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SYNOPSIS

The stress corrosion cracking of model epoxy-glass 0°/90°/0° crossply |
and 0° unidirectional composites in aqueous sulphuric acid has been studied.
Specimens, in the form of coupons cut from laminates were tested under
conditions of uniaxial tension at constant load, whilst partially immersed
in an acidic environment. Two different modes of failure, which resulted in
fracture were observed. In the "'so-called" Mode I failure, fracture occurred
within that part of the composite immersed in the acid, whereas in Mode II,
it occurred in the unimmersed part. Both failure modes wefe observed for
 crossply and unidirectional composites. In unstressed 0°790°/0° specimens
a third failure mode (Mode III) Was observed, in which the damage took the

form of transverse and longitudinal cracking of the unimmersed part.

The failure mode depended upon the magnitude of the initial applied
strain, the nature of the environment, and the type of environment cell. At
initial applied strains of greater than about 0.15% only Mode I failure was
observed. The similarity between the times-to-failure of laminates with
those recorded for single E-glass fibres showed that the resin was not
providing significant protection from the acidic enviromment. To account for
this result it is postulated that the acid rapidly permeates thesé composites
through environmental microcracks, which form parallel to the axis of the glass
reinforcement.in the 0° plies. The formation of these microcracks is‘due to
a reduction in the resin/glass interfacial strength in the presence of acids.
Confirmation of this phenomenon was obtained from experiments on the transverse

cracking behaviour of crossply laminates, immersed in aqueous acid and tensile

tested at constant strain rate.
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At initial applied strains of less than about 0.15% and depending upon
the experimental conditions, failure was by either Mode I or II. Mode II,
which occurs in shorter times than Mode I was observed in acids (e.g.
sulphuric acid) giving rise to relatively insoluble glass degradation
products, providing evaporation of moisture from the unimmersed part of the
specimen was possible. The Mode IT failure mechanism has been identified with
the transport of the aqueous acid along the glass resin interface from the
immersed to the unimmersed part of the.composife. Here precipitation of the
less soluble glass degradation products causes a localised stréss sufficient
to initiate and propagate a stress corrosion crack. At these strains both
Mode I and II failures occur at times significantly greater than those observed

for glass fibres.

Mode III failure is similarly attributed to the precipitation of glass

degradation products within the composite.

Microscopical examination of the stress corrosion fracture surfaces did
not reveal any morphological differences between Mode I and II failure, apart

from the appearance of more crystalline products in the Mode II fractures.

Although glass fibre fracture is the ultimate failure mechanism in these
composites, stress corrosion of the fibre matrix interface was found to be a

necessary precursor.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW



1.1.  INTRODUCTION

The phenomenon exhibited by many materials, whereby accelerated
failure occurs because of a synergistic effect between a stress and a
chemical environment, is often referred to as ''Stress Corrosion",''Stress
Corrosion Cracking" or "Envirommental Stress Corrosion''. Since this type
of failure can occur at low stresses, some materials cannot be used in
certain envirommental conditions. The stress may either be externally
applied, or arise intérnally as for example, the thermal stresses in °
laminates produced on cooling from an elevated curing temperature, or the

stresses generated by the cold working'of a metal.

The stress corrosion cracking of metals and in particular, alloys
which are especially prone to this phenomenon, has been studied for many
years. However the complex nature of the process has made it difficult
to elucidate the physical and chemical mechanisms involved. Possible

mechanisms include hydrogen embrittlement and intergranular cracking (1).

The term "Static Fatigue" has been used to describe the time
- dependent failure of inorganic glasses. Once it was recognised that it
was a stress assisted chemical process, and that water was one of the
most active enviromments, ''Static Fatigue' was retermed ''Stress Corrosion'.

As with metals the mechanism has not yet been'positively identified.

Of the polymeric materials, polyethylene is rather prone to stress

corrosion cracking in a number of enviromments, of which the detergents



are the most active (2,3). However its resistance has been found to be
dependent upon the degree of crystallinity, and morphology of the crystallites
in the polymer. Failure is believed to be initiated in the inter-épherulitic
regions. Thus totally resistant grades can be obtained by increasing the
degree of polymerisation and narrowing the molecular weight distribution.

Both result in a greater number of inter-spherulitic polymer chains.

Considering the diversity of materials in which stress corrosion is
found, it is perhaps indicative of the complex mechanisms occurring, that
no single theory can explain this phenomenon. Its existence in GRP is easily
understandable in terms of the limited stress corrosion resistance of the

glass reinforcement, together with the permeability of the matrix resins.



1.2. THE 'STRESS 'CORROSION ' 'CRACKING " OF GRP

The simplest method of evaluating the chemical resistance of a
material is to immerse it in potentially aggressive media, and monitor
changes in its physical and mechanical properties. This type of test is
known as an immersion test and has been extensively used in evaluating the
chemical resistance of glass feinforced plastics (for example, see
references 4,5,6). For economic and practical reasons it is necessary to
use accelerated testing at elevated temperatures. The results of these
tests are usually expressed as a percentage retention of the original
properties. Table 1.1 shows the results of such a test on-laminates
fabricated using a;genéxal purpose (orthophthalic), an isophthalic| ang
o bisphenol "A" polyester for the matrix resin. The better chemical |
resistance of the bisphenol "A" polyester resin is reflected in the good
acid and alkali resistance of the laminates. The volume fraction of resin
and the effectiveness of the barrier resins as gel coats have also been
studied, and the following general conclusions on the resistance of GRP

to aqueous environments have been reached.

1. The chemical resistance of a laminate decreases as the volume
fraction of glass increases.

2. A resin rich outer layer, which is normally referred to as a
gel coat, significantly improves the chemical resistance of the
laminate. -

3. The large reduction in the mechanical properties, which is observed

in aqueous mineral acids, is primarily caused by chemical attack of

the glass fibre reinforcement. Resin degradation is normally limited.



HNO, | H,S0,| HCL | NaOH | H,0
5% 25% 15% 5%

Bisphenol-A Polyester
Flexural Modulus® 71 72 59 55 71
Young's Modulus® 81 94 81 79 | 59
Isophthalic Polyester
Flexural Modulus 52 44 | 49 | TwoP | 65
Young's Modulus | 67 70 65 Weeks | 45
General Purpose Polyester
Flexural Modulus 51 68 55 One 57
Young's Modulus - 96 86 | 74 Week | 59

a Shown as % retention

B Time to disintegration

TABIE 1.1 The deterioration of properties of 50/50 resin/glass ''C"
glass veil overlay laminates immersed for 1 month at 99°C.

Data taken from reference 4.



4, The polyester resin is prone to blistering in alkaline envirorments
which often results in complete disintegration of the laminate

(see Table 1.1).

The general criticism of the immersion test is that it does not take
into account the effect of externally applied stresses, and therefore does
not fealistically model the envirommental conditions (7,8). The use of
elevated te:hperatures to produce accelerated results has been criticised by
Dewimille et .al (9,10). They concluded, from a study of the damage
produced in laminates immersed in water at various temperatures, that hot
water did not simply accelerate lower temperature mechanisms. The use of
strength retention data for predicting the long term behaviour of laminates
has also been questioned by Aveston et al (11). They obsérved, as Metcalfe
and Schmitz (12) had previously, that E-glass fibres immersed in water,
retained most of their strength until final failure. Hence the
extrapolation of short term test results will predict longer failure times

than found in practice.

Rawe (13) also criticised the immersion test because of its failure to
take into account the effect of externally applied stresses. Experiments
where polyester or epoxy-glass laminates were exposed simultaneously to an
applied stress and an aqueous enviromment,clearly demonstrated the
existence of a synergistic effect. From the effect of various enviromneﬁts
upon the creep rate of a glass reinforced anhydride cured-bisphenol "A"
epoxy laminates, he classified the enviromments according to their possibleA

corrosion mechanisms as follows.



1. "Non-aqueous liquids which do not chemically attack the laminate."
2. "Liquids which can be seen to attack the laminate chemically."

3. '"Aqueous liquids that apparently do not chemically attack the laminate."

