interface can be observed with high
moisture contents. Figure 240b shows the fracture surface of *45° speci-
mens. This kind of fracture was observed with all the specimens i.e., dry,
low moisture and high moisture content.

5.5 THE EFFECT OF THERMAL SPIKING ON THE MECHANICAL PROPERTIES

As mentioned before, thermal spiking did not change significantly the
moisture absorption characteristic of the material as represented by
the moisture content as a function of time. The specimens were conditioned
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at 95% RH, 2509C for 18 hours, and spiked daily at 95% RH, 70°C for

4 hours for 40 days. The amount of moisture absorbed by the specimens
after 16 and 40 days was slightly lower than the specimens conditioned
at 95% RH, 709C. This was also reflected on the drop of the mechanical
properties as discussed below.

5.5.1 Ultimate Tensile Strength (UTS)

The UTS results for all the materials tested after 16 and 40 days,
respectively are presented in Appendix B. Both 913 and 750 absorbed
the most moisture after 40 days, while 411-45, 470-36 and 272 absorbed
the least. However absorbing a smaller amount of moisture did not mean
a smaller degradation in UTS. The UTS decreased by 38%, 30%, 36%, 33%
and 34% respectively for 411-45, 470-36, 272, 913 and 750 tested after
40 days. The decrease IN UTS was mainly a result of deterioration of
glass fibre-resin interfacial bond and attack of water on the fibre
surface. The fact that most of the strength loss was irreversible also
supports this contention (Table 5.17). The drop in UTS was small com-
pared to specimens which were conditioned at 95% RH, 70°C.

5.5.2 Percentage Elongation

The percentage elongation results for all the materials tested after 16
and 40 days, respectively, are listed in Appendix C. The percentage
elongation decreased by 22%, 31%, 21%, 20% and 13% for 411-45, 470-36,
272, 913 and 750. The loss was irreversible, indicating that the damage
was permanent (Table 5.17). The mechanism of degradation was the same
as described above.

5.5.3 Tensile Modulus

The tensile modulus results for all the materials tested after 16 and 40 days
are listed in Appendix D. The decrease was similar to that obtained for
specimens when conditioned at 95% RH, 700C, The tensile modulus decreased
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by 25%, 23%, 18%, 23% and 31% for 411-45, 470-36, 272, 913 and 750
after 40 days. The mechanism of degradation was the same as described

in Section 5.5.1. No recovery was seen for any of the materials
(Table 5.17).

5.5.4 Interlaminar Shear Strength (ILSS)

The ILSS results were similar to those obtained with the specimens
conditioned at 95% RH, 70°C and also the degradation mechanism was the
same, The full results are listed in Appendix E. The ILSS decreased

by 20%, 12%, 23%, 26% and 19%, respectively, for 411-45, 470-36, 272,
913 and 750. The fact that most of the ILSS losswas drreversible,
suggests that there was strong attack of water at the glass-resin inter-
face bond (Table 5.17).

5.5.5 In-Plane Shear Strength (IPSS)

As stated previously the strength of +45% laminates is less dominated

by fibres but depends on the shear properties of resin and interface,
Both 913 and 750 absorbed the most moisture after 40 days, this was

also reflected on the decrease in IPSS. The IPSS decreased by 39% and
35% respectively for 913 and 750 after 40 days. The decrease for 411-45,
470-36, 272 was 32%, 24% and 27%. These results were similar to that
obtained with 95%, 70°C. The attack of moisture on the matrix and inter-
facial bond was irreversible because no recovery was seen for redried
specimens (Table 5.17).
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The experimental results, and analysis previously discussed lead to
the following conclusions:

b)

d)

The hand lay-up technique used produces good quality laminates
with very low void content (< 10%). More work is needed to produce
laminates with constant thickness and volume fraction.

Moisture absorption characteristics

The Vinylester resin absorbed less moisture than polyester and
epoxy resins because of the relatively few ester groups available
for hydrolysis and also because of the methyl group which shields
the ester linkage increasing the resistance to hydrolysis. 470-36
resin absorbs more than 411-45 resin, because of its high cross-
link density and because it contains more ester groups for hydro-
lysis.

The initial rate of water absorption and the final amount of water
absorbed depends on the material, the temperature and the percen-
tage relative humidity.

The initial rate of moisture absorption for 913 and 750 is slow
(low diffusion coefficient values) for 0° and +45° laminates,
although both absorb the most moisture over a 40 day period.

Direct comparison between 0° and +45° data show that the initia-
water absorption for 45° laminates is much faster (high diffusion
coefficient values) under the same exposure conditions.
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The results show that the diffusion coefficient depends on
the temperature, as given by the Arrhenius equation

D = D0 exp (-E/RT)
for all composites tested.

The absorption behaviour for 411-45, 470-36, 272 and 750 compo-
sites immersed in distilled water and humid air (60% and 95% RH)
confirm Fickian behaviour for 0° and +45° fibre orientation.

The absorption behaviour for 913, initially follows Fick's law,
but overall behaviour is non-Fickian. No classical equilibrium
absorption plateau was obtained at any temperature due to the
short exposure times. These observations suggest that further
work should be continued on longer exposure times.

Epoxy MY-750 specimens exposed to water at 60° and 70°C undergo
pronounced degradation, which occurs shortly after exposure and
is associated with a significant irrecoverable weight loss. The
degradation process is attributed to penetration of water into
the fibre-matrix interfaces and is followed by an attack on the
glass fibre surfaces and coupling agent. As a result, glass
constituents are leached out and removed from the system by
diffusion. Analysis of hot water showed distinct traces of
silica compounds, Similar behaviour was observed with 411-45
and 470-36 laminates at 70°C only.

Visual observations and scanning electron micrographs show surface
cracks, microcracks and debonding as a result of prolonged exposure
to hot, wet atmospheres. Microcracks are only observed with 750
samples. No surface cracks are observed with 411-45 and 470-36
samples.
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The activation energy for diffusion is similar for all the
unidirectional materials tested indicating that the mechanism
of diffusion is not grossly different, The activation energy
for diffusion of 0° and :45° laminates is not the same. This
suggests that the diffusion of water through 0° and +45% fibre
orientation is different.

Mechanical Properties (UTS, % EI, E, ILSS, IPSS)

For 0° and :45° laminates there is 1ittle change in mechanical
properties at 259, 40°, 50° and 60°C after conditioning at 60% RH.
At 700C the longitudinal tensile strength of all the materials
shows a significant drop, with 913 and 750 worst affected. At
this temperature, there was penetration of water at the fibre-
resin interface and attack at the fibre surfaces. This reduced
the strength dominant properties of the fibre. However the degra-
dation is reversible when water diffuses out.

The drop in mechanical properties for 411-45, 470-36-and 272 is
small after being conditioned at 95% RH at 25°, 40° and 50°C as
compared with 913 and 750, However as the temperature increases
the drop is similar or in some cases more than 913 and 750, al-
though the amount of moisture absorbed by 411-45, 470-36 and 272
is Tow. The degradation process is attributed to penetration of
water into the fibre-matrix interfaces and is followed by an
attack on the glass fibre surfaces. All the specimens show sig-
nificantly lower UTS, % E1, E, ILSS and IPSS compared with 60% RH.
The reason for this decrease was found to be the degradation effect
in the fibrous phase in the case of a drop in UTS, El and E; and

in ILSS and IPSS in the case of matrix and interfacial phase. No

recovery of the mechanical properties is seen at any temperature
for the dried specimens,

The specimens under water exposure at 25%, 400 and 500C are charac-
terised by higher moisture content than their counterparts exposed
at 95% RH, this reflects in turn in a higher drop in mechanical
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properties, with 913 and 750 worst affected. The specimens
exposed at 60° and 70°C show significantly lower mechanical
properties., This is attributed to the temperature controlled
attack on the glass fibre surface and interfacial coupling agent
phase by the water, with consequent leaching and removal of glass
constituent molecules. Microscopic examination shows roughened
and distorted contours, as well as other consequemces of the
degradation process. On the other hand, cold water exposed
specimens 'show smooth circular contours like their reference
counterparts exposed to 60% RH and 95% RH. No recovery of mecha-
nical properties is seen with redried specimens.

The tensile failure of the specimens tested resulted in two dis-
tinct failure modes. When tested after dry conditioning and con-
ditoning at 60% RH at all temperatures, the specimens show a
typical "brush" like failure with obvious fibre pull-out. When
tested after conditioning at 95% RH and in water a different fai-
lure mode is observed. The outer layer of these specimens shows a
distinctly "clumped" failure with large islands of resin intact
along with their reinforcing fibres. The internal part of these
specimens still showed the more typical brush type fajlure.

Thermal spiking does not change significantly the moisture absorp-

tion characteristics of the material. The initial and final water

uptake is higher than 95%, 25°C but Tower than 95%, 70°C. The drop
in mechanical properties is similar to that obtained with 95%, 70°C,
these results suggest that more work is needed with a wide range
of temperatures and humidity.

A1l the specimens show a decrease in Tg as percentage moisture
increases, with 913 and 750 worst affected.
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APPENDIX A

DIFFUSION DATA

Table
A ]
A 2
A 3
A A
A 5
A &
A 7
A 8§
A S
A 10
A 1]

Title

60% RH: 0°

60% RH: +45°

95% RH:0°

95% RH:+459

Water Immersion: 0°
Water Immersion:+459
Thermal spike: 00
Thermal spike: +450
Summary of constants
Summary of contents:

Glass transition tem

: 00
+450

perature



TABLE Al: Test Conditions = 60% RH
Laminate Lay-up Orientation =
411-45 470-36 272 913 750

Temp.
o¢ D M, D My D M, D M D M

mm2 s-1 9 mm2 s~1 % mm? 51 % mm? s-1 A mm2 s~} %
25 3.601x10-7{0.151 | 2.768x10-7 | 0.119 | 3.278x10-7]| 0.158 | 1.532x10-7] 0.136| 2.412x10-7| 0.148
40 4.767x10°7 1 0.173 | 4.224x10-7 | 0.203 | 4.226x10~7} 0.198 1.806x10-7 1 0.278| 2.998x10"7| 0.263
50 5.446x10~7 | 0.212 | 5.096x10~7 | 0.262 | 5.612x10"7] 0.238 | 1.936x10"7 | 0.344| 4.263x10"7| 0.287
60 6.448x10-7 | 0.248 | 6.564x10"7 |0.309 | 6.835x10-7 | 0.278 2.399x10-7 | 0.515{ 5.966x10"7| 0.399
70 7.433x107 1 0.289 | 7.663x1077 |0.361 | 8.103x10-7 | 0.323 | 2.755x10°7 | 0.646| 6.393x10°7| 0.457

D = Diffusion Coefficient
M = Maximum Moisture Content

m

gtlL



= Maximum Moisture Content

TABLE AZ: Test Conditions = 60% RH
Laminate Lay-Up Orientation = %450
Temp. 411-45 470-36 272 913 750
oC
D Mo D M D M D M“1 D Mo

mm¢ s~1 % mm2 s~} 9% mm? s=1 % mm2 s-! % mm2 s-1 9
25 3.196x10°7 1 0.119 | 3.273x10-7 | 0.126 3.107x10°7 | 0.145 1.426x1077 | 0.137 2.969x10-7 | 0.153
40 4.577x10-7 1 0.158 | 4.557x10-7 | 0.202 4.197x10°7 | 0.194 1.889x10-7 | 0.272 4.134x10~7 | 0.261
50 5.381x10-7 | 0.191 | 5.463x10"7 | 0.24 4.354x10-7 | 0.233 8.066x10-7 | 0.352 5.241x10°771 0.294
60 6.880x10"7 | 0.204 | 6.706x10-7 |0.263 5.392x10~7 | 0.283 3.045x10°7 | 0.468 6.315x10-7 | 0.360
70 9.088x10-7 | 0.241 | 7.767x10~7 }0.320 7.125x10"7 { 0.296 3.623x10-7 {0.627 7.639x1077 { 0.446
D = Diffusion Coefficient

bEl



TABLE A3: Test Conditions = 95% RH
Laminate Lay-up Orientation Q©
411-45 470-36 272 913 750
Temp.
0
C D Mm D Mm D Mm D Mm D Mm
_mm? 71 % mm? s”! % mm? s71 % mm? s7! % mm? s-1 %
25 5.292x10'7: 0.262 |3.981x10°7 |0.327 6.281x10°7 | 0.359 1.802x10-7 [ 0.293 3.229x10°7( 0.447
40 6.374x10"7 | 0.351 5.406x10"7 | 0.366 7.319x10°7 | 0.370 2.122x10°7 | 0.742 4,294x10°7} 0.524
50 7.311x1077 | 0.386 |6.833x10~7 |0.519 8.427x10°7 | 0,494 2.758x1077 | 0.976 5.819x10°7| 0.747
60 7.854x10-7 | 0.447 |9.044x10"7 | 0.644 9.258x10°7{ 0.570 3.004x10-7 ( 1.55 6.693x10"7| 0.889
70 9.02'|3x'|057 0.602 |9.611x10°7 | 0.805 9.625x10~7 | 0.701 3.915x10-7 [ 1.84 6.422x10°7{ 1.55
D = Diffusion Coefficient

=
I

Maximum Moisture Content

ovl



TABLE A4: Test Conditions = 95% RH
Laminate Lay-Up Orientation = %450
411-45 470-36 272 913 750
Temp.
0
c D M D M D M D M D M
mm? s-1 % mm? =1 % mm? s -1 % mm2 g1 % mm? s~} %
25 6.522x1077 [ 0.280 | 3.685x10-7 | 0.309 | 7.267x1077 | 0.326 | 2.760x10°7{ 0.282 | 4.848x10~7| 0.430
40 9.657x1077 | 0.326 | 5.653x1077 | 0.379 | 8.712x1077 [0.359 | 2.922x10°7} 0.710 | 6.549x10°7| 0.518
50 1.002x107% | 0.386 | 7.217x10~7 | 0.511 | 1.017x10-® | 0.425 | 3.454x10~7| 1.030 | 5.622x10"7| 0.853
60 1.283x107° [ 0.461 | 8.669x10-7 | 0.594 | 1.152x107° (0.473 | 4.179x10°7 | 1.580 | 7.847x1077 | 1.080
70 1.396x107° [ 0.549 | 9.690x10™7 | 0.784 | 1.277x107® [0.605 | 4.237x10-7 | 1.970 | 6.498x10"7{ 1.940