He gave no example of the first category. For category two he chose
toluene as an example. Immersion testing for 1000 hours predicted a slight
strength loss. However the simultaneous application of a load (1/3 ultimate
fracture stress) produced total failure in 600 hours. Dilute aqueous acids
and alkalies, which were included in category three were also responsible for
failures which could not be predicted from immersion tests. Figure 1.1 shows
the envirommental creep of a laminate immersed in dilute acid. The initial
creep rate was found to be independent of the applied load, but after an
induction period, which was dependent upon the applied load, it increased
rapidly, and failure of the specimen often followed. The results in Figure 1.1
are similar to those of Hogg, Hull and Spencer (14) for polyester laminates.
Whereas these authors identified different stages in the process, Rawe was
unable to discriminate between the different parts. He did however make
preliminary attempts to fit power functions of time to the results for creep
in air, water and dilute acid. Surprisingly he made no comment on the type
of fractures observed. It is now recognized that stress corrosion fractures
are distinctive in that they appear to be of a brittle nature, with very
little fibre pull-out. This is in contrast to the tensile failure of a
laminate which produces a brushlike fracture. Judd (6) observed that
brittle tensile failures occurred in glass-epoxy laminates after immersion
in bbiling water for 72 hours. Bott and Barker (15) also commented on the

brittle nature of fractures in filament wound glass polyester pipes, which
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had been immersed in water at various temperatures.

‘Oswitch (16) applied the synergistic effect between the stress and
the enviromment to obtain the effects of accelerated ageing, in a similar
manner to the elevated temperature immersion test. However, he proposed to
use the results to predict chemiéal rather thah stress corrosion resistance.
He fully appreciated that chemical attack could proceed more rapidly in
stressed laminates, and commented that the laminates which survived this

test would be expected to show good service life.

For a large number of metals and alloys, a stress corrosion limit -below
which fracture does not occur, has been identified. Similarly a limiting
strain for GRP has been postulated. Collins (17) reported that strain
corrosion failure of glass-polyester pipe did not occur at applied strains
of less than 0.3%. But he also stated that '"No systematic study of the
effect of strain level on life-to-failure has been carried out." However
other workers have carried out more systematic studies and found strong

evidence for such a limit.

Aveston and Sillwood (18) measured the crack velocity as a function of
its stress intensity for unidirectional polyester-glass laminates, in a
direction normal to the reinforcement, ﬁhilst immersed in aqueous sulphuric
acid. They attributed the deviation from linearity to be indicative of a
stress corrosion limit. Jones et al (19) have also observed a stress
corrosion limit, for polyester-glass coupons tested in 4-point bend and

uniaxial tension. Roberts (7) postulated that the enviromment primarily



enters a laminate through cracks in the resin. If resin cracking is
avoided then stress corrosion failure would require very long immersion
times. His results are given in Figure 1.2, where the failure of chopped
strand matt reinforced polyester laminates in times of up to 10“ hours

only occurs when the applied stress is sufficient to ‘cause microcracking of
the resin. Carswell and Roberts (20) and Barker, Baird-Smith and Jones (21)
have suggested that envirommental microcracks can form, in which case the
results for resin cracking in Figure.l.Z would be at lower stresses. If
resin cracking was primérily responsible for the stress corrosion failures,
then more flexible matrix resins could be expected to enhance the stress
corrosion resistance of the laminate. Hogg and Hull (22) have investigated }
the effect of resin flexibility using filament wound polyester pipe tested
in diametrical compression. They found that the more flexible resins

could be superior to the brittle chemically resistant resins. This they
attributed to the mechanism qf stress corrosion crack propagation. In the
more brittle resins, the crack penetrates the resin between individual
fibres and allowed the acid access to the glass fibres at the crack tip.
However, with flexible resins, plastic flow at the crack tip prevents the
exposure of the fibre with the result that the corrodent must diffuse
through the resin to cause stress corrosion of the next fibre. With
increasingly flexible resins of lower crosslink-density, the diffusion

of the corrodent becomes more rapid,with the result that there is an optimum

resin flexibility for maximum stress corrosion resistance.

Wiederhorn and Bolz (23) found that whereas soda-lime glasses had a

stress corrosion limit, E-glass and silica glass did not. Therefore, since
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matrix resins do not provide an impermeable barrier to aqueous enviromments,

it is difficult to conceive a stress corrosion limit in glass reinforced

composites.

The effect of acid concentration has been reported by Collins (17)
and Scrimshaw (24). Both found that the failure times of GRP were minimised
when the hydrogen ion concentration was approximately 0.5-3.0 M. A similar
concentration dependence was observed by Roberts (7), Scrimshaw (24) and
Cockram (25), for the stress corrosion of E-glass stran&s. Collins (17)
suggested that this was the result of the maximum hydrogen ion content of
sulphuric acid, occurring within this range of concentration, whereas
Roberts (7) interpreted it in terms of a reduction in the hydrogen ion
activity, with increasing acid concentration. Both these explanations
assume that the hydrogen ion alone is responsible for stress corrosion of
E-glass. In section 1.3 other possible mechanisms for stress corrosion of

glass will be examined.

Hull et al (14,22,26-28) have studied the failure of polyester-glass
filament wound pipe, under diametrical compression, with the environment
contained within the pipe according to ASTM 3681. Both constant load and
constant displacement tests were carried out and changes in displacement or
load (as appropriate) were monitored. These studies showed that the stress
corrosion process, uﬁder constant load or strain, is fundamentally, the
same. However the failure times ére longer for the latter because of stress

relaxation processes. They were able to identify five stages to the stress

-11-



corrosion process, which they described as follows:-

Stage I is the initial viscoelastic response of the material to the applied
load and does not appear to be affected by the enviromment used. |
Stage II shows an approximately linear relaxation of load which is associated
with slow deformation and microfracture. During this stage stress corrosion
cracks are nucleated and grow slowly. The number and distribution of cracks
depends on the initial applied stress and the corrosive envirorment.

Stage IIT shows a sharp drop in load which is associated with the growth

of large stress corrosion cracks and delaminations. The relaxation curves
often show a series of steps indicating the diécontinuous growth of the
cracks.

Stage IV is a post stress corrosion failure region‘with a low relaxation
rate. | |
‘Stage V is associated with the total collapse of the pipe in a constant

load test.

Typical traces for experiments at constant load and constant
displacement are shown in Figure 1.3 and the stages described above are
indicated. Under constant load,final failure does not occur until the end
of Stage V, although seepage of the acid out of the pipe could be detected
during Stage III. Exactly when this occurs is uncertain so the end of
Stage III is taken as failure. The nucleation of stress corrosion cracks
in polyester-glass pipe has been shown by Barker et al (21) to occur by
the fracture of individual glass fibres, normal to their axis. Hull et al
showed that Stage II is caused by a similar nucleation process. During

Stage III these individual stress corrosion cracks coalesce by shear

-12~
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showing the different stages of the fracture process. Taken

from reference 14.
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Figure 1.4 Model of the fracture process in unidirectional GRP structures
tested in a corrosive environment,
(a) nucleation of first crack by acid attack on fibre
(b) growth of flat crack by fibre fracture at tip of resin crack

(c) development of small amount of pull-out due to out-of-plane

fibre fracture
(d) delamination cracks at tip of flat crack

Taken from reference 27.
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cracking parallel to the fibres to produce a fracture, with a stepped
appearance, along the line of maximum tensile stress, at the bottom of

the pipe.

The transverse failure strain of a unidirectional laminate is much
less than the longitudinal. Thus when a 0°/90°/0° crossply laminate is
subjected to a stress, failure of the 90° transverse ply occurs. The strain
at which this happens is referred to as the transverse cracking strain.
Generally this does not cause a total failure of the composite because the
0o° longitudinal plies can sustain the additional load placed upon them.

With increasing applied stress further multiple transverse cracking occurs.
The effect of thése transverse cracks on the stress corrosion cracking of
polyester-glass O°/90°/O0 crossply laminates has been studied by Jones,
Wheatley and Bailey (29). They obsefved, for coupons tested in 4-point bend,
- the transverse cracks penetrated the tensile 0° longitudinal ply, where they
nucleated stress corrosion cracks. A comparison of the results from

0° unidirectional and 0°/90°/0° coupons showed that the failure time of the

‘ 0° longitudinal ply of a crossply coupon, had been significantly reduced

by the presence of tfansverse cracks. However for similar coupons tested

in uniaxial tension there were no significant differences between the failure
times. They suggested (29) that under uniaxial tension, the transverse

cracks had insufficient energy to penetrate the 0° longitudinal plies. The

greater energy of the transverse cracks generated in bend arises from the
geometry of the test method. Under these conditions a symmetrical 00/900/0O

crossply laminate has a neutral axis at the centre of the transverse ply, between

compressive and tensile zones. When the strain at the tensile 900/00 interface

-14-



reaches the transverse cracking strain, failure of the 90° ply will occur

by a crack running towards the neutral axis. However in the 0° ply there is
a tensile strain gradient, with’a maximum at the outer face of the ply,
which aids the penetration of transverse cracks into the o° ply. Hull and
Hogg (26) identified stress corrosion initiation regions in the ply adjacent
to a transverse crack, which they interpreted as evidence for the transport
+ of the aqueous enviromment into the laminate thrbugh the transverse cracks.
A comparison of the stress corrosion results from 0° and + 55° filament
wound pipes, as a function of the strain in the glass fibres showed that
transverse cracks significantly reduced the failure time. However it was
‘not determined whether this could be accounted for by the enhanced stress
placed on the adjacent plies, or by an initiation.mechanism as described above.
It is clear that transverse cracks reduce the durability of GRP and that
1amihates with a greater transverse cracking strain should have improved
stress corrosion resistance. Jones et al (29) observed that, for polyester-
glass crossply laminates postcured at different temperatures, those with the
least thermmal strain and hence highest transverse ply failure strain, showed

the best stress corrosion resistance.

A preliminary study of the chemical aspects of acidic stress corrosion
of polyester-glass laminates was carried out by Bailey, Fryer and Jones (30),
who attempted to correlate laminate damage with the concentration of calcium,
aluminium and sodium glass degradation products in the corrodent. They
observed that the exposed glass at the cut edges of the transverse ply was
attacked rapidly. The low calcium ion concentration in the corrodent led

them to postulate that an insoluble calcium polyester soap could be formed

-15-



within the matrix resin. However whether this played any part in the stress

corrosion process was not discussed.

From their studies of the fracture surfaces of stress corroded hoop
and angle wound polyester-glass pipes, Hogg and Hull (27) identified three
main morphological features.

1. Stress corrosion nﬁcleation regions, where e*tremely planar fracture
had occurred. Individual glass fibres had very smooth featureless
fracture surfaces. |

2. Stress corroded regions, where the fracture surface was less planar
and the glass fibres had typical river line markings.

3. Small cliffs in the fracture‘surface. The number and height of these

increased away from the crack nucleation regions.

Similar features have also been observed in the fracture surfaces of
polyester-glass coupons tested in bend and tension (31), and appear to be

common to all stress corroded GRP.

Kelly and McCartney (32,33) have used a bundle theory to predict the
stress corrosion failure of non-impregnated E-glass strands. By assuming
that the flaw distribution in the fibres could be described by a 2 parameter

Weibull function, equation 1.1;'

-16-



N = Noexp{-(c/co)m} .. (1.1)

Where:-

N = Number of fibres in a large bundle.

N = Number of fibres surviving

o = The stress in each fibre.

g, = The scale parameter, a constant for the material.
m = fhe shape parametef, a constant for the material.

and that their growth rate is dependent upon the stress intensity, as

described by equation 1.2:

fa. oD : e (1.2)
Where: -
%% = Flaw growth rate.
a = Flaw length.
K; = Stress intensity.
a,n = Material constants.

they were able to calculate the failure times of unimpregnated bundles.

Aveston, Kelly, McCartney and Sillwood (11) found good agreement between the
predicted and experimental failure times, for stressed fibre bundles in water.
However in order to predict the stress corrosion failure of laminates the theory
_ requires considerable modification, because it makes no allowance for the
properties of the matrix, and assumes that all the fibres in the bundle

experience a similar enviromment. Thus at times to failure of less than
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104 minutes they found that unimpregnated bundles failed first, whereas at
times greater than 104 minutes failure occurred within similar times, from
which they concluded that the water had completely penetrated the resin. The
brushlike and planar fracture surfaces of unimpregnated and impregnated bundles
respectively, were explained in terms of a short transfer length and the
exponent n in equation 1.2. Thus for a hexagonal array of coupled fibres,

the failure of a single fibre places an additional load of 1/6 onfo its
nearest neighbours. The value of n for E-glass in water is approximately 15,
hence from equation 1.2 this will result in a 10 fold increase in the flaw
growth rate. If the transfer length is short then this will be localised in
the plane of the original fracture, and there will be a greater probability
for a flaw in this region to propagate. An alternative mechanism for the
planar fractures has been propdsed by Hogg and Hull (25,26), in which the
stress corrosion of the glass is limited to that exposed at the crack tip,

as shown diagrammatically in Figure 1.4 for the growth of a stress corrosion
crack in a brittle matrix resin. The main difference between the two theories
is the localisation of the chemical attack upon the glass. In the former a
general attack occurs on all the glass in the laminate, whereas in the latter

it is limited to the vicinity of a crack.

Improved wet strength of glass reinforced composites is normally achieved
by careful choice of an adhesion promotor, called a coupling agent. It is
beyond the scope of this survey to review the adhesive mechanisms by which
coupling agents are thought to work, and for further information the reviews
of Plueddemann (34) and Ishida and Koenig (35)_are recommended. The influence
of coupling agents on the acidic stress corrosion properties of glass

reinforced composites has not yet been studied.
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1.3 -THE STRESS CORROSION OF GLASS

The time dependent failure of glass has been stu&ied since the end
of the last century. The realization that the mechanism was a stress
assisted chemical process, has resulted in it being termed stress corrosion.
Many of the current ideas'on the nature of this process originate from the
work of Charles (36,37), who studied the éorrosion and static fatigue of
soda-lime glass, in water and steam. The activation energies for the stages'
involved, suggested that the diffﬁsion of sodium ions within the glass, was
rate determining, and that static fatigue was a stress assisted corrosion
phenomenon. Previously Taylor (38) had also noted similarity between the
activation energies of static fatigue and the diffusion of sodium ions in
glass. Charles's theoryfmay be divided into two parts. The first describes
the chemical mechanism responsible for the corrosion. Thus hydrolysis of
sodium silicate produces hydroxyl ions according to the reaction shown in

Stage 1 below. These then react with the silica network as shown in Stage 2.

| I )
~5i-0-Na + H)0 > -SiOH + Na® + OH )
| - { | -
éuﬁr+m+ﬁmu@o )
- | -
-$io + H,0 > -SiOH + OH e (®
|

Reaction of the Si0~ group with water results in the regeneration of a
hydroxyl ion (Stage 3) making the process autocatalytic. However the
hydroxyl ion concentration does not increase indefinitely but stabilizes
at a limiting pH, which is controlled by the acidity constant for silicic

acid. He also observed that fréshly drawn glass rods corroded faster than
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those that had been annealed, and postulated that this was a result of a
decrease in the Na' diffusion rate in the higher density glass. He suggested
that a large triaxial stress would cause a rarefaction of the glass, with a
subsequent increase in the rate of Na' diffusion. The most likely location
for large triaxial stresses is at a crack tip where stress intensification
occurs. Thus the glass will corrode fastest at this position. Uniform
corrosion will blunt the crack tip and lower the stress intensity resulting
in a decrease in the corrosion rate. The second part of Charles's theory

deals with the preferential direction of flaw growth.

The stress concentration at the tip of an eliptical flaw orientated with
its major axis normal to the applied stress is given by equation 1.3, and

is proportional to the ratio of its major and minor axis.

5 .
.U_Hl = {1+(2x/y)} ...(1.3)
a ,
Where: -
m
— = Stress concentration.
‘a
X = Major axis.
y = Minor axis.

For failure at low applied stresses, the stress concentration at pre-

existing flaws must be increased to a critical value.If the ratio of the flaw

growth rates in the x and y directions is above a critical value, then the

flaw is sharpened and unstable crack growth will occur. If it is below the
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critical value the crack is blunted and an increase in the original strength
is observed, as in the case of HF etching. This theory of flaw growth is
applicable to any brittle solid and has been further developed by Hillig
and Charles (39), and Weiderhorn, Fuller and Thomson (40) to predict the
rate of growth of flaws from the activation and diffusion parameters for the

chemical reactions, and geometry of the crack tip.