= Diffusion Coefficient

= Maximum Moisture Content

LrlL



TABLE A5: Test Conditions = Water Immersion
Laminate Lay-Up Orientation = 00
411-45 470-36 272 913 750
Temp.
oC D M D M D Mo D M D Mo
mm2 s~ ! A mmé s~! % mm? s=1 A mmZ -1 % mm? s~ 1 9%
25 6.710x10"%1 0.279 | 4.001x10°7 | 0.366 | 6.749x10-7} 0.417 | 1.927x10-7| 0.366 4.,143x10°7| 0.351
40 8.313x10-7 1 0.366 | 5.877x10-7 | 0.397 8.009x10-7 | 0.481 2.368x10-7| 0.710 4.906x10-7| 0.881
50 9.605x10~7 | 0.378 [ 7.201x10°7 | 0.463 | 8.861x10"7 | 0.602 | 2.470x10-7} 1.320 6.625x10"7] 1.18
60 1.145x10"%10.433 {9.258x10~7 | 0.563 | 9.993x10-7 | 0.644 | 3.311x10-7| 2.28 8.101x10"7| 0.68?
70 1.288x10-%10.378 | 1.039x107% |0.598 | 1.0437x10-% 0.677 | 4.124x10°7| 2.88 1.328x10-8| 0.671

B = Diffusion Coefficient

= Maximum Moisture Content

Al



TABLE A6: Test Conditions = Water Temperature
Laminate Lay-Up Orientation = +459
Temp. 411-45 470-36 272 913 750 |
oC
D ”m D Mm D ' Mm D Mm D Mm
mm? s~ 1 % mm? s=! % m? s=1° -} % m? s-1 % mm? s-! %
25 7.658x10°7| 0.287 | 6.093x10°7 | 0.300 9,226x10~7 | 0.302 2.771x10°71 0.316 4.387x107] 0.336
40 1.219x1078| 0.338 | 7.581x1077 | 0.408 1.158x10-% | 0.351 3.496x10°7} 0.850 7.604x10"7] 0.704
50 1.499x10-5| 0.347 | 9.024x10"7 | 0.440 1.490x10°% | 0.472 3.612x10°7{ 1.180 9.908x10"7 | 0.855
60 1.897x107%} 0.365 | 1.160x10-% | 0.521 1.526x10°% | 0.553 4.194x10"7| 2.21 1.109x10°% { 0.723
70 2.292x10°%| 0.379 | 1.429x10°% | 0.503 1.815x10°% | 0,752 4.683x10°7| 3.46 1.591x107% | 0.821

D = Diffusion Coefficient

"= Maximum Moisture Content

Ebt



TABLE A7:

Test Conditions = Thermal spike
Laminate Lay-up orientation = O

Resin Matrix

Diffusion Coefficient

Maximum Moisture Content

(mm? =) (%)
411-45 8.037 x 10~7 0.397
470-36 8.373 x 10~7 0.515
272 8,865 x 1077 0.685
913 2.956 x 1077 1.660
750 5.903 x 10-7 1.050.

ol



TABLE A8:

Test Conditions = Thermal spike
Laminate Lay-up orientation = +450

Resin Matrix Diffﬁsion Coefficient Maximum Moisture Content
(mm? s=1) (%)
411-45 8.129 x 1077 0.311
470-36 7.373 x 1077 0.521
272 1.003 x 107 0.493
913 3.283 x 1077 1.710
750 5.096 x 10-° 1.080

SwL



TABLE A9: Summary of the Constants D0 and E (D = D0 exp (-E/RT)

Laminate Lay-Up Orientation =

Qo0

411-45 470-36 272 913 750
Environment i
Do E Do E D0 E D0 E D0 E
60% RH 7.599x10°7}13.649 | 7.989x1077]19.052 | 8.315x10"7 17.175 { 2.824x10°7 12.891 | 6.541x10°7 | 18.470
95% RH 9.189x1077]10.104 | 9.955x10°7}§17.210 {9.661x10"7] 8.097 | 3.812x1077 13.062 | 7.524x10-7 ] 13.511
Water -6 -6 e - -7
Immersion 1.320x10°°[12.618 | 1.102x10-°|17.160 | 1.078x10 8.266 | 3.967x1077114.426 | 9.955x10 15.854
- mm? -1

Do-rnrns

kJ mol™?

m
n

Syl



kJ mol~1

TABLE A10:  Summary of the Constants Do and E (D = D0 exp (-E/RT)) Laminate Lay-Up Orientation = +45°
411-45 470-36 272 913 750
Environment
D, £ D, £ D, £ D, £ D, E
60% RH 9.375x10°7119.741 | 7.989x1077| 16.738 7.229x10-* 15.734| 3.736x10°7}17.629 | 7.831x107 | 17.919
95% RH 1.485x106[ 14.361 | 1.078x10°6{18.253 | 1.317x10-§ 10.692 | 4.341x10°7| 6.411 { 9.098x10°7 | 10.582
Water -6 -6 -6 -7 -6
Immersion 2.424x10-% 20.741 | 1.330x1076§16.117 } 1.851x1076 12.833| 4.894x10 9,788 § 1.317x10 14.738
= mm2 <~1
Do mm< s

A



TABLE A11: Summary of Experimental Data on the Effects of Moisture on the Glass-Transition Temperature
of the Composites (°C)
411-45 470-36 272 913 750

Moisture Tg Moisture Tg Moisture Tg Moisture Tg Moisture Tg
% oC % ocC % oC % oc % oC
Dried 105 Dried 128 Dried 97 Dried 175 Dried 90
0.233 105 0.244 127 0.299 96 0.530 174 0.236 39
0.306 102 0.398 126 0.409 96 0.680 174 0.516 87
0.335 102 0.428 125 0.519 95 0.768 172 0.652 86
0.378 102 0.529 123 0.638 93 0.820 169 0.737 83
0.411 101 0.536 123 0.654 92 0.921 160 0.809 81
0.458 99 0.593 122 0.718 91 0.963 156 0.922 81
0.523 98 0.633 120 0.820 90 1.10 146 1.03 80
0.610 97 0.750 19 0.880 88 1.50 120 1.15 75
0.624 97 0.820 116 0.893 88 1.80 108 1.30 75
0.633 97 0.950 116 0.902 88 2.18 100 1.46 72
- - - - - - 2.28 98 - -
- - - - - - 3.17 96 - -
- - - - - - 3.27 95 - -

8rl
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APPENDIX B

SUMMARY OF EXPERIMENTAL DATA ON THE EFFECTS OF
MOISTURE AND TEMPERATURE ON THE ULTIMATE TENSILE STRENGTH OF
COMPOSITE MATERIALS (MPa)

Table Title

B1 Dried

B2 60% RH: 16 days

B3 60% RH: 40 days

B4 95% RH: 16 days

B5 . 95% RH: 40 days

B6 Water Immersion: 16 days

B7 Water Immersion: 40 days
B8 Thermal spike: 16 days

B9 ' Thermal spike 40 days



TABLE B1:

Test .Conditions = Dried
Laminate Lay-Up Orientation = 0°

Coefficient of

Resin Matrix Mean Value Standard Deviation Deviation
(SD) (Cv)
411-45 835.98 50.232 6.009
_ 470-36 940,37 24.785 2.636
272 896,04 76.222 8.506
913 997.97 50.399 5.05]1
750 898.26 33.337 3.711

ual



TABLE B2: Test conditions: 60% RH, After 16 days
Laminate lay-up orientation = 0°

= 411-45 470-36 272 913 750 )
£ =

§ o a E o E o E @ = 5 = E
JEE S e |g3 e |53 s ENEE L
282 |a |5 | 2|82 |0 |38 |8c)g |5 |2 [2% |8 1S [Exlf2 |3 |3 |2
25182395 |73.32718.899 | 98.56 |949.76 [35.299(3.715]101.67 |853.83|16.360{1.910|97.33| 944 .43} 33.798 | 9.567894.59 [870.00{15.127|1.509 [96.88

40l825.89120.228|2.449 | 98.79(937.36 [20.37912.174| 99.68 [883.35|50.609/5.731]98.53/926.73|100.138 [10.811[92.86 {852.9253.6676.297 94.88

50(839.52]75.266{8.965 HOO.QO 921.21| 2.645(0.287| 97.96(853.43| 9.712]1.139{94.74|924.36| 26.501 | 2.867[92.59 [824.25|37.072(4.500|91.87
2.405|91.37

60(830.73(24.785|2.983 | 99.37 913.02[17:677]1.936| 97.18|825.92(26.987|3.269|92.08|822.37| 26.807 | 3.261|82.36820.03 (19.720

701812.07|34.984|4.308 | 97.141902.39(53.853(5.965| 96.06|822.87| 9.032(1.097]91.85/818.17| 52.538 | 6.42481.96786.57)29.086|3.70087.64




TAB

LE B3:

Test Conditions:

60% RH:

40 days
Laminate lay-up orientation 0°

411-45

4/0-36

/e

913

/50

Temp °C :

Mean
Value -

1'sp

CV ()

Mean
Value

sD

Cv (%)

Retention

Mean
Value

sD .

CV (%)

Retention

%

Mean
Value

S

CV(%)

Retention

Mean
Value

SD

CV(7)

Retention

40

50

60

70

822.710

815,31

858,53

801.55

792.79

25.454
30.007
25.055
21.528

52.531

3.093

3.680

2.918

2.658

6.626

g Retention
}3 4

97.53

102.70

95.88

94.84

935.22

903.71

901.7

858.42

822.06

50.802
32.785
26.537
51.496

66.805

5.432

3.627

3.026

6.044

8.129

99.45
96.11
95.89
90.75

87.46

853.83

860.71

827.01

836.44

791,53

16.360

28.418

36.207

32.994

37.372

1.910

3.303

4,379

3.946

4,724

95.21

96.09

92.42

93.30

88.28

916.76

879.31

874.41

812.88

793.32

55.506)|6.049

29.055( 3.251

15,565

11.064

33.83

1.782

1.427

4.266

91.78
88,076
81.;6
81.36

79.26

857.21

826.38

803,51

774.28

772.73

93.43]

91.98

89.42

86.19

86.08

22885

29.280

24,878

50.411

22.847

95;43
91.99
89.45
86.198

86.015

261



TABLE B4:

Test Conditions:

Laminate lay-up orientation 0°

95% RH:

16 days

411-45

470-36

272

913

750

Temperature©C

Mean
Value

SD
cv (%)

Retention

Mean
Value

Retention

sD
lcv ()

{Mean
Value

SD
CV (%)

Retention

Mean
Value

SD
cV (%)

Retention

Mean
Value

0
7.0 B

CV (%)

™y
(82}

40

50

60

70

|

751.82

724.75

730.53

669.95

543.82

17.875(2.378

17.875(3.662

42.57015.827

17.87512.668

34.984]4.308

89.93

86.69

87.39

77.99

65.65

|

836.91

819.40

810.51

740,93

539.44

33.64514.010189.04

11.23941.371487.23

27.8831{3.436;86.17

41.54615.546(78.73

25.60014.,993|57.39

831.52

781.30

759.50

719.97

640.19

26.95013.711

30.03813.848

69.669(9.175

46.02416.443

7.937(1.240

92.?5
87.50
84.71
79.69

71.43

858.91

806.73

701.79

709.83

717.62

4,041|0.378

472.52314.477

22.045}3.140

9.201(1.296

18.56712.177

85.97

80.76

70,24

71.04

71.84

774.77

701.43

650.33

64866

634.44

19.619

32.323

32.170

28.988

29.086

2.741

5.111

5.577

4.463

3.700

*x Retention
= %

78.06

72.33

72.16

70.60

e ]



TABLE BS: Test Conditions: 95% RH: 40 days
Laminate lay-up orientation 0
o 411-45 470-36 272 913 750
g
3 o c = =g =
b - 2 = 2 2
5| _e | |E @ SRR @ g |2 " 2% o -
o. c3 r W c S ~ @ e3> - [T = > S~ Q c > - [T}
26 | 745.45| 3.035]|0.448] 87.17| 826.59; 24.076 2.731187.98)831.501 20.639|3.204 {92.75]791.10| 5.859] 0.604|72.96}740.50|56.676| 6969 82.41
40 | 701.33110.11011.441|83.89| 737,07} 16.093 2.183]78.40|717.05; 24.676|3.442|80.03}702.85| 30.817| 3.654|70.44|638.71|25.024| 3.094}71.05
50 | 619.23|30.927|6.082| 74.07(647.59]20.902| 3.079 68.83|680.83| - 7.416]1.089 |75.89 [647.85!54,609| 8.427(64.83[612.83|22.338| 3.808]68.65
60 | 508.50(18.77413.032] 60.83|586.05}18.946}3.232(62.34 {658.57/29.1774.434 (78.44 1608.91122.691|3.727|60.92 1601.32 [46.754|6.783|66.93
70 | 487.76]20.775|5.082|57.99555.52 25.59114.942 |59.04 [557.53[15.959[8.864 $2.28 [598. 26 38.976[6.515|69.92{582.9048.487|8.612|64.82




TABLE B6:

Test Conditions:
Laminate lay-up orientation = O°

Water bath - 16 days

Temperature

oC

411-45

470-36

272

913

750

Mean
Value

v (w)

SD

Retention

Mean
Value
sD

CV (%)

Retention
%

Mean
Value

SD

CvV (%)

Retention

%

Mean
Value

SD

CV (%)

Retention

Mean
Value

SD

CV ()

Retentior

[~
o

40

50

60

70

789.88

712.61

674.75

641.76

518.87

38.856(5.690

6.183|0.870

22.563|3.343

29.761]4.641

31.53616.782

94.49

85.24

77.48

76.74

62.07

852.39] 9.848]1.165

750.87 113.916]1.854

698.46 [36.,215]5.692

654,28 [22.88313.501

506.28 |15.596]2.768

90.75

79.89

74.26

69.61

53.83

735.35

692.32

663.53

643.59

589.17

23.402]3.769

8.366

27.610]4.455

34.06

20.205

1.209

5.295

3.767

82.03

77.23

73.99

71.46

65.76

749.23

698.31

656.91

619.03

614,09

10.099

4,031

22.489

5.439

3.535

1.348

0.577

2.682

0.879

0.471

75.05

69.94

65.73

62.06

61.53

624.84

610.04

616.02

610.71

605.60

15.726

33.906

28.124

26.487

13.453

2.209

5.530

4,643

4,340

1.822

[=)]
(=]

67

68.

67.

67

.49

.93

59

93

.37

fad ol |



TABLE B7:

Test Conditions:

Water bath - 40 days

Laminate lay-up orientation = 00

Temperature oc

411-45

470.36

272

913

750

Mean
Value

o
w

cv (%)

Retention

Mean
Value
SD

cv (%)

Retention

Mean
Value

cv ()

sSD

Retention

Mean
Value

SD

Cv (%)

Retention

Mean
Value

CV (%)

SD

Retention

™o
w

40

50

60

70

738.49

682.68

470.69

435.03

353.47

40.645

20.760

33.102

32.345

12.649

6.350

3.047

6.879

7.444

4,130

88.34

81.66

56.31

52.04

42.28

849.83( 9.343

689.18 144,440

479.41 28.856

457.18135.449

459,77 |135.501

7.

124

.447

.021

.157

728

90.32

73.29

50.96

48.62

48.94

674 .18

601.34

557.14

542.89

493.65

28.661|5.037

14,399} 2.395

84.316|5.447

5.377|0.991

23.383|5.612

75.22

67.08

772.15

650.38

62.17 [p47.27

60.49

55.02

519.27

518.53

30,052

16.103

14.099

19.922

16.048

4.361

2.477

1.872

3.836

3.092

72.35

71.14

54.81

52.00

51.90

595.17

575.97

500.27

471.59

389.07

12.096{:1.614

23.115{ 4,557

26.158[ 4 .547

14.023|2.977

26.376|6.074

66.26

64.03

55.67

52.46

43.32

aci




TABLE B8: Test Conditions: Thermal spike:: 16 days
Laminate lay-up orientation = 0°
Resin Matrix Mean Value SD Vv (%) Retention (%)
411-45 664.94 10.020 1.504 79.54
470-36 777.59 15.381 1.978 82.69
272 776.54 30.298 3.502 86.66
913 769.48 55.013 7.149 77.10
750 654 .66 31.620 4.831 72.88

L5l



TABLE B9:

Test Conditions:

Thermal spikeé

Laminate lay-up orientation =0

40 days

Resin Matrix Mean Value SD vV (%) Retention (%)
411-45 519.79 14,539 2.79% 62.17
470-36 659.19 21.127 3.205 70.10
272 573.03 25.637 4.474 63.95
913 665,54 24.718 3.714 66.68
750 597.59 15.978 2.674 66.52

BSL



Table

Cl
ce
C3
C4
C5
Co
c7
c8
ce
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APPENDIX C

SUMMARY OF EXPERIMENTAL DATA ON THE

EFFECTS OF MOISTURE AND TEMPERATURE ON THE

PERCENTAGE ELONGATION OF THE COMPOSITE MATERIALS

Title

Dried

60% RH; 16 days
60% RH; 40 days
95% RH; 16 days
95% RH; 40 days
Water Immersion:
"Water Immersion:
Thermal Spike:
Thermal Spike:

16 days
40 days
16 days
40 days



TABLE C1: Test conditions: dried
Laminate lay-up orientation = 0°
Resin Matrix Mean Value Standard Deviation Coefficient of
(SD) Variation (CV) (%)
411-45 2.512 0.016 0.637
470-36 2.620 0.081 3.092
272 2.512 0.050 1.990
913 2.300 0.047 2.044
750 2.124 0.019 0.895

09L



TABLE C2: Test Conditions: 60% RH: 16 days
Laminate lay-up orientation = 0°

o 411-45 470-36 272 3 750
g
3 = = = = =
b 2 2 = - 2
| o3 2|8 |y ElE | oo 2|8 |eg SLE | g €| £
g D] o - o dwl o -~ | @ 3=l o - | B 2= | o = | @ S=l o = I
- = > vy (8] )]l =] wn (8] o 38 = 2] (8] o st | = > 2 (=) [ = == 7] (8] o »e
25| 2.490]0.016l0.658{98.7312.498|0.038|1.546{95.34}2.470{0.052|2.142(98.33[2.215{0.029/1.354196.30{2.110{0.011]0.547 99,34
40| 2.46010.087]1.944197.93{2.575(0.049|1.941{99.04|2.475]0.049|2.020(98.53]2.180/0.083(3.837(94.7812.125]0.050 2.3521100.00
50! 2.447]0.050{2.057]97.41]2.490}0.100|4.042|95.77(2.373}0.046{1.946/94.47|2.167]0.115|5,329{94.22|2.023|0.064)3.172| 95.24
601 2.500l0.081]3.265|99.52|2.400|0.081|3.402|92.31]2.425{0.095]3.948|94.54| 2.150/0.057|2.685[93.48|2.000|0.082(4.082 ] 94.16
701 2.500|0.081]3.265|99.52]2.375|0.125}5.298|91.35|2.300| 0.081{3.549) 91.56( 2,025 0.095|4.723198.04|1.913|0.062(3.289 | 90.07

191



TABLE C3: Test Conditions: 60% RH: 40 days
Laminate Tay-up orientation = 0°
& 411-45 470-36 272 913 750
2
3 S S 5 = S
[1=] g - - O =)
Lo - + -~ - ~ + —~ o= —~ +
[ W = = @ w2 = @ 5 o W e + @ &2 =
o < 3 bt U c 3 ~ (7] =3 b 1] =3 ~ = c 3 ~ Q
1= o — +2 o r— + 5 r— + o r— Q o r— 2
L] U © a = @ v o = ) ool o == ) L =) 42 U ™ o = W
- = > ) o st == wn O xaxw == v o e == un = 2| == 72} o o 3R
25 | 2.475|0,025|5.084198.5312.5380.094}3.72997.62|2.445]0.05212.150}97.33]2.175}0.049}2.253}94.56]2.1500.040(3.888}101.20
40 (2.4001 O 0 195.54[2.500]0.081}3.265(96.15]2.425|0.049{2,06196.50(2.160}0.054|2.535{93.91|2.080|0.054(2.658} 97.93
50 | 2.445}0.052(2.151(97.33 2.500(0.115(4.618(96.15(2.395(0.010]0.417(85.342.22510.049]|2.247196.74|2.0760.095}4.614} 97.69
60 | 2.470{0.04711.927(98.33 8.355]0.06412.718190.58 |2.427 |[0.04641.903|96.62]2.060|0.043|2.097(89.55{2.000{0.0994.999} 94.16
70 | 2.26010.05412.423|89.97 [2.325|0.050]2.150(87.42]2.2250.049|2.24788.57]1.925}0.050{2.597{83.6911.867}0.057{3.092| 87.91
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TABLE C4: Test Conditions: 95% RH: 16 days
Laminate lay-up orientation = 00

L 411-45 470-36 272 913 750
&
-3 - =
E ~~ -E ~~ -g g g "9
W & - - s = e - s > 42
g2 | .y E1E [ g N - g |.s S15 | &8 | &
et =l a = @ D o =1 & 3w a = B e o Lo Q = a

==| & O exl==! & O | eenji=s=1 & 5 &l 2 O gl == bl bt o 30

25 2. 41210.081(3.265]96.02 |2.524} 0.100 4.347 97.08 2.413 0.023}0.95696.06|2.263 0.034]1.532198.39] 1.98(Q0 0.094 4.4994 93.22
40 2.40010.028}1.178|95.54 2.507D.030 1.218 [96.42 p.340 p.089 |3.82293.15/1.960|0.048| 2.499 85.2211 .920 |0.076 {3.966 190.40
50 2.355(0.08113.711199.95|2.456[.019 [0.799 {94.46 £.300 D.081 3.549|91.56|2.035(0.041} 2,026 |88.451 .870 [0.047 |2.533 |88.04
60 2.10000.064|2.718(87.5812.175p.095 |4.401 [83.65 [2.263 0.047 |2.115 90.08|1.97010.047|2.41686.65]1 . 900 [0.016 |0.859 [89.46
70 2.25510.02811.179]89.77]2.070D.058 |2.830{79.62 |2.200; O o |87.56}1.967}0.115|5.87185.52)1 .840 |0.038 {2.073 |86.63
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TABLE C5: Test Conditions: 95% RH: 40 dgys
Laminate lay-up orientation = 0

Pd 411-45 470-36 272 913 750
&
3
-2 = o o ot [
o 2 S ~ e ~ |8 ~ |2
3 o = | @ = e v 2 1Ee ” E|E @ T |E
= | =g 1] c 3> 7] [ == 7] [ il 7] [ =] @
LvE] o — + o r— - o — +3 o — o o — e
= @G o [} - @ QU o o - Q1 QU o a e {1 Q [} - Q@ QU o [} — L

= -~ [¥s] (48] [ ] - o= vy [45) [« ] = o= [T (& o a2 = o= (Ve ] o [n A = == [ 7s ] [ ] a2}
25 2.340[0.095/4.069 [92.65[2.34010.026 {1.049 [90.00(2.235 |0.047 |2.114 [88.97|2.247[0.050[2.240{97.69|1.880(0.170{5.695 |88.52
40 2.305/0,071{3.118191.76|2.293|0.05012.194 [88.19]2.215 [0.059 2.696L88.18 1.944/0.04312.230(84.52|1.88510.086]4.614 |88.75
50 2.020/0.019(1.015(80.4112.185/0.057/2.816 )84.04|2.225|0.0498.247 |188.57{1.940/0.115(5.928]|84.35]1.825|0.050 |2.666 |85.92
60 1.885(0.05418.681175.04|1.940(0.048(2.525 {74.21|2.215}0.095 {4,505 {88.18|1.875| 0.050 |2.667181.,52]1.870(0.047 [2.545 |88.04
70 1.76010.041|2.376 |70.07{1.760|0.115(6.383 67.69]1.825(0.127}7.065|72.65]1.700{ 0,099 |5.882]|73.91|1.79010.174 |9.750 {84 .27
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TABLE C6: Test Conditions: Water bath: 16 days
Laminate lay-up Orientation = Q0

& 411-45 470-36 272 913 750

g

= S S 5 ~ |8 ~ |8
5 o 2 |2 o CRRE: 0 CRR: @ Gl o e |2
[« c 3 @ =3 @ =3 QL = 3 @ = = @
E QS + o r— - o r— - < r— += o r— +~
@ QD o o= @ U (mn >53 1] QU (= ] P QL a ny o == [+ 1] L o (an] = Q)
[t = == [72] (& ] o ot = o= w Q [o -] = > [ 7] (&} o 3R = o 7] (& ) [ <l ] == vy (& [o . 23
25 2.6143(0.115/4.745 [97.25|2.513]0.120]4.769|96.65]2.356 |0,086{3.702|92.99(2.225(0.049 [2.247]96.7412.050]0.092 ;4.498 96 .52
40 2.245 10.052|2.342 [89.39[2.225(0.166|7.462185.58}2.235 [0.047(2.11486.982.095|0.025 |1.201]91.09|2.020]0.054 [2.681[95.11
50 2.290 10.11014.621(91.16]1.990(0.1321{6.641|76.54{2.287 10.162}7.123|91.04|2.040(0.117 {5.772|88.52]2.05010.129 [6.297|96.52
60 2.080 10.07613.661 [82.81[1.900(0.081]4.297(73.08(2.175 [p.05012.29886.58{1.875]0.050 |2.667 |81.52]1.92510.050 [2.597[90.63
70 1.540 |10.060(3.896161.30/1.840(0.028]1.554|70.77[1.725 [.095 |5.550|68.67|1.840|0.056 {3.074(80.00|1.670|0.042 |2.540(78.63
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TABLE C7: Test Conditions: Water bath: 40 days
Laminate lay-up orientation = 09

o 411-45 470-36 272 913 750
o

Q

|

= |l = o | = j =t

= P b= |2 . = 2 2

3 w 2 E @ o = @ 2 |E © E < w E 1=
j=8 c - @ o 3 @ =3 5] c 3 [4§] | i | w

E o — + o r— + o r— + a3 r— +- o — +

Q Q o [} = QL Q) o [an ] - L+¥] W rg o) — [+}} QL o (=] = o8] Q o (=] = ar

= = = (72} (%] o e - (%2 [&] [ - [72) (&) (=" - (%2 (] [y ] = == [%2] [ ] o 38
25 2 39510.0471.973 95.3412.395 [0.032[1.059]92.12{2.188]0.160|7.329|87.11|2.208{0.0170|0.810|96.00}1.900|0.100|5.263{89.45
40 2 22510.04912.247188.5718.15010.050(2.19482.69|2.125|0.050|2.352|84.59]1.975|0.095 }4.847{85.66]1.850/0.057|3.120{97.09
50 1.8400.057]2.935(73.25(1.930[0.057 |2.816{74.2312.050{0.034]1.689|81.61}1.865/0.078 [4.23381.09] 1.473{0.106)7.256(89.35
60 1.62510.029|1.846 [64.69]|1.710|0.048 2.525(65.77{1.820]0.073|4.012]72.45]1.665| 0.055 [3.307]|72.39;1.723(0.095[5.550|83.24
70 1.360/0.037}2.751]54.14(1.812}0.115|6.383]69.69|1.540|0.054]|3.556 [61.31|1.607{0.030 |1.901(69.87] 1.562|0.057|3.712|73.07
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TABLE C8:

Test Conditions:

Thermal spike6

Laminate lay-up Orientation = 0

16 days

Resin Matrix Mean Value SD cV (%) Retention (%)
411-45 2.350 0.050 2.128 93.55
470-36 2.425 0.083 3.419 92.56
272 2.485 0.057 2.303 98.93
913 1.933 0.047 2,438 84.04
720 1.920 0.046 2.443 90.39

91



TABLE C9:

Test Conditions:

Thermal spike:
00

Laminate lay-up Orientation

40 days

Resin Matrix Mean Value SD cv (%) Retention (%)
411-45 1.950 0.049 2.499 77.63
470-36 1.800 0.0707 3,928 68.70
272 1.975 0.0802 4,198 78.62
913 1.850 0.050 2.703 80.44
750 1.850 0.050 2.703 87.0%

891



Table

D1
D2
D3
D4
D5
D6
D7
D8
D9
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APPENDIX D

SUMMARY OF EXPERIMENTAL DATA ON THE

EFFECTS OF MOISTURE AND TENPERATURE ON THE

TENSILE MODULUS OF COMPOSITE MATERIALS (GPa)

Title

Dried

60% RH:
60% RH:
95% RH:
95% RH:

16 days
40 days
16 days
40 days

Water Immersion:

Water Immersion:

Thermal Spike:

Thermal Spike:

16 days
40 days
16 days
40 days




TABLE D1: Test Conditions: dried

Laminate lay-up Orientation = 0°
Resin Matrix Mean Value Standard Deviation Coefficient of
(SD) Variation (CV) (%)
411-45 35.327 3.162 8.951
470-36 36.748 1.527 | 4.155
272 38.566 1.535 3.981
913 46.366 1.730 3.732
750 46.060 2.704 4,785