Mould and Southwick (41) investigatedAthe effect of various mechanical
surface treatments on the static fatigue of soda-lime glass in water.
They found that their results could be represented by a Universal Fatigue
Curve, providing the applied stress was normalized by dividing it by the
instantaneous strength of the glass, which was obtained from the fracture
strength at liquid nitrogen temperatures when static fatigue was believed
to be absent. However, McKinnis (42) later reported that static fatigue
was possible at liquid nitrogen temperatures. Nevertheless the Universal
Fatigue Curve showed that a static fatigue limit existed. This has been
confirmed by Weiderhorn et al (23) from crack velocity measurements. However
a stress corrosion limit has not been observed for aluminosilicate (E-glass)
or silica glass. Mould and Southwick (41) also compared their results
with several theoretical models and concluded that Charles' theory gave the
best fit to the experimental data, but it did not explain the whole curve.
Subsequently Hillig and Charles (39) showed that their theory of stress

corrosion could adequately explain the result of Mould and Southwick.

Metcalfe and Schmitz (12) do not agree that it is the growth of

pre-existing flaws causes the failure of glass fibres. They claim fhat
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the high strength of glass fibres indicates a flaw size of only a few

atomic diameters, and that the Griffith type of flaw could not exist.
Instead they believe that the flaws are generated by a tensile stress in

the surface of the fibre, caused by an exchange of Na' for H in the
enviromment. Since the H' is smaller than the Na+, a tensile stress is
generated because the shrinkage of the fibre sheath is constrained by

the unaffected core. This is in contrast to previous ion exchange theories
where it has been assumed that the hydrogen ions in solution are always
associated with water molecules, and water molecules thus brought into the
surface of the glass will cause a swelling of the glass surface. Metcalfe
et al (44) supported their mechanism with observations that unstressed
fibres immersed in aqueous acids develop sheath core structures. The

sﬁeath may then spontaneously fracture by either multiple or spiral cracking.
The development of a sheath core structure was also observed by Charles (36),
for glass rods corroded in superheated steam, however the sheath occupied

a greater volume than the original glass. Also Barker and Bott(45)have
observed the formation of a surface layer in fibres immersed in aqueous acid
and water. The ion exchange mechanism of Metcalfe et al camnot tbtally
account for the observed strength retention in a HC1/NaCl solution, nor the
strength recovery, which occurs on subsequently immersing the fibres in
aqueous NaCH. The recovered strength was less than expected indicating
that the mechanism was only partially reversible. The stress corrosion
activation energy was similar to that obtained by Charles, which they
interpreted as indicating that the rate controlling factor was the diffusioﬁ
of the Na'. E-glass is found to suffer a lower reduction of strength in

alkali enviromments. This can be understood in terms of ion exchange, but
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not in terms of Charles's mechanism.

Weyl (46) suggested that the interaction bgtween the enviromment and
the -Si-O- bonds under stress at the crack tip was responsible for subcritical
crack growth. He postulated that a direct reaction between a molecule of
the type ROH, where R is H, CH3 etc, and the siloxanol groups in the silica

network, according to the following equation, could occur.
| & !, '
-?1—0—‘1- + ROH - ??1-0R + -§1—OH

This type of reaction was rejected by Charles because of the lack of
reactivity between silica and water. Hammond and Ravitz (47) measured the
fracture strength of silica glass in various polar and noﬁ-polar liquids,

and found limited correlation with the calculated lowering of the surface~free
energies. They used the value of surface free energy of quartz instead of
that of silica glass, and this could account for some of the discrepancies.
However ethanol, which is known to reduce the surface free energy of glasses
did not cause premature failure. Therefore stress corrosion cannot be

explained simply by changes in surface free energy.

Michalske and Freiman (48) have also discussed the stress corrosion
in terms of reactions between the environment and the chemical bonds under
stress at the crack tip. They believe that the size and the charge
distribution of the attacking molecule are critical. That is, the molecule
must be capable of forming a transition state with the -Si-O bonds, in which

case the distance between the reacting centres must be close to that of the
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-Si-0 bond length of =~ 1.63 R. It must also possess a proton donating group

at one end and an electron donor, such as lone pair electrons, at the other.
They support their hypothesis with crack velocity measurements in various
enviromments. They found that ammonia with its similar structure to water
also had the same effect in increasing the crack velocity. Molecules of a

different size or charge distribution were much less effective.

McKinnis (42) described stress corrosion as a consequence of a disperse
phase in the glass, which he preliminary identified as crystobalite. Using
a finite element analysis he calculated that a tensile stress existed across
the interface with the dispersed phase. A reaction of the stressed bonds in
the dispersed phase at the surface of the glass, with water was responsible
for the formation of Griffith type flaws. He also postulated that water
vapour could be more reactive than liquid water. This had also been ﬁoted
by Charles, who explained it as a result of the greater concentration of
alkaline corrosion products on the surface of the glass, producing an
auto-catalytic effect on the rate of corrosion. This has also been observed

by other workers (43,49).

It is expected that corrosion and stress corrosion of glass occurs
simultaneously. Barker et al (21) observed that aqueous HCl and HZSO4
removed both calcium and aluminium ions from E-glass fibres. This may
account for the irreversibility of the ion exchange mechanism proposed by
Metcalfe et al (12). Furthermore E1 Shamy et al (50) have shown that the
removal of calcium ions is dependent upon the composition of the glass and

is not found for soda-lime glasses, and may explain the greater corrosion
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resistance of this glass to acids. The solubility of silica decreases with
increasing acid concentration, however Elmer and Nordberg (51) observed

that for short time periods (less than 40 hours) the rate of dissolution of
silica in nitric acid occurred fastest in acid of 0.8 M concentration. Their
results show a similarity with those for the strength of E-glass strands and
GRP, as a function of acid concentration (7,24,25). This suggests that a

similar mechanism of dissolution of silica may be operating in both instances.
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1.4 THE DIFFYSION OF AQUEOUS MEDIA INTO MATRIX RESINS AND GRP

One of the main functions of the matrix resin in a composite, is to
provide chemical protection for the glass reinforcement. Unfortunately
the diffusion coefficients for both liquids and gases in polymeric materials
are large. Also there is a tendency for the permeating species, to interact
with the polymer molecules for example, hydrogen bonding. Thus the absorption
of water may cause any of the following (52).
1. An increase in the thermal expansion coefficient.
2. Lowering of the glass transition temperature.
3. Swelling of the resin.

4. A change in mechanical properties.

In most cases moisture absorption does not continue indefinitely, but
reaches a limiting saturation or equilibrium value which is dependent upon
the temperature and the relative humidity (53). Adamson (54) suggested that
absorbed water could either occupy the free volume of the polymer, and be
relatively free to move around, or be bound by hydrogen bonding, resulting

in swelling of the polymer.

There is some evidence for the view that epoxy resins are not homogeneous
single phase structures. Cuthrell (55) observed a two phase structure in
several cured epoxy resin systems. For example the benzyldimethyamine cured
bisphenol "A" system was reported to have a structure consisting of denser
flocules of 20 - 90 um diameter, in a matrix that "resembled the starting

materials'. The size of the flocules was found to be inversely proportional
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to the curing temperature. Kenyon and Neilson (56) have also reported a two
phase structure in several amine cured epoxy resin systems. However the size
of the disperse phase were a magnitude smaller than those observed by Cuthrell.
Adamson (54) has suggésted that the slow filling of the disperse phase; which
has a lower diffusion coefficient, is responsible for the slow approach to

moisture equilibrium, shown by the resin. .

The diffusion of water into epoxy resins is often described as Fickian,
however interactions between the permeant and the polymer will result in
non~Fickian behaviour. Fickian diffusion describes the concentration of
the diffusant during absorption, by considering a non-stationary state of

flow as described by equation 1.4 (57).

&C s C
—_— = Ds _2_ ..c‘(1.4)
§t &X -
Where: -
%% = Change in concentration gradient with time.

§ C Change in concentration gradient with distance x

8x perpendicular to the cross section.
D = Diffusion coefficient.
S = Cross sectional area.

For a plane plate, immersed in a liquid, the quantity absorbed with time
is given by equation 1.5 (58). Providing a steady surface equilibrium is

immediately established.
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M_ = Wt absorbed at equilibrium.

Mt = Wt absorbed at time t. -
L = Thickness of the plate.
D = Diffusion coefficient.

If the diffusion is Fickian then a plot of the weight of diffusant
against the square root of time will be linear until approximately 60% of the
equilibrium value has been absorbed, then it will curve over towards this

value.