GLL




TABLE D2: Test Conditions: 60% RH: 16 days
Laminate lay-up Orientation = 00

& 411-45 470-36 272 913 750
e
E ~~ l§ 'g S g g
5 SRS = e (el = - <~ |5
2| <3 “ 15 {&8 I - 15 |s3 15 |38 “ %
i O ™ [an ] = 1] QU o (] == JOJJ SE [ ] - '.G-J' 8; Q e -‘GJJ g'r-u [ ] - .5
— = > [V ] (& [= " = > w L&) o B = o= [ (4 [= - 3 = == (7] [ o R = = wy o or 3R
25 | 35 05911.730]4.934[99.24]39.983(1.535/ 3.829|108.81|36.424]1.500 | 4.137|94 .46 4 .980 [.001 | 4.44997.01]43.6501.632|3.797|94.89
40| 34.379[1.291]|3.756(97.32(36.232(2.768 7.5221 98.59/36.689(1.685|4.603]195.08 $3.680 #.393 [10.122]94.12(41.41 |3.162{7.712}90.02
50| 34.653|8.704|7.803(98.09136.383j0.577]1.589 99.07134.950{0.5771.589(90.4201 45.750 1.154]| 2.528|98.67]39.87 [0.48112.544 86,956
601 33.022(0.787|2.385]93.47(40.608)1.881(4.634 110.31}35.115]0.861|2.456(90.97 | 39.944| 0.922] 2.310(86.14}42.67 |1.527 |3.608(92.76
70 | 33.779/0.582|1.725(95.62]39.215(0.957 2.4701106.72|36.895{1.517]4.114]95.59 1 41.522] 4.690[11.44(089.55|42.3290.957 [2.293192.02
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TABLE D3: Test Conditions: 60% RH: 40 days
Laminate lay-up Orientation = 00

o 411-45 470-36 272 913 750

@

S

=} = = = = =
s 2 2 S ~ 1 ~ |
3 @ g p= @ B 2 m =l © = £ o = t
Q, o 3 1] c 3 @ c 3 [}] | i @ = 3 Q
E o — += o r— + o r— + o r— + o — +
Q QL o o - 21} L o [an] - @ QL © = ] - @ o O (=] - QU L [an ] = @
- = == v 3 o aR = = vy Q o 3R = > vy [} o 3R = = (Ve Q o R = > (7] [ o]
25 35.07510.913{7.602| 99.29(40.019{2.601}6.501§108.20|37.544]0.761{2.029]|97.35{44.559}1.527] 3.149{96.10{44.809]2.217[5.010(97.41
40 35.45410.850{ 2.3981100.36]37.363|1.73214.618]|101.67|36.45 }2.169]|6,009/94.30]40,.913]4.349{10.805}88.02|41.705|1.303|3.164(97.93
50 36.35710.570[1.5701102.93|37.365}1.892|5.081101.67|35.570]1.500|4.255{92.15[ 40.180}1.500| 3.773196.66}39.575]1.707]4.351 {86.03
60 32.904{1.357/4.128| 93.14}32.51612.320(6.184|102.09}35.518|1.992|5.612|92.02| 40.542{0.967 | 2.140(85.86(38.973|4.932{12.75784.72
70 36.339(3.361/9.0881102.87]38.325|2.986|7.806104.29|35,707|1.792}5.024|92.49) 44 .45 |2.449{ 5.567}95.87142.440]1.000)2.380(92.26




Test Conditions: 95% RH:

16 days

TABLE D4:
Laminate lay-up orientation = 0O
411-45 470-36 272 913 750

o(..)

[+3]

|

3 = c = | =

r = ° ~ .o ~~ .o ~— .E

L RS = |8 = | 5 2 ol b=

W 5 —r c @ ~r c @ ~ = (o7 ~ - - - |

[» =3 QU [ e | <1} =3 @ c 3 @ =3 Q

E o — + o — 4+ o — + o r— + o r— +J

@ Q o [an ] = @ Q o fam ] - Q Q © =] = @ QU [an] == @ QL [am ] — QL 5
- = == (V3] [ =3 = == v o o 3R = o= %2 (&) (= = = [%2) [ ] o 32 — [7a) [ ] [o

25 | 33.766]0.787]2.385|95.58 |33.766]0.577]1.589]91.88 |34.591(0.337 | 0.957(89.61{40.199/0.929|2.312]86.69/40.005|1.7074.296(86.96
40 | 30.666{0.575|1.812]86.81 }33.636/0.92312.754/91.53 | 33.446)3.356 [10.650]/86.44]42.855|2.645|6.225| 92.43(37.398/2.38716.417|81.30
50 |32.01111.179(3.783]90.61 |32.242(1.054|2.942(87.740| 34.479(1.682 { 4.883(89.32}36.884{1.768{4.793|79.55|35.875{1.707 5.378177.95
60 | 31.525!1.593}4.977|89.24 | 34.625{0.878]2.536(94.22 |32.883/3.295 [10.100(85.1938.9502.254}5.787|84.01 {36.261]5.766 [2.061 (78.83
70 | 23.755| 0.570|1.913| 67.280] 26.793|2.768|7.522| 72.91 }29.649(0.519 | 1.755(76.82135.30812.41116.829]76.15 |30.220(1.631 5.129 {65.69




TABLE D5: Test Conditions: 95% RH: 40 dgys
Laminate Tay-up Orientation = 0

i 411-45 470-36 272 913 750

ol

3 j ot o | =y =

o o . | e .

T Gk v SR v CHRS o SRS " SHN R

E =3 @ = 33 @ | i 41 e 3 Q s 3 @

43} g — + o r— +2 S r— +2 5 r— -+ T — +

— QW o [an] = o} QU Q = @ QU o 0y = Q Q [an ] = 1] [T -1 o] == Q 2
= == (%2 [ o 3% = = w [ o 32 = > [%a) [&] [ o' ] = > w |5 o 3R = v [ (=4

25 | 32.7320.803|2.954192.69232.73211.927]5.783]89.08{32.215{1.215{3.677|86.05}39.002 }0.645]1.685{84,12 |39.365}4.242]|10.347|85.65

40 | 31.003(1.498|4.833{87.76 |[32.558]/0.908]2.489{88.59]33.295|0.743(2.255[86.26{39.19311.000]|2.597|84.53[34.676|1.892( 5.526175.40
50 | 31.143[1.286|4.679(88.15 |30.651{1.069|3.144|83.41)31.774]0.666|2.098]82.31}36.643|1.154(3.149{79.03|33.838(0.457| 3.113[73.56
60 | 27.501]1.43614.612(77.85 |31.018{1.772|5.714|84.41|31.567)1.066|3.402]81.78|33.768(0.980{2.903}72.87{33.798{1.707| 5.136j73.46

70 | 25.359(1.298|5.121(71.83 [25.359|2.302|7.830[69.01}28.913]|2.34516.514{74.90{33.856|2.370|7.004}73.02(31.285)3.674111.481(68.01




TABLE D6: Test Conditions: MWater bath: 16 days
Laminate lay-up Orientation = 00
o 411-45 470-36 272 913 750
[=]
il
% ~ -§ — § — "‘E'! -~ '§ 'ccj
ja 8 c 3 Q s 3 Q = 3 [+ ] =3 Q | a=gian | [*H]
5 ow| o = D 3w o - 1B i a = @ Dw a = o & o = s
| g = = w [ ) [a ] = == L7 I (& a0 = > w [ ) [ -4 = > wy [ ] o R = = w o o B3R
95 |133.253|2.993]9.000(94.13|34.639|2.645| 7.55994.26|33.976|2.880 | 8.574}88.03|35.158/0.425]|1.202|75.93}30.844|0.577(1.982|66.96
40 |132.23810.985|3.085(91.26134.632{3.592 [10.342 j94.24]31.645]1.095 | 3.466]81.98{34.290]0.577|1.673]73.96}30.900|0.957|3.113}67.17
50 |28.904]1.138/3.939(81.82|35.234(2.410 6.830|95.88]30.939]/2.081 | 6.788|80.15}32.336(1.776|5.492/69.79}131.911)}1.732|5.871169.34
60 |29.203]2.485|9.511[82.6634.053 [2.943 § 8.658 [92.66§29.637|3.018 10.186(76.7832.327(0.599|1.854|64.82|31.936]1.290(4.098169.43
70 |34.39612.916}8.481197.33/30.116 |3.555 [11.591 |77.98|28.150{2.217 | 6.202]72.93|33.352|0.975{8.925{71.9335.820{2.828]7.644)77.87
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TABLE D7:

Test Conditions:

Water Bath:

Laminate Lay-up Orientation = 0

40 days

Temperature °c

411-45

470-36

272

913

750

Mean
Value

cv (%)

SD

Retention

Mean
Value

SD

Cv (%)

Retention

%

Mean
Value

SD

CV (%)

Retention
%

Mean
Value

SD
CV (%)

Retention

Mean
Value

50

LV (%)

Retention
%

™
(%]

40

50

60

70

30.422

31.787

24.730

26.730

25.116

2.203[7.242

0.833]2.621

1.953(7.788

1.28714.816

1.551|6.177

86.12

89.99

70.00

75.66

71.09

30.422

32.649

29.533

26.886

26.806

2.509

2,380

2.607

1.290

3.781

7.746

7.324

8.869

4,871

14.33

82.79

88.85

80.37

73.16

72.95

32.231

28.618

28.319

30.922

30.932

3.286

1.223

0.577

0.951

3.209

10.399

4,280

2.083

3.122

10.220

83.49

74.14

73.37

74.14

80.14

31.940

33.907

32.307

31.834

30.873

1.04713.279

1.892| 5.608

4,072 12.605

2.04516.424

3.583 [i1.61

68.89

73.12

69.68

68.66

66.59

32.333

33.432

28.207

28.236

26.889

0.957

1.414

2.535

1.414

4.219

3.389

4.419

9.088

5.050

15.860

69.56

72.67

61.46

61.46

58.45

51



TABLE D8:

Test Conditions:

Thermal Spike: 16 days

Laminate Lay-up Orientation = 0°

Resin Matrix Mean Value SD CV () Retention (%)
411-45 30.225 1,082 3.576 95.55
470-36 31.876 0.833 2.612 86.74
272 30.799 0.350 1.159 79.86
913 40.283 3.805 9.446 86.88
750 39.091 10.779 27.573 84.87
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TABLE D9:

Test Conditions:

Laminate lay-up Orientation = 0°

Thermal Spike:

40 days

Resin Matrix Mean Value SD CV (%) Retention (%)
411-45 26.411 1.009 3.827 74.76
470-36 36.033 1.337 3.7 98.05
272 29.606 2.515 8.493 76.77
913 35.926 2.124 5.913 77.84
750 31.989 1,269 3.969 69.25
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APPENDIX E

SUMMARY OF EXPERIMENTAL DATA ON THE

EFFECTS OF MOISTURE AND TEMPERATURE ON THE

INTERLAMINAR SHEAR STRENGTH OF THE COMPOSITE MATERIALS (MPa)
Table Title

E1 Dried

E2 60% RH: 16 days

E3 60% RH: 40 days

E4 95% RH: 16 days

E5 95% RH: 40 days

E6 Water Immersion: 16 days
E7 Water Immersion: 40 days
E8 Thermal Spike: 16 days
E9. Tﬁerma1 Spike: 40 days



TABLE E1:

Test Conditions:

dried

Laminate lay-up Orientation =

Resin Matrix Volume Fraction Mean Value Standard Deviation Coefficient of
% (SD) Variation (CV)%
411-45 39,00 58.110 2.344 4.034
470-36 38.00 65.620 2.700 4.115
272 38.00 67.460 2.933 4,348
913 58.220 90.781 3.334 3.673
750 38.00 53.770 4.022 7.480
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TABLE E2:

Test Conditions = 60% RH: 16 days

Laminate lay-up Orientation = °

Temperature 2C

411-85

470-36

272

93

750

(%)

Mean
Yalue

SD

cy

Retn, %*

VF %

Mean
VYalue

So

cv (%)
Retn. #*

VF %

Mean
Value

sD

v (%)

Retn. %*

VF %

Mean
Value

sD

(%)

Retn, %*

VF 2

Mean
Value

SD

v (%)

Retn. %*

VF %

~n
wn

40

50

60

70

57.999 [2.839]4,895( 98.91

57.122 [2.745]4.805|98.30

£6.965 [1.4792.597]98.02

57.203 [1.888]3.300|94.57

54,953 b.127 0.232]194.57

45,00

47.00

47.00

47.00

47.00

66,957

66.370

65.343

64.680

65.489

1.860

3.8

2.821 {100.5

5.791 [i01.14

4,7111 7.22¢ 99.58

4,320

4.024

6.664 | 99.91

6,173 | 99.81

'52.00

54.00

54.00|

56.00

54.00

67.363

65.073

67.397

59.554

58.120

7.829

1.732

0.836

2.606

0.975

12.310

2.685

1.245

4.385

1.679

99.86

96.46

199,91

Ba.z28

86.15

39.00

37.00

37.00

7.5

7.2

88.789

90.844

89.225

84.632

84.182

0.825

1.258

3.033

1.676

2.033

0.929

1.386]1

3.400

1.981

3.576

97.81

co.N

98,29

93.27

92.73

5%.00

56.7C

56.70

56.70

57.00

54.586

52.332

53.643

£2.227

52,393

6.500

4.500

1.303

8.018

1.530

12.560

B.695

2.450

14.474

3.713

101.52

97.32

99.76

99.77

97.44

S0.0J

39.00

37.04

37.0d

39,04

* =

% Retention
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TABLE E3: Test Conditions = 60% RH, 40 days

Laminate lay-up Orientation = 0
% 411-45 470-36 272 913 750
|5
3
= _ ~ ~ S -
li:-..! @ ::; - by a E; . a f-: a QO \s..; : 5\!
(=8 c 3 e b= R =3 = e c 2 = R [ i | o ko c 3 - o w
5| 8% @ e | 3% o = | O« w | 2% | o > || w ]| 8% o = | @+ | |38% o = T >
& 22 a S &J;ﬂ > X > A o o ¥t = | == v O ) oot > X = A (%) o ¥k = = > 7] Q- o 2t
25 | 58.772|2.450[4.169(101.14] 42,00 |66.333(1.694]2.554]101.09{ 52.00(66.843{4.031 [6.225[99.09 [40.00{89.150| 3. 244 3.639] 98.20 |56.70(53.302(1.000/1.886|.99.92 | 40.00

!

40 | 57.301|3.135]5.472| 98.61] 47.0068.343]1.224]1.801 |104.15] 54.00|64.759]2.983 |a.608]95.99 (37.0090.055|1.516] 1 .673| 99. 201 56.. 70| 52.290] 2..645{ 4 .94} 67.25.| 8-00
50 | 57.065 {2.550[4.469 | 98.21]47.0066.679 |4.7647.197]101.16]54,00(69.173(2.362 |3.416[102.5(37.00|85.954|3.114| 3.629| 94.683( 57.00]52 . 375 2.645(5.087| 97.41 { 37.00 .
60| 57.5193.559]6.188 ] 98.98|45.00 62,571 {5.1288.198| 95.35|56.00]60.786|4.242 [7,190{90.11 |37.50(85.861{3.874] 4.512{ 94.851/57.00| 53.964| 4, 324| 7.891{100.36 | 39-00
70 | 54.892]0.691{1.283 | 94.46]47.0068.844 [5.069(7.657 [101.87|54.00{60.462|3.385 {5.652[89.63 |37.22|85.074[4.764| 5.618{ 93.712)56.00| 52.757| 3.033{ 5.810] 98.12 | 41.50

* = ¥ retention
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TABLE E4:

Test Conditions
Laminate lay-up Orientation

95% RH:

16 days

0o

Temperature 9C

411-45

470-36

272

913

750

Mean
Yalue

SD

v (%)
Retn, %*

VF %

Mean
Yalue

50

v (%)

Retn, %*

VF %

Mean
Value

SD

v (%)
Retn. %*

VF %

Mean
Value

o o(7)

sb

Retn. %*

VF %

Mean
Value

sD

w (%)

Retn, %¥* .