The effectiveness of gel coats as barriers to the diffusion of moisture
has been questioned by Menges and Gitschner (53). They calculated (assuming
Fickian diffusion) that a 3 mm thick gel coat would be penetrated within
three months. Very little work has been carried out on the diffusion of
solutes from aqueous solutions. However the work of Ashbee et al (59,60)
on osmosis in polyester and epoxy resinsksuggests that diffusion rates are

very much lower than that of water.

The sorption behaviour of composites is primarily dependent upon that
of the matrix resin, although the glass resin interface may introduce -
complications. Dewimille et al (9,10) measured the diffusion of water into
pultruded epoxy-glass rod. They found that‘up to 65°C the diffusion was

Fickian, and was approximately 3 times greater parallel to the fibres than
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normal to them. Above 65°C the diffusion of water into both pure resin and
its composite was non-Fickian, which suggested that the glass resin interface
was not responsible for the change in behaviour. Regester (61) studied the
effect of hydrostatic pressure on the permeation rate of water through a
polyester-glass composite. From the lack of an effect he concluded that
diffusion through the resin occurred, rather than transport along the glass
matrix interface. In similar experiments using‘aqueous acids, only water

was found to pass through the laminate. X-ray fluorescence spectrometry

of laminates immersed in sulphuric and hydrochloric acids revealed that

the chlorine ion penetrated considerably further than the sulphate ion.

He postulated that a corrosion resistant layer might be formed in aqueous
sulphuric acid. Collins (17) using an electron probe X-ray microanalysis,
also observed that penetration of sulphuric acid into polyester-glass
laminates was limited to the surface layer. Marshall et al (58,62), using a
radio tracer technique employing tritium enriched water, determined the

rates of diffusion of aqueous hydrochloric acid and water, into vinylester-
glass fibre composites. They observed only small differences, and concluded
that reaction of the aqueous acid with the glass, resulted in an immobilisation
of the hydrogen ions which leads to a low diffusion coefficient being observed.
In laminates, where the surface was damaged they found that diffusion could

be up to 20 times greater in this region. This was attributed to an increased

diffusion coefficient under the influence of a localised stress concentration.
The effect of a stress upon the diffusion rate has been reported by

Hahn and Kim (63). They observed that the rates of absorption and desorption

of water by an epoxy-graphite laminate were different. They attributed this

=29~



to the stress state at the outer surface. When water is absorbed, the resin
swells and thus a compressive stress exists in the laminate surface, whereas
upon desorption, resin shrinkage produces a tensile stress in the surface.
Gillat and Broutman (64) observed that externally applied stresses increased
the diffusion of water into an epoxy graphite crossply laminate, and that

up to a critical combination of the external stress and the absorbed moisture,
the diffusion could be described as Fickian. However above the critical
limit, the rate of diffusion rapidly increased, which they attributed to
microcracking of the transverse plies. Whitney and Browning (65) also
observed an initial Fickian process,followed by non-Fickian uptake of water
into both, an epoxy-graphite composite and the matrix resin. They attributed
this to microcracking of the resin, rather than any fibre matrix debonding

effect.

Theoretically it has been found difficult to predict the diffusion
behaviour of laminates, and hence Fickian diffusion has usually been assumed.
waefer as discussed above and in the next section, diffusion of moisture
can generate internal stresses which may then modify the diffusion

characteristics of the composite.
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1.5 THE GENERATION OF INTERNAL STRESSES IN GRP LAMINATES

The mechanisms by which internal stresses in lamina and laminates are
produced, is reviewed, because they are as equally effective as those

externally applied in promoting stress corrosion failure.

In a lamina, internal stresses are the result of differences between
the physical properties of the matrix and the glass reinforcement. For
example, a difference in the thermal expansion coefficients, will result in
an internal stress on cooling from an elevated curing temperature. Hull (66)
calculated the strain parallel to the glass fibres, on cooling a
unidirectional polyester from a cure temperature of 120°C, is 1.5%. However
the calculation of the stress is mofe difficult since it requires a knowledge
of the viscoelastic response of the resin at elevated temperatures. The
computation of the strain at 90°¢ (normal) to the reiﬁforcement is also
difficult, because it is strongly dependent upon the volume fraction of glass
fibre. At fibre volume fractions of less than 50%, the resin is the
continuous phase, and because of its higher thermal expansion coefficient,
will contract onto the glass fibres. Thus a éompressive strain will exist in
the resin. At volume fractions of glass greater than 50%, the resin may no
longer be considered as the contimuous phase, and isolated resin pockets
will try to shrink away from the surrounding glass. Providing the resin-
glass interface does not fail, the resin will be held in a state of tension
(67). If the lamina does not possess a uniform distribution of glass fibres,
both high and low volume fraction regions will exist, with the resin either

in tension or compression.
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In laminates, the thermal strains can also be generated by the mismatch
in thermal expansion coefficients of the individual lamina. Schapery (68)
derived the following equations to predict the expansion coefficients, for a

unidirectional lamina, parallel « and normal ¢ to the direction of

2
reinforcement.
I 5 A e % vee(1.6)
2 EVe B Vo
= = @ Hvpe Vi v @ * vpdegVe - o=y (0gVe + y V) o (1.7)
Where: -
Ef = Modulus of the fibres.
E = Modulus of the matrix.
= = Expansion coefficient of the fibres.
= Expansion coefficient of the matrix.
ve T Poisson ratio of the fibres.
vy = Poisson ratio of the matrix.
Ve = Volume fraction of fibres.
V., = Volume fraction of matrix.

The computed expansion coefficients are shown as a function of volume
fraction of glass in Figure 1.5. Thus at high volume fractions o) is
dominated by that of the glass and at low volume fractions,o:t by that of the
matrix, and the interaction of variously orientated lamina will lead to

internal stresses. Parvizi (69) derived equations 4.1 and 4.2 (shown in

Section 4.2) for 0°/90°/0° crossply laminates.
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Figure 1.6 Variation in the transverse and longitudinal expansion
coefficient of a unidirectional lamina with volume fraction
of glass. Calculated using equations 1.2 and 1.3 and the

data shown in Table 4.1.
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The absorption of a 1iquid‘will also generate internal stresses, since
swelling can be likened to the thermal expansion or contraction of the matrix.
However the stresses may result from two different mechanisms. If diffusion
has reached stationary conditions, they will be generated in an analogous
manner to the thermal stresses. Menges and Gitschner (53) postulated that in
a unidirectional lamina with a uniform glass distribution, swelling strains
sufficient to cause microcracking can be formed. This is because the
magnitude of the swelling coefficient in the transverse direction of a lamina,
is also dependent upon the volume fraction of glass. They érgue that as it
is still possible to define resin and glass rich regions, then the interaction
of the different swelling strains generated in these regions, will result in
the production of internal stresses. In laminates, the interaction between
variously orientated lamina will generate swelling stresses in a similar
manner to the generation of thermal stresses. The longitudinal S2 and
transverse St swelling coefficients of a lamina may be calculated by replacing
=g and = with the appropriate swelling coefficients, in equations 1.6 and 1.7.
These are then used to calculate the swelling strains, for example by equations
4.1 and 4.2. Since these strains are of opposite sign to thermal strains
the latter will be relieved when moisture absorption takes place. If diffusion
has not attained steady state conditions, then stresses will result due to the
concentration profile of the diffusing species. These may be of sufficient
magnitude to cause fracture in plastics, see for instance reference 70. On
absorption the outer surface is placed in compression due to the swelling being
constrained by the inner unswollen resin, which itself is placed under tension.
Similarly upon desorption the outer surface is placed in tension whilst the

inner portion is placed under compression. Menges and Gitschner (53) have

~34-



calculated that the tensile forces that arise in matrix resins during the

desorption of water, are sufficient to cause microcracking.

Localised internal stresses may arise from osmotic pressure pockets.
Ashbee et al (59,60) doped polyester and epoxy resin with potassium chloride,
and found that penny ;haped cavities with sufficient pressure to cause
microcracking of the resin, resulted from the absorption of water. From
studies on short fibre reinforced epoxy-glass composites, they observed that
pressure pockets which formed at the fibre matrix interface, destroyed
interfacial load transfer (71). In further studies (72) they observed the
effects of freezing and boiling this phase separated water. Whereas freezing
could induce microcracking of the resin, boiling did not. They explained
this in terms of resin flow at the higher temperature, accomodating the

internal stresses.
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Figure 1.7 Molecular structures of (a) diglycidyl ether of diphenylolpropane,
(b) nadic methyl anhydride (NMA), (c) benzyldimethylamine (BDMA),

(d) anhydride cured bisphenol-A epoxy resin, (e) cured bisphenol-A

polyester resin.
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1.6. CHOICE OF THE COMPOSITE SYSTEM

As discussed in Section 1.2, much of the previous work on the stress
corro‘sion cracking of GRP, has been carried out on glass polyester laminates,
and in particular on filament wound pipes. | Those studies in which pipe-
sections have not been used, have often involved composites containing
glass fibres in the form of chopped strand matt. Whilst filament winding
produces good test specimens, the non-linear strain fields associated with
these structures, makes the comparison and interpretation of results father
difficult. The use of chopped strand matt as a reinforcement was considered
undesirable since by the very nature of the material, uncontrollable |
orientation effects would be introduced. Therefore, it was decided to use
0° unidirectional and 0°/90°/0° crossply laminates. The former could be
used to model a theoretical lamina, and the latter to assess the effects

of thermal strains, and transverse cracking.

The matrix resin was chosen because:-

(a) The transverse cracking behaviour of epoxy-glass crossply
laminates was well understood (69).

(b) Fibre matrix debonding of the 90° ply had been observed at
applied strains of less than that for transverse cracking.
Thus the effect of debonding on the mechanism of stress
corrosion could be studied.

(c) The anhydride cured bisphenol "A" epoxy resin has a crosslinked
structure similar to chemical resistant bisphenol "A" polyester
resins. A comparison of these molecular structures is shown in

Figure 1.5, together with those of the epoxy system constituents.
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CHAPTER 2 EXPERIMENTAL PROCEDURE
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2.1  MATERIALS

The glass fibre used in this study, was Silenka O51P E-glass roving of
1200 tex. The roving is made up of four, one thousand filament strands, each
filament being approximately 12 um in diameter. It is finished with a

~ polyester/epoxy compatible size.

The resin formulation was Epikote 828 (diglycidyl ether of diphenylol-
propane, of epoxide equivalent 182 - 194) cured with either 80 phr or 90 phr
Epikure NMA (Methylendomethylenetetrahydrophthalic anhydride) and catalysed
with 1.5 phr BDMA (Benzyldimethylamine). All were obtained from Shell

Chemicals Ltd. The chemical structures are shown in Figure 1.6.
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2.2 LAMINATE FABRICATION

2.2.1 Frame Winding

The laminates were fabricated on 400 mm square steel frames, which
were made from 25.4 x 5.5 mm strips of steel plate, spot welded together

and smoothed with emery before use.

Initially the frames were hand wound, but difficulties in maintaining
an even glass distribution, lead to the modification and use of a pre-existing
winding machine. -Using the improved resin impregnation téchnique described
in section 2.2.2, it was no longer necessary to stack individual resin-
impregnated, unidirectional laminae together, to fabricate a 0°/90°/0°
crossply laminate, as described in reference 69. They could be obtained in
one stage by the technique illustrated in Figure 2.1. Thus consistent

laminates with a uniform distribution of glass fibres could be fabricated.
The ply thicknesses of the 0°790°/0° crossply laminates could be varied
by changing the number of layers of glass fibres. For laminates of

approximately 2.2 mm thickness, eightllayers of glass rovings were used.

2.2.2 Vacuum Impregnation

It was necessary to construct the vacuum chamber illustrated in Figure 2.2,
to accomodate the size of the steel frames. For clarity, the impregnation

technique has been itemised below, and shown diagrammatically in Figure 2.3.
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Figure 2.1 0°/900/0° crossply laminate being wound on the frame winding

machine.

Figure 2.2 Vacuum impregnation chamber.
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Stage 1 The resin was degassed under vacuum.

Stage 2 The resin was frozen by pouring it onto a '"Melinex"
covered precooled (-18°C) metal plate.

Stage 3 A preheated metal plate (+100°C) covered with 'Melinex"
was placed into the vacuum chamber.

Stage 4 When the resin is frozen, the following were stacked on
top of the preheated plate, as shown in Figure 2.3.
(a) Wound frame.
(b) Inverted '"Melinex'" with the adhered frozen resin.
(c) Glass plate.
(d) 2.5 kg weight,

Stage 5 The chamber was closed and evacuated.

For good laminates it was essential that the resin remained frozen
during evacuation, so that stages 4 and 5 were carried out as quickly as
possible. The impregnation could be observed through the perspex window
and was usually complete after about 30 minutes. It was found that cured
resin adhered to the 'Melinex', so that it was replaced with a silicone

treated 'Melinex'' before curing the laminate.

2.2.3 Curing and coupon preparation

Initial curing of the laminates was for 3 hours at 100°C. This was
carried out in an air circulating oven, with the laminate sandwiched between
2
glass plates under a load of 300 kg/m . The loading weights were preheated

because their large thermal inertia,compared to the laminate, céuld produce

areas of delayed cure.
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Figure 2.3 Schematic representation of the vacuum impregnation technique.

-43-



The laminate was allowed to cool outside of the oven, the release
film removed, and the laminate cut from the frame and into coupons using
a water cooled diamond wheel. The coupons were postcured for 3 hours
at 150°C, except fbf couponsAfrom.landnates made with 90 phr NMA which
were postcured for 24 hours at 200°C. All the coupons were removed from

the oven whilst hot and allowed to cool.

Finally, the ends of the coupons were abraded and chromic acid-etched
aluminium-end-tags were attached using ''Araldite' cold setting adhesive.
The coupons were then stored under conditions of constant temperature and

humidity (20°C, 50% RH.).
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2.3  LAMINATE CHARACTERIZATION

2.3.1 Tensile Measurements

Coupons that were intended for tensile characterization had a
polyester film resistance strain gauge, PL 10, obtained from Tokyo Sokki
Kenyuso Co. Ltd. bonded to them using '"Araldite" cold setting adhesive.
They were tested on an Instron Universa_l testing machine, Model 1195, at
a constant displacement of 1 mm min_l. Complete stress/strain curves were

recorded for each laminate.

The transverse cracking behaviour of the crossply laminates was

recorded photographically at 0.1% increments of strain.

2.3.2 Volume Fraction Measurements

Initially these were obtained using the '"burn-off' method, but since
the volume fraction of voids was found to be extremely low, the volume

fraction of glass was deduced from the laminate thickness.
(a) Burn-0ff Method
Preweighed laminate samples (+0.000lg) with accurately known dimensions

(i0.0l mm) were placed in weighed crucibles with 1lids, and ignited in an

electric muffle furnace at 600°C. From the weight of the remaining glass the
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volume fraction was determined from the following equation

Ve =V / (U # V) SCE

Where:-

Vf = Glass fibre volume fraction

Vg = Volume of residual glass (Wg /o g)

v, = Volume of resin W - Wg)/pm
s

W_ and Wg are the sample and glass weights respectively.

p. and p g are the respective densities of the resin and glass

m - b T
and were taken to be 1.12/g <m™ind 2.55'g cm 3 (66,69). A

The volume fraction of veids was determined 'by comparing the
measured volume of the sample with its theoretical volume, obtained from

the values of Vg and Ws‘
(b) Volume Fraction from the thickness of the laminate

An advantage of using a winding machine is that each lamina contains
the same number of parallel rovings and therefore the same volume of
glass. Providing the volume fraction of voids is small, the volume of resin
and hence the volume fraction of glass in the laminate will be dependent

upon its thickness and can be obtained from equation 2.2,

K N
L -

V «..(2.2)
+ f
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glass ~.

of

VYolume Fraction

Where K is the theoretical thickness of a glass plate of equal area and
volume as a single wound layer of glass (a constant for the winding
machine used), L, is the laminate thickness in millimetres, and N is the

nunber of layers of glass in the laminate.