VF %

N
W

a0

50

60

70

56.831

56.685

54,181

52.523

46.140

3.033

3.615

0.513

1.767

5.281

‘5,388

6.378

.0.977

3,262

11.014

97.85

97,55

93.24

90.57

79.41

39.00

37.80

47.00

47.00

38.00

63.490

62.117

59.380

58,489

54.110

6.188

1.732

2.146

2,803

2.081

9.933

96.75

2.793| 94.66

3.493

4.792

3.952

90.46

89.13

82.46

38.00

48,30

35.50

55.00

38.00

65.344

57.929

55.186

54.408

50.870

4,393

2,387

2.667

2.217

0.577

6.800(96.92

4,173{85.87

38.00

39,00

4.856|81.80639.00

4,087 }B0.65

1.147|75.41

12,00

38.00

78.053

73.699

71.060

69.554

£7.620

1.785|2.286
2.50913.419
4.009|5.642
2.346 (3,374

2.879 L.QQB

85,98

81.18

78.28

76,62

63.47

62.73

62.00

60.00

56.00

58.22

51.770
48.609
47,556
;5.515

42,608

1.2%0

2.607

2.828

4,582

0.607

2.556

5,501

5.772

10.183

1.555

96.28

90.40

88.44

84.64

79.24

39,00

46.20

42.00

42.00

46.00

* = ¥ retention
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TABLE E5: Test Conditions = 95% RH: 40 days

Laminate lay-up Orientation = 0
s 411-45 470-36 272 913 750
b
3 ~~ ~~
2 2| & T ke Tl X % 52 3
o > ~——r S had bl
[= 9 Q bl » a - 1) - [t hd QL - - .
(=3 [ == = t L] [ i | = » = 32 = E = 3 = e = 2 = R
) Y — 4= o »— - L = o or— Lo o - 4
Flizla |z &l e|lfz)l al 53 2] s|2z]| gl 5| 2| s122) 2| 5| e| | 22| a] 3 &|%
251 55.991]3.479)6.214|96.35)44.00]61.649)6.058 | 9.898/93.95 |48.00 p3.505]4.438|7.067 |94.86] 38.00| 74.82012.827| 3.849/82.418[62.73| 47.535/0.707) 1.507 88.40 | 46.20
40| 55.723]1.208]2.167[95.89|37.80|60.967]3.130 | 5.165{:92.76 |48.30 p6.796}4.037|7.158 L4.76 39.00]169.89312.437;3.485|77.00 [62.73]45.543|2.683|5.807 |84.70 140.20
50| 54.812)1.857]3.389(94.33|47.00(58.186]2.912 | 4.837|B88.67 1.50 p5.982(4.037|7.287 182.99]|39.00|62.320{3.128)5.019|68.65 [55.80(43.452|2.701|5.925 180.81 |47.00
60| 48.836/4,298]8.801)84.04|47.00 |53.419|8.158 |15,272|81.4) |55.00 K1.,292)5.305|10.80176,03)39.00)61.355|3.678(5.994167.587|56.00[42.95314.725{11,11979.86 |48.00
70| 45.020]3.827]8.34%3|77.47]|44.00 B1.511}3.346 | 6.536/73.13% 48.3019.740|6.363|13,540173.74|38.00|56.576|2.065]2.651]62.321158.00|36.876]71.341|3.665 p8.59 |46.00

* = % retention
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TABLE EG:

Test Conditions = Water Bath:

Laminate lay-up Orientation = O°

16 days

o 411-45 470-36 272 913 750

Q

E .

— *
3 o] & S| & ) R =] & JIE
2| <3 g W s Vsl w| <3 g w| 83 1 e w8 ~| <
—_ —_ e o — —_—

E| S5l g a| 8| x| 85 5| 3] 2| | 855 | 5] & s|#2 a5 & )22 53] 5| &/
251 56.645) 3.184| 5.621] 97.48{144.00|60.817| 3.646}6.018{92.68 48.30159.37¢1 1,923} 3.271|88.01/ 38.00| 78.050/2.390} 3.061] 85.98]63,00(/43.540| 1.284| 2.848)80.97| 4l
40 b 55.763 0.8!30 1.488)95.96147.00162,183]2.387|3.834194.73] 54.00]56.261] 2.489]4.462|83.401 37,00 78.205|1.095]1,408| 80.15|56.70/45.485] 2,506} 5,397185.45| 37
501 54.187]2.430] 4.486[93,25(|45.00|59.778]1.140[1.887(91,09] 48,3 |50.243] 2,588[5.197174.48(38.00|63,238(2.720(4.302(65.66167.73(42.330(2.190{5.024 78,72 5
60| 48.614|2.203] 14.4433|83.66|47.00|60,447(5,458|9.008|92.12] 57.00|48.897] 2,687 15.506]|72.83|37.5 }62.907|0.905|1.438|56.70|56.70 |46.847 3,57717.71 |87.12] 3¢
701 49.253|8.812)19.135]84,76{44.00153.704]0.577]1.075/80.93] 49,00]48.21 |1.000}2.083}71.48]38.00}50.210|2.866]5.708(55.3158.22 |36.730|2.886{7.945 68,31 | 4¢
* = ¥ retention g



TABLE E7; Jest Conditions = Water Bath: 40 days

Laminate lay-up Orientation = 0°
& 411-45 470-36 272 913 750
o —_—
=2
o - e ~ ] ~| % —~ = — 3
[t : e ° e : s ..
4 cs ~ c it c 35 - c » c3 Z c e c3 N c e cS N c e
E o e Lt o oe— -t ®— - " o— . 4= o — - L e
= 2821 & Fa & |22 a S & = =22 QA 3 = =] £=2 a Fard & |22 [ 3 S & =
25] 56.263|1.581} 2.811] 96.82144.60]64.263|3.70115.765(97.93 48.30(56.483} 0.707| 1.262|83.73|38.00{ 74.8204 3.489| 4.662|B2.48|62.73 (40.63210.831 (2.081 {75.563 {46.
40 | 54.825]2.48314.529|94.35/47.00]61.450]2.190|3.556193.65] 54.00155.103) 3.209| 5.831}81.68|37.00]74.630) 4.449|5,980]|82.55 K6.70 ¥1.32312.7%4 [6.757 [76.851 [27.
50 [ 52.287]3.379|7.227|89.81145.00|59.779[2.503}4.119]91.10{ 48,30 {49.474| 5,458 ]11,113(73.33|38.60158.860| 2.745|4.665]/64.837| 67 .73 40.73; 2.58& 6.438] 75.763]53.
60 [41.916[1.%04 4.542 72.16147.00(56.204[4,82748.528(85.65/54.30 %8.818 2.190( 4.526{73.37{37.5 ]5B8.711]4.50618.454 |58.711)562.70/41.141]1.303} 3.195]76.153]39.
70 |39.664|1.135]|2.862|60.34 }44.00{49.5801,258|2.554|75.56{49.00 j44.88 |4.219] 9.502|66.531/38.00|52.124|2.683 5.604 152.194|58.22]|36.88 |3.701|10.22468,589 46.

* = % retention
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TABLE E8:

Test Conditions:
Laminate lay-up Orientation = Q°

Thermal spike: 16 days

Resin Matrix Mean Value SD cv (%) Retention (%) VF (%)
411-45 52.639 2.829 5.376 90.59 47.20
470-36 61.399 2.744 4,471 93.57 52.00
272 57.132 1.506 2.636 84,69 40.00
913 73.372 5.059 6.895 80.82 57.00
750 47.414 1.419 2.978 88.17 42.00

L8l



TABLE E9:

Test Conditions:

Thermal spike;
Laminate lay-up Orientation = 0

40 days

Resin Matrix Mean Value SD cv (zi Retention (%) VF (%)
411-45 46,316 1.835 . 3.963 79.70 47.20
470-36 58.334 0.925 1.585 88.89 52.00
272 51.812 2.550 4,921 76.81 40.00
913 67.380 2.202 3.268 74.22 57.00
750 43.563 0.585 2.261 81.02 42.00

881l
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APPENDIX F

SUMMARY OF EXPERIMENTAL DATA ON THE

EFFECTS OF MOISTURE AND TEMPERATURE ON THE

IN-PLANE SHEAR STRENGTH OF COMPOSITE MATERIALS

{MPa)

Table

F1
F2
F3
Fé
F5
F 6
F7
F8
F9

Title

Dried

60% RH:
60% RH:
95% RH:
95% RH:

16 days
40 days
16 days
40 days

Water Immersion:

Water Immersion:

Thermal Spike:

Thermal Spike:

16 days
40 days
16 days
40 days



TABLE F1:

Test Conditions: +
Laminate lay-up Orientation = =459

Resin Matrix Volume Fraction Mean Value Standard Deviation Coefficient of
(%) (SD) Variation (CV)
411-45 45.00 69.910 1.200 1.716
470-36 45.00 64,780 1.923 2.969
272 48.00 65.240 1.616 2.478
913 55.00 98.615 2.333 2.366
750 45.00 65.370 2.754 4,213

Ubl



TABLE F2: Test Conditions = 60% RH: 16 days
Laminate lay-up Orientation = 450

© 411-45 470-36 272 913 750

o

e

2 - —l = —~ ] = —_ = —_~ | =

El s A Jd |20 J |20 o SEl . CH

2| g3 | s] | 52 s) 2| 82 s| »182 si=ls2t ol | | =
2legsl a1l a| &| |28 25| &| 5| 28 3| S| &| |22 8| &2 G| & | & | %
251 68.88/0,692) 1,288 98.52|49.00]63.38|5.385|8.54 1 97.88 48.€0|64.66]1.154/1.785]:99,12| 42,00/ 98.31:1.573} 1.608}99.68 |65.00}64 .05 2.081| 3.3269 97.98]| 50.00
40| 70.15[1.616] 2.309|100.70]41.00 |64.22|0.577]0.960 :99.14L49.86 65.77]5.496/8.363 |100.8 |40.7 |98.25/4.927} 5.013]99.67 |57.00|63.50| 4 .041} 6.381 | 97.17 | 48.00
50]69.29}1.159}1.673| 99,09|48.00 |67.040.577|0.866(103.5 p6.00 164.21|0,655{1.036 | 98.42}38.00{98.53|4.579]4.647199,91 |58.00163.11| 1.000{[1.587 | 96.54 | 59.10
60 | 71.86(5.495]7.647 [103.51 |44.00 [61.66 |4.041 |6.483| 95.18) 49.00|65.63 [8.321{12.678]100.6 |42.00|85.85|1.427|1.663]87.05|57.00{65.88| 3.000]1.562 [00.7 58.00
70 | 67.59]2.753|4.076| 96.68 [48.00 59,672,307 [3.870] 92,11/ 50.8 |61.08]1.348{2.209 | 93.60[45.00(97.2 [0.910{1.043|88.42 |57.16|62.12) 0.063]0.102 | 95,03 |57.00

* = ¥ retention
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TABLE F3: Test Conditions = 60% RH: 40 daya

Laminate lay-up Orientation = %45
© 411-45 470-36 272 913 750
[=]
@
l:-i .
g Bk 2| - s = z| = g =
a c s ~ e » 3 =~ c e | 23 -~ o » c3 ~ c e =3 =~ c o
E [ o o — e o - o o — - o — -~
LT G o = - Q [T & (=] -4 a [ ' U o o e Q (7Y @ m o e 1) L. ar m (=] = a W
— x == wy o [+ - = o= v L= ] o . E == w (%] [~ - x > vy (=] [~ = - ) L] (& ] "4 d
25} 68.68[8.705 N5.726]98.24]48.00 l64.58| 8,506 (10,113 | 99,.69|50,00|66.2010.816(1.237[101.47|48.80| 97.2 [1.918[1.943| 98.56(65.3 |64.65|2.886] 4,479 97.80[48.00
40] 64.09]0.1251 0.196{91.6745.00163.45]1.258| 1.992|-97.95|50.00362.2 |0.888]{1.428| 95,34137.00|101.76{9.665|9.498 [103.18|56.00]64 .34} 1.00011.562 98.42 |58.44
50 68.75|2.441 | 3.550(99.06]48.00 [68,22|2.000| 2.941 ]105.2 |54.00(64.15(2.799(4.363 | 99.33|39.00[ 95.30|0.82110.862 | 96.63 [59.00|61.71|B.18 [13.35554,40 (58.10
60| 69.25]7.209 10.409[99.05|45.00 62.78]1.527 ] 2.490| 96.91|49.00]56.70]|0.179]0.316 | 86.9143.00| 87.26]2.86013.278 | 88.48 {62.00]83.98(2.088(3.170 p7.88 }50.00
701 65.16/1.531 | 2.340[93.21 |[48.00 157.28)4.358 ) 7.649 | 88,43]|51.20(55.90]1.310]|2.344 | 85.69445.00 [ 86.59]1.439]1.661 | 87.81 |58.20(64.92|7.406 [11.346P7.90 }53.2

* = % retention
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TABLE F4: Test Conditions = 95% RH: 16 days
Laminate lay-up Orientation = 2450

o 411-45 470-36 272 913 750

td

3 —~ * — ] « x x

E s e I a :5 Lo :‘:; " :._: ar

21 8 ~ e w | e8 ~ P w |5 -~ c w | e3 ~ e n c3 ~ c »»

[ or— ~ [ Mt - " - - - Lo o — -t

& @) o ] - Q U & o [=] - (1) LT o m [=] - @ [T [=] - [.] [T QD o [=] == a Lie
251 63.89] 2,3943.794191.37|43.00]|65.24{1.674|2.659]|97,68| 43.00|59.95|0.115| 0.192]91.689]| 44.00]83.,98| 0.491| 0.585| 85.16161.80}65.97]| 1.154]1.758/100.9 U5.00
40 65.591 0.652|1.058 |89.54 }46.00{59.00 |2.986 |5.092 |91 .08 47.60153.05 |3.231]6.07781.56}41.00}79.02| 7.805] 9.805} 80.13|55.00|53.00] 1.527|2.900| 81.08 55.00
50| 60.09]3.097!5.155(85.96[47.00157.28{2.309(4.229|88.42|45.40|55.7063.724 6,686 |85.39(43.00|73.01(2.084( 2.855|74.03|64.00|46.00] 2.430|5.006] 70.37 44.70

.

60| 54.30[0.694[1.278[77.30|50.00 [54.80 [0.577 |1.056 [84,59|50.00 [43.57 [1.935[3.904 |75.99{45.00|69.47}0.806(1,160]|70.44|55.00)45.67] 2 .645|5.629] 69.70 53.00
701 47.19]0.693{1.278]67.49 |47.00 19,51 [1.299 |2.608 [76.42]48.80 [47.19 [3.364 |5.975|72.33[47.00 |69.37{2.295]3.309| 70.34|55.00]44.53[2.085]4.698} 68.111 45.00

* = ¥ retention
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TABLE F5: Test Conditions = 95% RH, 40 days o

Laminate lay-up Orientation = - 45
o 411-45 470-36 272 973 750
[=]
7]
l:- ~
—~ ~~

- o~ - ~~ * a M ] 4
< » b e e E: at E: e — b
g c 2 ~r g - i ~ . o . LY - @

c L= iy
S| 25 g| 5. 3| =| 85 | =1 5| 2|83 | = 5l e |53 £ le £2 gl .

A1

= = > vy o o == x o vy (2] [ = X > (7] 3 t%' g g; 3 t.:; g:" ; é’; 8 l..>.| c?:’ L:-"

63.05}0.49210,770190.18]42.00]58.41|1.110] 1.907]90,16]49.00 51.31d 1.72813.357178.66)44.00|74.48|0.994| 1.334|75.5261.80[62. 714 .50C] 7.228)95.92| 44.00

an)
(3]

40{ 61.391.958(3.191 |87.8246.00(57.74|0.577|1.004 |89.13)45.22 62.88 | 0.173]81.02 |97.00{97.00|77.44 12.59413.350)77.14 |55.0050.71 {1.000{ 1.980 |77.57|57.00
501 60.95(1.65012.717 [87.18 48,00 |51.23 |2.516|4.778 |79.B8|48.80| 53.88 | 1.967|3.656 [92.59|44.00]71.01 ]4.023]5.667171.99 |63.00[49.20 |7.637[15.481|75.25|50.00
60| 5§5.3718.70315,77279.20 [47.5 |54.19 {2.681}3.831 (83.62}52.70/44.61 |1.457]3.264 }68.38]46.00 |65.80]3.946|5.992 [66.72 |55.00(45.57 [3.601| 2.019 69.7] 55.00

70| 47.82(3.285(6.880 61.40J47.00 48.80 (2.5005.181 {75.33[50.00|45.21 |2.653(5.732 LB.ZQ 47.00 J61.25 [3.870{6.317 2. 11 54.0048.81 K.379[11.351] 74,64 50.20

b6l

* = ¥ retention



TABLE F6: Test Conditions = Water bath, 16 days
Laminate lay-up Orientation = 1459
411-45 470-36 272 913 750

(=]

e a ] 3 [~ a o ]
al| e3 ~t 5 €2 ~ 5 ®» 182 - » |3 1= » | €3 ~ S e
£l23|a | 22l 8s]snl25) g ] &) o £ |25 8| &) 26] £ |85]s | 288 «| 35| a| 520 «
25 | 64.13}2.298]3.593|91.73|41.00(64.13]3.511 | 5.458| 98.99)41.00}58.00]0.635|1.097| 89.00|41.00|74.56 [4.046]5.426| 75.60|58.00{64.129 2.943 4.599 88.11 55.00
40 | 63.12]4.688|7.427}90,28]47.5 {64.3613.511 | 5.458199.35|47.5 }57.94]1.185]|2.159)84.21138.4 173.53|4.876|6.631}74 .56|57.17]53.91 P.645 p.899 B2.47 |56.00
50 | 62.30]3.022|5.397(89.11}40.0061.53]2.160 | 3.541|94.98]52.0057.59{2.380}4.139|88.27]38.00(73.41 |2.606|3.551| 74 . 44{58.60{59.85 [ .788( 2.991[ 91.5¢ 59.10
60 { 53.77|1.966|3.658|76.91]45.00 150.88 |5.658 10.975|93.98]51.0058.36 |0.953|1.630]89.45|37.00|72.73]6.027 |8.287|73.74|53.09|59.26 [1.527 p.524 P1.86 p7.00
70 .| 46.91]0.640{1.365 |67.09}42,00 [59.87 |0.167 | 0.279|92.42|56.00 {50.64 0 | o |77.62|45.0061.13]0.325 [0.533[61.98|55.00{59.11 [i.414 £.396 P0.42 B4.00

i

* = % retention
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TABLE F7: Test Conditions = Water Bath: 40 days
Laminate lay-up Orientation = 145°

& 411-45 470-36 272 913 750

e

3 .

g = 2 O A | | = [ 3

gl 3 M EEEIEE R EE 5| |53 RN sk
el2s| g | 5] 2 |ei{f2l gl |8 | (85l gl |els|2s] g a|& |4 |23|2 |73 /82 k
25 1 55.88|3.518 1 6.361]81.36|40.00]60.5112.217| 3.680[93.41149.00}56.98]|1.002[1.761]87.33|48.00]|74.55/4.18915.619]75.59]58.10]|59.04{1.2602.301|84.14]55.00
a0l s8.8110.36017 0.446]84.12|47.00[{58.17]3.605| 6.216 |89.79|47.50|52.63]2.805(5.381(79.75(39.00]76.09]1.030{1.,354 (77 .15|57.17}48.97]2.645|5.399| 74.91| 53.00
50| 56.0016.953 [11,530|80.10(42.00(58,29(|2.888 ] 4.876189,98150.8 [54.64)3,109|5,691|63.7540.00|68.83]0.481|0.699|69.79|58.60]52.05]0.494]0.950] 79.35{ 59.10
g0l 50.161.707 | 3.404]71.76]47.00157.98}9.018 [15.639 ]89.51 |51.00[55.75|4.839(8.68285.45]39.00]65.31|1.129]1.729|64 .84 |55.00]53.22) 3.000|5.660] 0.0é 57.00
70] 45.99]0.819| 1.820]65.08]47.2 |39.69]0.816 | 2.093 |61.27 |46.00 [49.16 |2.459 5.550 67.69 [48.00]53.59]0.661 {1.232 |54.34 |50.00]135.11]|0.836|2.404] 53.09 57.00

* = % retention
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TABLE F8:

Test Conditions: Thermal spikg: 16 days

Laminate lay-up Orientation

= T450

Resin Matrix Mean Value SD cv (%) Retention (%) VF (%)
411-45 57.927 6.027 10.405 82.86 49,00
470-36 58.541 2.503 4,275 90.37 52.00
272 54,204 2.443 4.507 83.08 45,00
93 76.297 3.809 4,994 77.36 53.00
750 56.490 1.775 3.142 86.42 45.00

L6l
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TABLE F9:

Test Conditions:

Laminate Lay-up Orientation = *45°

Thermal spike:

40 days

Resin Matrix Mean Value SD CV () Retention (%) VF (%)
411-45 47.730 2.658 5.569 68.27 49 .00
470-36 49.388 1.453 2.942 76.24 52.80
272 42.624 1.677 3.523 72.99 45.00
913 60.635 1.905 | 3.153 61.48 53.00
750 42.625 2.489 5.839 65.20 45.00
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TABLE 2.1:

Properties (7)

The Effect of Increasing Crosslink Density on Certain Physical

Physical Properties Effect

Modulus of Elasticity Increase
Ultimate impact strength Decrease
Elongation at break Decrease
Temperature resistance Increase
Surface hardness Increase
Electrical resistance Increase
Resistance to swelling Increase
Resistance to cree?P Increase
Moisture resistance Increase
Acid resistance Increase
Alkali resistance Increase

66 L



TABLE 2.2: Typical Properties of Cured Polyester Resins(1])

Cast Resin Properties Laminate Properties
Resin Type KDT Glass
yp Flexural | Tensile | Tensile |Elongation oC % Flexural | Tensile | Tensiie
Strength | Strength | Modulus % Strength | Strength | Modulus
(MPa) (MPa) (GPa) (MPa ) (MPa} (GPa)
Orthophthalic 100 65-75 3.2 20-40 55-110 30 150 90 7
Isophthalic 140 70-85 3.5 3.5 75-130 30 230 120 8
NPG orthoPhthalic 130 70 3.4 2.4 110 30 170 90 7
Isophthalic
NPG 130 60 3.4 2.5 90-115 30 150 85 7
Bisphenol A 130 60-75 3.2 2.9 70 30 150 90 7

002

NPG = Neo-Pentyl Glycol



TABLE 2.3: Comparison of Typical Properties of Epoxy and Polyester Resins Used in Composite Materia1s(]6)

Property Epoxy Resins Polyester Resins

Density (mg cm °) 1.1-1.4 1.2-1.5
Young's Modulus (GN m-z) 3-6 2-45
Poisson's Ratio 0.38-0.40 0.37-0.39
Tensile Strength (MN m”%) 35-100 40-90
Compressive Strength (MN m™2) 100-200 90-250
Elongation to Break (%) 1-6 2.0
Coefficient of Thermal Expansion (10-6 OC']) 60 100-200

Heat Distortion (°C) 50-300 50-110
Shrinkage on Curing (%) 1-2 4-8

Water Absorption 24h to 20°C (%) 0.1-0.4 0.1-0.3

Lu¢




TABLE 2.4: Typical Properties of the Vinyl Ester Resins

Clear Casting Property 411-45 470-36
Flexural strength (MPa) 124 130
Tensile strength (MPa) 82.7 75.8
Tensile modulus (GPa) 3.1 3.8
% Elongation 50 3.0
Heat distortion temperature (°C) 102 138
Barcol hardness 35 40

FAV



TABLE 2.5: Aspects of Property Deterioration in the Polymer-based Composite Materia1s(29’30)

Materials Feature Reversible Changes Irreversible Changes
Resin i) Water swelling i) Chemical breakdown by hydrolysis
ii) Temperature flexibility ii) Chemical breakdown by UV radiation
iii1) Physical ordering of local iii) Chemical breakdown by thermal acti-
molecular regions vation

iv) Chemical breakdown by stress indu-
ced effects associated with
swelling and applied stress

v) Physical ordering of local molecu-
lar regions

vi) Chemical composition changes by
Teaching

vii) Precipitation and swelling phenomena
to produce voids and cracks

viii) Non-uniform de-swelling to produce
surface cracks and crazes

- A S S e S S e R G5 SR G R D RS AL S AR S SN R A e T A A ED AL A B e T D D S ek e e o S S A e e P ek U e A e e e WD e e e e G A e e e G e e e

Interface Flexibilising interface i} Chemical breakdown as above (i),(ii),
(113),(iv)

ii) Debonding due to internally genera-
ted stress associated with shrinkage
and swelling and the applied stress

ii1) Leaching of interface

/Continued
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TABLE 2.5: continued

Materials Feature

Reversible Changes

Irreversible Changes

Fibre

i)
i)
i)

Leaching of fibre
Loss of strength due to corrosion
Chemical breakdown by UV radiation

v0e



TABLE 2.6: Flexural Modulus Retent1on Data for CSM/Polyester After 50 Days Immersion in
Distilled Water at 100°C (109)

Polyester Resin Type % Flexural Modulus Retention
Orthophthalic 58
Isophthalic 72
Bisphenol 97
Vinyl ester 77

TABLE 2.7: Flexural Strength Rete8t1on Data for CSM/Polyester After 50 Days Immersion in

Distilled Nater at 100°C (109)
Polyester Resin Rype % Flexural Strength Retention
Orthophthalic 37
Isophthalic 4
Bisphenol 49
Vinyl ester 53

G0¢



TABLE 3.1: Properties of Equerove 23/24

Roving

Equerove 23/24

Material

Tensile strength
Tensile modulus
Elongation
Density
Mass/Unit length

Fibre diameter

E-glass fibre
2.4 (GPa)

71 (GPa)
3.37 (%)

2.54 (g cm'a)
600 (g/km)

13 (um)

902



TABLE 3.2: Proportions of Catalyst and Acceleration Used with Vinyl ester and Polyester

Resins

Methyl ethyl ketone

Cobalt octoate

Dimethyl aniline

Resin {100g) peroxide (MEKP) 50% 6% 10%
cm? cm3 cm3

Vinyl ester

a1 as 2.00 0.30 0.05

Vinyl ester

170 36 2.00 0.30 0.05

Crystic 272 1.500 0.15 -

L0¢



TABLE 3.3: Proportions of Hardener and Solvent Used with Epoxy MY750 Resin

Resin (100g)

Hardener HY 951
Triethylonetetramine

Dichloromethane

Epoxy MY750

10-15g

15-20g

80¢



Resin Matrix 250C 40°¢ 50°C 60°C 709¢C
411-45 0.045 (%) 0.090 (%) 0.103 (%) 0.168 (%) 0.210 (%)
470-36 0.027 (%) 0.053 (%) 0.099 (%) 0.123 (%) 0.136 (%)
272 0.022 0.039 0.088 0.099 0.157
750 0.077 0.133 0.168 0.337 0.533
913 weight losses were observed

TABLE 5.1: MWeight losses of the specimen, after being removed from the water bath and redried at 35%C

60¢



TABLE 5.2: The Effect of Temperature at 60% RH after 40 days and redrying on ultimate tensile strength
411-45 470-36 272 913 750
Temperature
oC uts Redried uTs Redried UTs Redried uts Redried UTs Redried
(MPa) (MPa) (MPa) (MPa) {MPa) (MPa) (MPa) (MPa) {MPa) (MPa)
25 822.710  836.20 935.22 940.15 853.83 898.12 916.76 998.33 857.21 896.33
40 815.31 835.80 903.7 938.33 860.71 897.34 879.31 998.33 826.38 898.33
50 858.53 836.10 901.71 940.00 827.01 898.20 874.41 997.14 803.51 899.33
60 801.55 830.33 858.42 938.33 836.44 898.10 812.30 990.33 774 .28 891.07
70 892.79 829.40 822.06 930.40 791.53 891.60 793.32 988.33 772.53 883.24
Dried 835.98 940.37 896.04 997.97 898.26

(UTS) (MPa}
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TABLE 5.3:

The Effect of Temperature at 95% RH and redrying on ultimate tensile strength

411-45 470-36 272 913 750
Temperature
oC uTS Redried UTs Redried UTS Redried UTS Redried UTS Redried
(MPa) (MPa) (MPa) (MPa) (MPa} (MPa) (MPa) (MPa) (MPa) (MPa)
25 745.45 820.44 826.59 883.74 831.50 857.27 791.10 927.44 740.50 867.28
40 701.33 815.40 .737.07 819.22 Nn7.05 868.33 702.85 893.37 638.71 802.40
50 619.23 783.44 647.59 802.33 680.93 799.27 647.85 802.77 612.82 768.33
60 588.50 702.57 586.05 798.44 658.57 781.03 608.91 793.27 601.32 756.00
70 487.76 699.44 555.52 763.27 557.53 699.27 598.26 702.30 582.90 628.27
Dried 835.98 940.27 896.04 997.97 898 .26
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TABLE 5.4: The Effect of Temperature in Water Bath after 40 days and redrying on ultimate tensile strength
411-45 470-36 272 913 750
Temperature
oC uTs Redried uTsS Redried UTS Redried UTS Redried UTsS Redried
(MPa) (MPa} (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
25 738.49 821.33 849.83 931.33 674.18 894.33 722.15 992.27 595.17 889.33
40 682.68 788.27 689.18 886.27 601.34 827.57 650.38 887.67 575.97 760.27
50 470.69 702.33 479.41 733.74 557.14 714.44 547 .27 727 .44 500.27 637.22
60 435.03 £56.33 457.18 527.88 542.89 629.27 519.27 Not dried 471.59 487 .22
70 353.47 427 .22 459,97 513.67 493,15 506.27 518.53 Not dried 389,87 377.14
Dried 835.98 940.37 896.04 997 .97 898.26