The value of K, was determined by weighing a length of glass
equivalent to that contained in a single layer of umit area. Figure 2.4

shows the relationship between Ve and laminate thickness for laminates

containing eight layers of glass fibre.
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Figure 2.4 Variation in volume fraction of glass with the laminate thickness,

for laminates containing eight layers of glass fibre.
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2.4 STRESS CORROSION = EXPERIMENTS ON LAMINATES

.2 4.1 Introduction

The experiments were carried out under conditions of constant load
on Emec Creep machines, Figure 2.5, using coupons of dimensions
approximately 240 mm x 20 mm. The grips, Figure 2.6 were designed to
minimize any misalignment, by allowing the head to freely pivot in
2 dimensions about the shaft. Three types of environmental cells were
used to contain the aqueous environment ( 0.5 M sulphuric acid unless
otherwise indicated). The load was applied to the coupons after the
cells were filled with acid. The closed cell was filled by using a syringe
to inject the acid into the side arm which housed the condenser. Physical
changes and final failure were recorded by time lapse photography using
Chinon CE4 single lens reflex cameras, fitted with power winders, electronic
flash, and Pentax 50 mm macro lenses. The cameras were controlled using
electronic timers that allowed a delay of between 10 seconds and 10 hours
between photographs. The time of each exposure was confirmed by LCD
(Liquid crystal display) digital watches attached to the grips and |
photographed with the coupon.

2.4.2 Open and closed environmental cells

Both types of cell were constructed from "pyrex'' borosilicate glass.
The open=-cell, shown in Figure 2.7 consisted simply of a glass tube attached

to the coupon by means of a split rubber bung, one half of which was rebated
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Figure 2.5 Emec Creep machine showing an open environnental cell, stress

corrosion cracking experiment

Figure 2.6 Specimen grips for use on the Emec Creep machine.
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to accomodate the coupon. An acid tight seal was obtained by a smear
of silicone grease, between the coupon and the rubber bung. Temperature
control was not possible, but the room in which the experiments were

carried out was fairly constant at 23 + 3°C.

The closed-cell, illustrated in Figure 2.7 (A) , allowed both the
control of temperature, by means of circulating thermostated water £from
a Churchill Chiller-thermo circulator, and the atmosphere by purging with
an appropriate gas. There was also a condenser to minimize loss by
evaporation. The cell was affixed to the éoupon in a similar manner as

the open-cell, the glass cap was sealed using silicone putty.

2.4.3 Clamp-on envircnmental cell

'To eliminate the effects of the unprotected cut-;edges of the coupons, -
a clamp-on-cell, shown in Figure 2.8 was canstructed. The celllwas made
from a polyethene vial cap, whose open face had been made flat using fine
emery paper. The clamp was a normal laboratory rubber tube clamp. A leak
proof seal between the face of the coupon was obtained with silicone grease.
Al crn3 syringe was used to fill the cell, when in place, through previously

3
pierced holes, its capacity was 0.3 cm .

Larger glass cells were also used but necessitated the use of 40 mm
wide coupons and the construction of special grips. They were affixed
onto the face of the coupon using elastic bands. Problems of achieving a leak

proof seal lead to the development of the polyethene clamp-on-céll.
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Figure 2.7 Types of environmental cell used for stress corrosion cracking

experiments under constant tensile loads. (A) Closed, (B) open.
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Figure 2.8 Diagrammatic representation of the clamp-on-cell in operation.
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2.5 - "STRESS ' ‘CORROSION EXPERIMENTS ON GLASS FIBRES

2.5.1 Mounting of single fibres

Individual glass fibres were separated from a Silenka O51P E-glass
roving, and mounted on cardboard fibre testing windows using '""Evostic"
impact adhesive. Their diameters were then individually determined using
forward light scattering, the technique is described in section 2.5.3.
The fibre was removed from the frame and affixed to a glass rod and a cut
rubber band in the manner shown in Figure 2.9. A 1 cm gauge length was
chosen for-testing. The rubber band formed a loop to support the glass
loading weights, a small glass weight was attached to the rubber band to

overcome its positive bouyancy.

2.5.2 Single fibre testing

Initially the fibres were tested individually in a smll glass tank
of 0.5 M aqueous acid. Their failure times were determined using a
.photoelectric sensor and chart recorder. As shown diagrammatically in
Figure 2.9 the glass weight was positioned to stop the light beam from
reaching the photoresistor, failure times could be measured to the nearest

minute.

To allow eight fibres to be tested simultaneously the apparatus in
Figure 2.10 was constructed. The Commodore PET Microcomputer, monitored
the failure of individual fibres via eight magnetic reed switches and an

input buffer; the arrangement of a single channel is shown diagrammatically
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Figure 2.9 Initial experimental apparatus for the measurement of the

stress corrosion of E-glass single fibres.

Figure 2.10 Experimental apparatus for the measurement of the stress

corrosion of eight single E-glass fibres simultaneously.
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in Figure 2.12. The computer programme shown as a flow diagram in Figure 2.11
was written in Ba‘sic, to give a continuous display of both the elapsed and
failure times, to the nearest 0.1 min, for each of the eight chamnnels.
Temperature was controlled to 23°C + 2° by means of a contact thermometer

and a Churchill Chiller-thermo circulator, which pumped themmostatted water
through a glass spiral at the bottom of the tank.

When a beam of coherent light is incident upon an opaque fibre,
diffraction produces a pattern of alternate light and dark fringes in a
plane normal to the axis of the fibre. If the fibre is transparent then
interference between the reflected and refracted rays produces a similar
pattern as diffraction. The fibre diameter is inversely proportional to
the fringe period, and may be calculated using equation 2.3, (73).
«ee(2.3)

61 2 : 01 1
+(p + 1 - 24 cos 7)2)}

‘ 02 2 02 1 )
N = Z—E- {(sin - * (u+1 - 2y cos 7)2)‘(5311 >

Where: -

=z
n

Number of fringes within the included angle 62 - 61

Refractive index of glass fibre

=
]

Wavelength of laser radiation

b = FIBRE radius |

P : A , v
The interference fringes were recorded on the apparatus shown in

Figure 2.13. A 1 mW helium neon laser was used as the source of coherent

light. The photo-transistor was attached to the X axis of a Bryant A3 chart
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Figure 2.11 Flow chart of the PET Microcomputer programme, for monitoring
and recording the stress corrosion failure of single E-glass

fibres.
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Figure 2,12 Diagrammatic representation of a single channel of the

experimental apparatus shown in Figure 2.10.
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Figure 2.13 Experimental apparatus for the recording of interference

fringes, to allow calculation of fibre diameter.
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recorder. The time base was used to scan the interference pattern at

L, The output of the phototransistor was amplified and used to

10 nm s~
control the Y axis, giving a trace of the intensity against the scattering
angle. The diameters of the fibres were calculated using equation 2.3.
Complications from diffraction at low angles were avoided by counting

fringes from above a 6° angle of scatter.
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2.6  ENVIRONMENTAL TRANSVERSE CRACKING BEHAVIOUR OF
CROSSPLY LAMINATES |

Crossply coupons were tested on an Instron Universal testing machine
model 1196 at a constant displacement rate of 0.5 mm min-l. For those
tested in 0.5 M aqueous sulphuric acid and deionized water, the environment
was contained in an open-cell attached to the coupon as described in
section 2.4.2. The transverse cracking was recorded photographically at
approximately every 0.03% increment of strain. The exact stress at which
each photograph was taken was recorded using the event marker attached to

the Instron.
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2.7 THE DETERMINATION OF ' RESIDUAL THERMAL 'STRAINS "IN

CROSSPLY _ LAMINATES

For the measurement of residual thermal strains, asymmetrical
0°%/90° .laminates were fabricated by stacking two unidirectional wound
frames together before impregnation. Coupons of approximately 200 x 3-10 mm

dimensions were cut from the laminates before postcuring.

Parvizi (69), using the Timoshenko bimetallic beam theory (74) derived
equations 2.4 - 2.7, which relate the thermal strain in a OO/ 900/00 coupon

to the radius of curvature of an asymmetrical 0°/ 90° beam.