UTS (MPa)
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TABLE 5.5: The Effect of Temperature at 60% RH after 40 days and redrying on Percentage Elongation

B 411-45 470-36 272 913 750

Temperature
oC y4 Redried % Redried % Redried % Redried |. % Redried

Elongation % EIl Elongation % EI Elongation % EI Elongation % El Elongation % EI

25 2.475 2.500 2.538 2.612 2.445 2.530 2.175 2.189 2.150 2.130
40 2.400 2.493 2.500 2,630 2.425 2.520 2.160 2.300 2.080 2.100
50 2.445 2.521 2.500 2.600 2.395 2.521 2.225 2.290 2.075 2.110
60 2.470 2.530 2.355 2.583 2.427 2.500 2.060 2.270 2.000 2.300
70 2.260 2.210 2.325 2.596 2.225 2.510 1.925 2.230 1.867 2.100

Dried (% E1) 2.512 2.620 2.512 2.300 2.124
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TABLE 5.6: The Effect of Temperature at 95% after 40 days and redrying on Percentage Elongation
411-45 470-36 272 913 750
Temperature
0oC ;
% Redried % Redried % Redried % Redried % Redried
Elongation % EI Elongation % E1 Elongation % EI Elongation % EI Etongation % EI
25 2.340 2.470 2.340 2,573 2.235 2,790 . 2.247 2.200 1.880 2.100
40 2.305 2.436 2.295 2.560 2.215 2,400 1.944 2.150 1.885 2.00
50 2.020 2.300 2.185 2.50 2.225 2.300 1.940 2.050 1.825 2.00
60 1.895 2.150 1.940 2.46 2.215 2.110 1.875 1.950 1.870 1.85
70 1.760 2.06 1.760 2.09 1.825 2.000 1.700 1.900 1.790 1.80
Dried (% E1) 2.512 2.620 2.512 2.300 2.124
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TABLE 5.7: The Effect of Temperature in Water Bath after 40 days and redrying on Percentage Elongation
411-45 470-36 272 913 750
Temperature
oc % Redried % Redried % Redried % Redried % Redried
Elongation % El Elongation % EI Elongation % El Elongation % EI Elongation % E]
25 2.395 2.400 2.395 2.380 2.188 2.330 2.208 2.200 1.900 2.000
40 2.225 1.990 2.150 2.000 2.125 2.330 1.975 1.900 1.850 1.880
50 1.840 1.800 1.930 1.800 2.050 2.000 1.865 1.700 1.473 1.500
60 1.625 1.600 1.710 1.720 1.820 1.900 1.665 - 1.723 1.500
70 1.360 1.440 1.812 1.633 1.540 1.433 1.610 - 1.552 1.400
Dried (%E1) 2,512 2.620 2.512 2.300 2.124
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TABLE 5.8: The Effect of Temperature at 60% RH after 40 days and redrying on Tensile Modulus
Temperature 411-45 470-36 272 913 750
o E Redried E Redried : Redried E Redried E Redried
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

25 35.075 35.300 40.019 39.200 37.544 38.570 44 559 46.900 44,809 46.200
40 35.454 35.240 37.363 37.800 36.415 38.600 40.813 46.890 41,705 46.070
50 36.357 35.327 37.365 37.750 35.570 38.510 40.180 46.370 39.575 46.070
60 32.904 35.327 37.516 36.680 35.518 38.520 40,542 46.800 38.973 46.233
70 36.339 35.333 38,325 37.700 35.707 38.600 44.450 46.800 42.440 46.110

Dried (E GPa) 35.327 36.748 38.566 46.366 46.060
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TABLE 5.9: The Effect of Temperature at 95% RH after 40 days and redrying on Tensile Modulus
411-45 470-36 272 913 750
Temperature
oC E Redried E Redried E Redried E Redried E Redried
(GPa) (GPa) (GPa) (GPa} (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
25 32.735 35.002 32.732 36.003 33.215 36.274 39.002 45,257 39.365 44,277
40 31.003 34,576 32.558 35.470 33.295 36.184 39.193 43.460 34.676 43.185
50 31.143 33.277 30.651 34.274 31.774 35,270 36.643 42.884 33.835 40.277
60 27.501 32.447 31.018 33.378 31.567 34,280 33.768 40.284 33,798 38.277
70 25.359 30.388 25.359 31.274 28.913 33.370 33.856 36.277 31.285 36.270
Dried 35,327 36.748 38.566 46.366 46..060
E (Gpa) . . . . -
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TABLE 5.10: The Effect of Temperature in Water Bath after 40 days and redrying on Tensile Modulus
411-45 470-36 272 913 750
Temperature
oC
E Redried E Redried E Redried E Redried E Redried
(GPa) (GPa} (GPa) (GPa) {GPa) (GPa} (GPa) (GPa) (GPa) (GPa)
25 30.472 32.333 30.422 34.240 32.231 36.334 31.940 44 223 32.333 45,340
40 31.787 32.440 32.649 34.400 28.618 35.334 33.907 43,370 33.432 43.240
50 24.730 29.405 29.533 27.374 28.319 29.684 32.307 40,270 28.207 37.240
60 26.730 26.840 26.886 26.974 30.822 29.337 31.838 - 28.236 26.280
70 25.116 26.840 26,806 26.40 30,932 29.840 30.873 - 26.889 27.333
Dried 35.327 36.748 38.566 46 . 366 46.060

E (GPa)
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TABLE 5.11: The Effect of Temperature at 60% RH after 40 days and redrying on the ILSS
Tempggature 411-45 470-36 272 913 750
ILSS Redried ILSS Redried ILSS Redried ILSS Redried ILSS Redried
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
25 58.772 59.200 66.333 66.890 66.843 67.500 89.150 91.880 53.302 53.800
40 57.301 58.800 68.343 66.620 64.759 68.600 90.055 91.700 52.290 53.780
50 57.065 58.400 66.679 66.000 69.173 68.370 85.954 89.988 52.375 54.200
60 57.519 58.230 62.571 65.900 60.786 67.700 85.861 90.334 53.964 53.900
70 54.892 56,700 68.844 65.880 60.462 66.890 85.074 89.999 52.757 53.900
Dried 58.110 65.620 67.460 90-781 53.770

ILSS (MPa)

612



TABLE 5.12: The Effect of Temperature at 95% RH after 40 days and redrying on the ILSS

ILSS (MPa)

411-45 470-36 272 913 750
Tempgrature
¢ ILSS Redried ILSS Redried ILSS Redried ILSS Redried ILSS Redried
(MPa) (MPa) (MPa} (MPa) {MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
25 55.991 57.230 61.649 64.374 63.505 65,887 74,820 85.337 47.535 50.200
40 55.723 57.031 60.867 64.370 56.796 65.020 69.893 83.277 45.543 50.337
50 54.812 55.337 58.186 62.933 55.982 63.237 62.320 82.277 43.452 50.020
60 48.836 53.704 53.419 60.244 51.292 60.277 61.355 80.193 42,953 47,277
70 45,020 53.270 51.511 60.488 49,740 54,284 56.576 79,204 36.876 46.280
Dried 58.110 65.620 67.460 90.781 53.770
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TABLE 5.13:

The Effect of Temperature in Water Bath after 40 days and redrying on the ILSS

411-45 470-36 272 913 750
Temperature
oc ILSS Redried ILSS Redried ILSS Redried ILSS Redried ILSS Redried
(MPa) {MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa})
25 56.265 56.377 64.263 64.148 56.483 62.778 74.820 84,277 40.632 49.337
40 54.825 55.384 61.450 62.248 55.103 61.244 74.630 83.780 41.323 49,220
50 52.287 53.200 59.779 61.402 43.474 58.334 58,860 82.220 40,737 41.220
60 41.916 46.880 *56.204 58.880 48.818 52.440 58.711 - 41.747 39.000
70 39.664 42.004 49.580 53.440 44.880 48.370 52.124 - 36.880 35.200
Dried
ILSS (MPa) 58.110 65.620 67.460 90.781 53.770
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TABLE 5.14: The Effect of Temperature at 60% after 40 days and redrying on IPSS

fenperature 411-45 470-36 272 913 750
oc IPSS Redried | IPSS Redried | 1IPSS Redried | 1IPSS Redried | IPSS Redried
{MPa) {MPa) (MPa) (MPa) (MPa) (MPa) (MPa) {MPa) (MPa) (MPa)
25 68.68  69.880 64.58  65.00 66.20  65.990 97.2 98.00 64.65  65.800
40 64.09 69,980 63.45 64,920 62.2 66.200 | 101.76 99.998 | 64.36  65.740
50 68.75  69.780 68.22  64.800 64.15  65.940 95.30 99.220 | 64.23  65.380
60 69.25  69.883 62.78  65.100 56.70  65.330 87.26 100.20 63.98  65.970
70 65.16  69.770 57.28 64,980 55.90  65.402 86.598 98.675 | 61.92  65.700
Ipsgrzﬁga) 69.910 64.780 65.240 93,615 65.370
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TABLE 5.15: The Effect of Temperature at 95% RH after 40 days and redrying on IPSS
Temperature 411-45 470-36 272 913 750
o IPSS Redried IPSS Redried IPSS Redried IPSS Redried IPSS Redried
(MPa ) {MPa) (MPa) (MPa) (MPa) (MPa) {MPa) (MPa) (MPa) (MPa)
25 63.05 68.233 58.41 63,237 51.315 60.277 74.48 89,277 62.71 63.222
40 61.39 67.223 57.74 63,887 52.88 60.144 77.44 88.278 50.71 60.240
50. 60.95 63.406 51.23 59.274 53.88 57.227 71.01 87.444 49,20 60.388
60 55.37 59.244 54.19 57.244 44,61 55.274 65.80 83.224 45.57 57.237
70 47.82 53.244 48.80 52.244 45,21 51.374 61.25 81.280 48.81 52.448
Dried 69.91 64.78 65.24 98.615 65.37

IPSS (MpPa)
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TABLE 5.16: The Effect of Temperature in Water Bath after 40 days and redrying on IPSS
411-45 470-36 272 913 750
Tempgrature
¢ IPSS Redried IPSS Redried IPSS Redried IPSS Redried IPSS Redried
(MPa) (MPa) (MPa}) (MPa) (MPa) (MPa) (MPa) {MPa) (MPa) (MPa)
25 56.88 59.74 60.51 63.378 56.88 63.37 74.55 90,848 55.04 57.240
40 58.81 58.24 58.17 60.244 52.63 61.294 76.09 87.333 48.97 49,338
50 56.00 47 .44 58.29 59,183 54.64 60,274 68.83 80.274 52.05 49.444
60 50.16 53.34 57.98 58.280 55.75 58.288 65.31 - 53.22 52.080
70 45.99 49,248 39.69 44 .274 44 .16 50.248 53.59 - 35.11 36.240
Dried 69.91 64.78 65.24 98.605 65.37

IPSS (MPa)

ved



TABLE 5.17: The Effect of Thermal Spikes after 40 days and redrying on the Mechanical Properties

UTS (MPa) Elongation (%) Te“ﬁg;f‘)’d“]“s ILSS (MPa) IPSS (MPa)
Resin
MatriX L aster 40 oy og |Afterd0 oo |Afterdao o . . |afterdo .. [Afterao L

Days Days Days € Days Days

411-45 519.79 799.33 1.950 1.885 26.41 33.223 42.316 56.440 47.730 64.332
470-36 659.19 895.33 1.800 1.920 30.033 33.884 58,334 59.220 49 .388 63.240
272 . 573.03 820.27 1.975 1.820 29.606 35.241 51.812 60.220 47.624 60.100
913 665.54 850.40 1.850 1.890 35.926 39.244 67.380 83.180 60.635 89,201
750 597.59 799.06 1.850 1.734 31.989 39.400 43.563 48.240 42.625 53.240
411-45 835.98 2.512 35.327 58.110 69.910
(Dried) ) .
470-36 940,37 2.620 36.748 65.620 64.780
(Dried)
272 (Dried) 896.04 2.512 38.566 67.460 65.240
913 (Dried) 997.97 2.300 46.366 90.781 98.615
750 (Dried) 898.26 2.124 46.060 53.770 65.370
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CH3 fiH = CIH __Co ~
0
HO - CH,- CH. - OH co co T~
2. - N /
0
Propylene glycol Maleic anhydride Phthalic anhydride

FIGURE 2: The Commonest Components which are used for Preparation of Simple Polyester Resin

CH3 CH3 :

-0H-CH -CH,-0-C0~-CH = CH-CO~-0-CH - CH2 -0-Co

2
co

FIGURE 3: Simple Structure for Polyester Resin
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cC+C-0-C-C-C—

* denotes reactive sites
1,2,3: ester groups

FIGURE 4:

An Isophthalic Polyester Resin

—Cc-0-C-C-0-C~C = C-C
*

-~ 0-C-C~- 0OH

n=3tob
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FIGURE 5:
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The Action of the Peroxide Free Radicals with the Styrene
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FIGURE 6: Crosslinking of a Simple Polyester Resin with Styrene
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Comparison of the Structure of a Vinyl Ester with a Polyester
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FIGURE 17: Derakane 411-45 Vinyl Ester Resin

. Thermal vinyl unsaturation - gives fast green strength, also gives high corrosion resistance.

BEC



OH

OH OH
_ acid _

2 * HZC =0 conditions (::::) CHZ (::::)
Phenol Formaldehyde

FIGURE 18: Reaction of Phenol with Foermaldehyde to Produce a Novolac Resin

Structure
OH [ OH i OH
FIGURE 19:

Novolac General Structure

6E¢



0 OH OH

CH2 = CH - CH, (1 + CH2 - (::::) CH2

Epichlorohydrin Novolac Resin
- n HC1

CH CH CH

0,,/ | 2 0’//| 2 0,/’ 2

\ \
ror i
f“z K f“2
0 0 0
CH2 CH2

n

OH

FIGURE 20: Reaction of a Novolac Resin with Epichlorchydrin to Produce an Epoxy

0ve



T2 72 5
?H ?H FH
?HZ FHZ FHZ
0 0 0 ([i
CHé CH + CH2 = f - C- OH
n CH3
Epoxy Novolac Methacrylic Acid
% e
CH3 -C CH, - C CH, - &
i 3 3 1
F=0 F=O F=0
P % P
FHZ FHZ FHZ
FH-OH CH-0H FH-O
FHZ CH CH
0

o
pos g
~

IS b
C;l{::i::]
Ia

470-36 Vinyl Ester

FIGURE 21: The Reaction of Methacrylic Acid with an Epoxy Novolac to Produce
the 470 Vinyl Ester

Le



0 0

/\ /\

CH, - CH - CHZ\ /CH2 - CH - CH,
/N@CH@N\

FIGURE 22: MY-720 Epoxy Resin

AT



Amine Hardener Epoxy group on
: resin chain

OH

H2N~me‘ NH - CH2 - CH—=A~"
Epoxy resin with

secondary amine group

FIGURE 23: The Reaction Between the Amine Hardener and the
Epoxy Resin

£vd



H OH 0 OH

1 | /\ l
HZN-'-V\/'“"' N - CH2 - CH—/V—+ H2C -CH —» HzNw;“ - CH2 = CH— A/
2
CH-CH

FIGURE 24: The Reaction of a Secondary Amine with an Epoxy Group to Form a Crosslink

FIGURE 25: Dicyandiamide

e



245

FIGURE 26: Schematic Diagrams of Glass-fibre Reinforced Plastics
Showing a Composite Structure
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FIGURE 27: Function of Coupling Agent
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FIGURE 38:
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% Maximum Moisture Cbntent
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FIGURE 40:
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FIGURE 41: Relationship between diffusion coefficient
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Filament Winding Machine

FIGURE 44b:
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Specimen Holder
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FIGURE 53: Three-Point Bending Rig

FIGURE 54: Experimental Set-Up for ILSS Testing
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FIGURE 61: Mechanical Head
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FIGURE 63: Weight change of specimens exposed to 60% RH at 259C as

a function of time (fibre orientation 00)
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FIGURE 64: Weight change of specimens exposed to 60% RH at 25°C as a
function of time (fibre orjentation = 45°)
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FIGURE 65: Weight change of specimens exposed to 60% RH at 40°C as a

function of time (fibre orientation 0°)
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FIGURE 66: Weight change of specimens exposed to 60% RH at 40°C as a

function of time (fibre orientation #45°)
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FIGURE 67: Weight change of specimens exposed to 60% RH at 50°C as a
function of time (fibre orientation °)
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FIGURE 69: Weight change of specimens exposed to 60% RH at 60°C

as a function of time (fibre orientation 0°)
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FIGURE 70: Weight change of specimens exposed to 60% RH at 60°C
as a function of time (fibre orientation *45°)




Moisture Content (weight gain), %

282

1.00
A= 9]3
Y= 750
0.80 V= 470-36
A = 272
®= 411-45
0.60 - rd
287
Fa¥
AA
&&5
Fa)
A
0.40 - .
- 200N
¥ 200
v,:"
A -
0.20 g A
b
7%
7
0.0 T T T T T T
0 1 2 3 4 5 6

Time (days)?

FIGURE 71: Weight change of specimens exposed to 60% RH at 70°C
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FIGURE 73: Weight change of 411-45 vinyl ester specimens exposed to
60% RH at different temperatures as a function of time
(fibre orientation 0°)
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FIGURE 83: Weight change of specimens exposed to 95% RH at 25°C
as a function of time (fibre orientation 0°)
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FIGURE 85: Weight change of specimens exposed to 95% RH at 40°C
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FIGURE 86: Weight change of specimens exposed to 95% RH at 40°C
as a function of time (fibre orientation #45°)
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FIGURE 88: Weight change of specimens exposed to 95% RH at 50°C as a
function of time (fibre orientation +450)
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FIGURE 89: Weight change of specimens exposed to 95% RH at 60°C as a
function of time (fibre orientation (0)




Moisture Content (weight gain),%

3N

2.00
v= 913
v= 750
o = 470-36
1.50 4 az= 272
== 411-45
v
1.00 -
v
v
v
0.50 1 DDDDD
oo
0.00 T T T T T Y
0 1 Vd 3 4 5 6

Time (days)é

FIGURE 90: Weight change of specimens exposed to 95% RH at 60°C as
a function of time (fibre orientation 2450)



Moisture Content (weight gain),%

302

2.0
Oo=913
® =750
0 =470-36
v =272
OO
o ®
O
O
e
®
1.004 )
@
®
o
DD A
@
0.50—
D
0.00 T T ) T 1 1
0 1 2 3 4 5 6
Time (days)5
FIGURE 91: Weight change of specimens exposed to 95% RH at 70°C as
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FIGURE 92: Veight change of specimens exposed to 95% RH at 70°C
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FIGURE 98: MWeight change of Polyester 272 specimens exposed to 95% RH

at different temperatures as a function of time
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FIGURE 99: Weight change of Epoxy MY750 specimens exposed to 95% RH
at different temperatures as a function of time
(fibre orientation 0°)
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FIGURE 100: Weight change of Epoxy MY750 specimens exposed to 95% RH

at different temperatures as a function of time
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Weight change of 913 PrePreg specimens exposed to 95% RH
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at 250C as a function of time (fibre orientation :450)



Moisture Content (weight gain),%

1.00

0.80-

0.60 -

0.40 -

0.20

0.00 -

316

O= 913
®= 750
» D= 470-36
A= 272
®
m= 411-45
9
~ O
(]
e
|
[
1 . T T 1 1 T
Time (days)%
FIGURE 105: Wejght change of specimens immersed in distilled water at
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FIGURE 106: Weight' change of specimens immersed in dstilied water at
400C as a function of time (fibre orientation +450)
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FIGURE 107: \Weight change of specimens immersed in distilled water
at 500C as a function of time (fibre orientation 0°)
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FIGURE 108: Weight change of specimens immersed in distilled water

at 500C as a function of time (fibre orientation :450)
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FIGURE 109: Weight change of specimens immersed in distilled water
at 60°9C as a function of time (fibre orientation 00)
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at 700C as a function of time (fibre orientation 00)
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Weight change of 411-45 Vinylester specimens immersed in
distilled water at different temperatures as a function
of time (fibre orientation 0°)
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FIGURE 114: Height Change of 411-45 Vinylester specimens immersed
in distilled water at different temperatures as a function
of time (fibre orientation :45°)
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FIGURE 117: Weight change of Polyester 272 specimens immersed in
distilled water at different temperatures as a function
of time (fibre orientation 09)
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FIGURE 118: Weight change of Polyester 272 specimens immersed in
distilled water at different temperatures as a function

of time (fibre orientation #450)
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FIGURE 120: Weight change of Epoxy MY750 specimens immersed in
distilled water at different temperatures as a function
of time (fibre orientation :459)
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FIGURE 121: Weight change of 913 PrePreg specimens immersed in
distilled water at different temperatures as a function
of time (fibre orientation 09)
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FIGURE 122: Weight change of 913 PrePreg specimens immersed in
distilled water at different temperatures as a function
of time (fibre orientation +450)
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FIGURE 123: Effect of thermal spikes on 411-45 Vinylester moisture

absorption. Specimens conditioned at 259C, 95% RH and
spiked daily for four hours to 700C; 95% RH for 40 days
(fibre orientation 0°0)
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FIGURE 124: Effect of thermal spikes on 411-45 Vinylester moisture

absorption. Specimens conditioned at 259C; 95% RH and
spiked daily for four hours to 700C; 95% RH for 40 days
(fibre orientation :450)
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FIGURE 125: Effect of thermal spikes on 470-36 Vihy]ester moisture

absorption. Specimens conditioned at 25°C; 95% RH and
spiked daily for four hours to 700C} 95% RH for 40 days
(fibre orientation 09)
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FIGURE 126: Effect of thermal spikes on 470-36 Vinylester moisture
absorption. Specimens conditioned at 250C; 95% RH and
spiked daily for four hours to 70°C; 95% RH for 40 days
(fibre orientation 45°)
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FIGURE 127: Effect of therial spikes on Polyester 272 moisture
absorption. Specimens conditioned at 259C; 95% RH
and spiked daily for four hours to 70°C; 95% RH for
40 days (fibre orientation 0°)
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Effect of thermal spikes on Polyester 272 moisture
absorption. Specimens conditioned at 25°C; 95% RH
and spiked daily for four hours to 70°C; 95% RH for
40 days (fibre orientation :450)
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FIGURE 129: Effect of thermal spikes on Epoxy MY750 moisture absorption.
Specimens conditioned at 259C; 95% RH and spiked daily for
four hours to 700C; 95% RH for 40 days (fibre orientation 0° )
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FIGURE 189: The effect of moisture on the % retention of Epoxy MY 750 specimens
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FIGURE 190: The effect of moisture on the % elongation of 913 PrePreg specimens
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FIGURE 191: The effect of moisture on the % retention of % elongation of 913 PrePrey specimens
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FIGURE 192:

Moisture Content (weight gain), %

The effect of moisture on the tensile modulus of 411-45 Vinylester specimens
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FIGURE 194: The effect of moisture on the tensile modulus of 470-36 Vinylester specimens
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FIGURE 195: The effect of moisture on the % retention of tensile modulus of 470-36 Vinylester

specimens
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FIGURE 196: The effect of moisture on the tensile modulus of 272 Polyester specimens
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FIGURE 197: The effect of moisture on the % retention of tensile modulus of 272 Polyester specimens
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FIGURE 199:

The effect of moisture on the % retention of tensile modulus of Epoxy MY 750 specimens
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The effect of moisture on the tensile moduius of 913 PrePreg specimens
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FIGURE 201:
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The effect of moisture on the % retention of tensile modulus of 913 PrePreg specimens

el



Load (kN) f

Fracture

Load drops

S

Extension

FIGURE 202: The General Form of the Graphs Obtained from the Interlaminar Shear Tests
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FIGURE 203: The effect of moisture on the interlaminar shear strength of 411-45 Vinylester

specimens
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FIGURE 204: The effect of moisture on the % retention of interlaminar shear strength of 411-45

Vinylester specimens
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FIGURE 205: The effect of moisture on the interlaminar shear strength of 470-36 Vinylester specimens
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FIGURE 206:

The effect of moisture on the % retention of interlaminar shear strength of 470-36

Vinylester specimens
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FIGURE 207: The effect of moisture on the interlaminar shear strength

of 272 Polyester specimens
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FIGURE 208: The effect of moisture on the % retention of interlaminar shear strength of 272 Polyester
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FIGURE 211: The effect of moisture on the interlaminar shear strength of 913 PrePreg specimens
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FIGURE 212: The effect of moisture on the % retention of interlaminar shear strength of 913 PrePreg

specimens
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FIGURE 214: The effect of moisture on the in-plane shear strength of 411-45 vinylester specimens
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FIGURE 216:  The effect of moisture on the in-plane shear strength of 470-36 Vinylester specimens
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FIGURE 217: The effect of moisture on the % retention of in-plane shear strength of 470-36
Vinylester specimens
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The effect of moisture on the in-plane shear strength of 272 Polyester specimens
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FIGURE 220: The effect of moisture on the in-plane shear strength of Epoxy MY 750 specimens
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FIGURE 221: The effect of moisture on the % retention of in-plane shear strength of Epoxy MY 750
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FIGURE 222: The effect of moisture on the in-plane shear strength of 913 PrePreg specimens
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FIGURE 224: Variation of equilibrium moisture content (M ) with
fibre volume fraction to glass-epoxy compos1@es (129)
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FIGURE 225: Relationship between thickness and water permeability
for polyester resin cast films (96)



c¢) Scanning electron micrograph
x1000 )

Scanning electron micrograph

x250

b)

Optical micrograph x1000

a)

Micrographs of a section cut at right angles to fibres in unidirectional laminate (VF = 0.42)

FIGURE 226:



b) x1000

FIGURE 227: Scanning electron micrographs of a section cut at right angles to fibres in unidirectional laminate (VF = 0.60)
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Before
Immersion

After
[Immersion

FIGURE 228a: Photograph of Epoxy MY750 laminate's
surface. The laminate was immersed in
distilled water at 70°C for 40 days.

FIGURE 228b: Scanning electron micrograph of the
surface. x500
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Before
Immersion

After
Immersion

a} Photograph of Polyester 272 laminate's surface.
The Taminate was immersed in distilled water at
700C for 40 days

¢) Scanning electron micrograph of the surface. x500
FIGURE 229
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Before
_Immersion

-After
Immersion

FIGURE 230a: Photograph of 913 PrePreg laminate's
surface. The laminate was immersed in
distilled water at 709C for 40 days

FIGURE 230b: Scanning electron micrograph of the
surface. x1000
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FIGURE 231:

Scanning electron micrograph

of 913 PrePreg showing sub-
stantial debonding. The

sample was exposed to distilled -
water at 70°C for 40 days.x200

FIGURE 232: Scanning electron micrograph

illustrating microcracking.
These cracks were observed

with Epoxy MY750 samples after

being exposed to distilled

water at 600 and 700C, res-

pectively for 40 days.

"x500

FIGURE 233:

Scanning electron micro-

graph of Epoxy MY750 showing
massive debonding. The samples
were eéposed to water at 600

and 70°C respectively for 40
days . XSovw
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FIGURE 234a: --Scanning electron micrograph of

: cross~sectional area (perpendicular
to fibre direction). Specimen exposed
to water at 259C for 40 days. x500

FIGURE 234b: Scanning electron micrograph of
cross-sectional area (perpendicular
. to fibre direction). SpecCimen exposed
- to water at 700C for 40 days. x500
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FIGURE 235a: Scanning electron micrograph
illustrating good fibre wetting,
after exposure to water at 25°C
for 40 days x5500
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FIGURE 235b: Scanning electron micrograph
illustrating poor fibre wetting,
after exposure to water at 70°C
for 40 days. x5500
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FIGURE 236a:

FIGURE 236b:

l

Scanning electron micrograph of
glass fibre surface, exposed to
water at 259C for 40 days,
showing no damage of the surface
+x22000

Scanning electron micrograph of
glass fibre surface, exposed to
water at 700C for 40 days, showing
distorted and roughened surface
x2200



4d4b
FIGURE 237: Typical photographs of the fracture surface
tested in longitudinal tension after being
conditioned at various environments

“Fracture surface of 913 {conditioned at 95% and
water bath

c)



a) 60% R 0 i '
} H at 709C, specimen 913 x 470 b) 95% RH at 709C, specimen 913 x500 c) Water bath at 70°C, specimen 750
X500 ’

FIGURE 238: i i ‘ i '
38 Scann1ng.e1ectron micrographs of specimens exposed to different environments, illustrating fibre-resin adhesion



FIGURE 239:

Scanning electron ‘
micrograph illustrating
ILSS crack x500

FIGURE 240a:

Scanning electron micro-
graph of perpendicular
failed area in ILSS frac-
ture, showing good bond
between the fibre/matrix,
hence Tess fibre pullout,
x200

FIGURE 240b:

Same as (a), but illus-
trating poor fibre/matrix
bond, hence more fibre
pullout )
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a) Photograph ;f?aﬂ-ed £450 .)Typic:ﬂ photograph of th . e ;ﬁ__i{jj .o i RH; L]
cpecien, crazing area due to ‘ L graph of the fracture c) Scanning electron micrograph
Gobonding of the imien oo surface of ©450 specimen the fracture surface of‘g'r-;flgo °f

| specimen x 250

FIGURE 241
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