For d=b
EDb P E E
e;c:l; = 2, — X i+ L vee (2.0)
Ezb + Etd 12p Et E2
Ed P E E
SE}; = ——'2’_'— . _— _2:' + 14 +"£ se e (2-5)
Ezd + Btb 12p Et E!L
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2 2
eth ) Ezb . E_ (3{1+m}@ +{1 +mim +1/(m)}) vee(2.6)
T Eb +E.d 3p 1+ m}
: _ 2 . .2
th E,d P (3{1+m}@ + {1l +m}{m +1/(m)})
£ - — = . > ' o (2.7)
Ezd + Eib - 3p {1+m™}
Where: -
eE% = Thermal strain in the transverse ply, longitudinal
direction.
522 = Thermal strain in the longitudinal ply, transverse
direction.
P = Semi-thickness of coupon.
P = Radius of curvature.
E B, Longitudinal and transverse moduli of a wnidirectional
laminate.
d = Inner ply semi-thickness.
b = Outer ply thickness.
m = b
d
B

The radius of curvature of a curved 0°/90° coupon was calculated from
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measurements of the coupon length L (+ 0.5 mm) and the displacement §
(+ 0.01L mm) in Figure 2.14 using equation 2.8. Timoshenko (74) derived

equation 2.9, which relates this curvature to the expansion coefficient,
-1 _ 2 =1 _
S =T cos (1 -6/p) ee.(2.8)

Young's modulus and thickness of the individual plies. The theory assumes
there is elastic bonding between the plies, and the Young's modulus is
temperature insensitive. Also no allowance is made for differences in the

Poisson ratio of the plies, or any shear interactions that may arise.

6(az - o) (T - To)(Q + In)‘2

1 .
'p_ = Pl 2 ese (2 . 9)
h3(1 + m) +(1 + mn) (m +1/mn)}
Where: -
a)
m= Fr a;,a, Thicknesses of the individual plies.
= El_ E;,E; Young's moduli of the individual plies.
E;
Ty = Temperature at which bimetallic beam is flat.
T = Calculation temperature.
a1,0p = Expansion coefficients of the individual plies.

h = The thickness of the beam.

e
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Figure 2.14 Illustration of the laminate models, (a) 00/900/0O crossply
() 0°/90° asymmetrical.
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2.8 MICROSTRUCTURAL EXAMINATIONS

The microscopical examination of fracture surfaces were performed

on both optical and electron (SEM) microscopes.

The use of optical microscopy was severely handicapped by its
limited depth of field and its use was mainly confined to the examination

of the edges or faces of coupons.

Specimens to be examined by SEM were affixed to aluminium stubs and

coated with gold to provide a conducting surface.
The analytical examination of stress corroded fracture surfaces and
single glass fibres wereperformed on carbon coated specimens using a

JEOL JXA S0A microprobe.

The X-ray analysis of crystalline deposites found on the surfaces

of coupons was performed using a JEOL 200X STEM.
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CHAPTER 3 RESULTS

-64 ~



3.1 ILAMINATE CHARACTERIZATION

The 0°/90°/0° crossply and 0° unidirectional laminates were
characterized,as described previously. The transverse cracking behaviour
of a 0°/90°/0° crossply coupon is shown in Figure 3.1. Before the appearance
of the first transverse créck, the coupon becomes increasingly opaque, this
is termed stress whitening and has been éhown to be associated with the
debonding of the glass fibres (69). Initially, the transverse cracks appear
randomly along the length of the coupon, but as their number increases, the
crack spacing is seen to become more regular. The dark bands either side of a
transverse crack are due to thé partial rebonding of the glass fibres with
the matrix, and the consequential increase in transparency of the coupon with
the disappearance of the stress whitening. These bands are approximately

1-2 mm wide and show how rapidly the stress is built up again in the transverse

ply.

At strains of approximately 0.7%, stress whitening of the longitudinal
plies is observed, which is followed by longitudinal splitting. This is
attributed to a transverse strain caused by a difference in the poissons

ratios for the longitudinal and transverse plies (75).

The multiple cracking of the transverse ply in a crossply laminate
results in a non-linear stress/strain curve, as shown in Figure 3.2. The
first change in slope is associated with the stress whitening phenomenon, and
the second with the onset of transverse cracking. In comparison, the

0 . 1s . . .
0" unidirectional coupons have linear stress/strain curves.
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Figure 3.1 The transverse cracking behaviour of a 0°/900/0° crossply coupon
over the strain range 0 - 0.66%. The strain in the coupon in

each photograph is obtained by doubling the value marked on the

coupon and dividing by ten.
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Figure 3.2. Typical stress-strain curves of (A) unidirectional and

(B) 0°/90°/0° crossply laminates.
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The results of the laminate characterization are shown in Table 3.1.
Whilst the moduli of ‘the laminates are similar to those previously reported,

the values of the first cracking strain e are considerably lower (69).

th .
£e in these

tu
This was found to be due to the greater thermal strain e

laminates, and is discussed in section 4.2.
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Young's

Laminate Cure Volume 1st transverse
Time Temp Fraction® | Modulus | cracking strain
Type Geometry Hrs °c +2% &N m'z +0.03%
A |d= 0°/90°/0° 3 150 57 26.2 0.34
B |d=b | 0°/90°/0° 3 150 56 26.8 0.33
M |d=b | 0%90°/0° | 3 150 57 26.3 0.32
N | d= 0°/90°/0° | 3 150 56 25.9 0.32
P |d= 0°/90°/0° 3 150 58 26.4 . 0.28
R |d= 0°/90°/0° 3 150 56 27.1 0.28
Y {d=b | 0°/90°/0° 3 150 56 26.3 0.26
X |d=b | 0°/90°/0° 3 150 55 26.9 - 0.28
Az{d=b | 0°/90°/0° 3 150 53 26.7 0.28
AC|d=b | 0%90°/a° 24 200 55 26.6 0.10
U |d=2b | 0°/90°/0° 3 | 150 58 21.0 0.26
F | - o° 3 150 59 39.7 -
T | - o° 3 150 60 43.9 -
S |d=b 0°/90° 3 150 57 - -

Table 3.1 Results of laminate characterization.

*

Volume fraction of glass.
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3.2 STRESS CORROSION EXPERIMENTS

3.2.1 0°/90°/0° Crossply laminates in Closed-Cells

The failure of a crossply coupon in a closed-cell is illustrated in
Figure 3.3. The fracture of the coupon has occurred within the aqueous acid
and this type of failure has been termed a Mode I failure. Initial loading
~of the coupon produced several transverse cracks because the applied strain
of 0.49% was greater than the failure strain of the transverse ply, with time
the number of cracks within the acid increased whereas out of the acid the
number remained constant. After a specific period, dependent upon the
temperature and the initial applied strain the longitudinal plies failed by
a planar fracture adjacent to one of the initial transverse cracks, produced
on loading. This has been arrowed in Figure 3.3. The failure times are

shown in Table 3.2.

When the initial applied strain is less than the transverse ply failure
strain,tensile transverse cracks do not form upon loading, but after an
induction period, dependent upon how close the applied strain is to the
transverse ply failure strain, cracks grow in the transverse ply from the
cut-edges of the coupon towards the centre. This is illustrated in Figure 3.5
for a Mode II failure in an open-cell (See section 3.2.2), but the behaviour
is identical for closed-cells. These cracks‘penetrate the thickness of the
transverse ply and would span the entire width of the coupon were it not for

the mutual interference of cracks growing from both edges.
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43n40s

Figure 3.3 Mode I failure of a 0°/900/0° crossply coupon in 0.5 MB"SO" at
23°C and at an initial applied strain of 0.49%. The transverse

crack adjacent to which failure occurred has been arrowed.
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Coupon | Temp| Applied | Initial| O° Ply | Fail Failure
Stress Strain Strain | Time Mode
% | MNm 3 3 min

M2 40 115 0.51 0.55 | 13 I
M3 40 92 0.38 0.44 | 38 I
M7 40 70 0.26 0.33 | 44 I
M5 40 46 0.16 0.22 | 780 I
M 10 40 23 0.09 0.11 | 42,000 | I

N 8 23 112 0.49 0.53 | 44 I
N4 23 90 0.36 0.43 | 107 I

N 2 23 67 0.25 0.32 | 318 I
N 7 23 45 0.15 0.21 | 1,940 I
M 11 23 46 0.16 0.22 | 2,080 I
M6 23 23 0.09 0.11 | 33,825 I
P1 5 110 0.48 0.52 | 307 I
P 4 5 89 0.36 0.42 | 600 I
P 2 5 66 0.26 0.31 | 1,698 I
P3 5 44 0.15 0.21 | 4,900 I
P8 5 23 0.08 0.11 | 69,000 | I

Table 3.2 Stress corrosion failure times of O°/90°/O0 crossply coupons in

closed cells.

Note. The 0° ply strain was calculated from equation 4.17.
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The effect of temperature over the range 59-40°C upon the failure
time was investigated and the results are given in Table 3.2 and in
Figure 3.4. As would be expected the higher the temperature the shorter
the failure time at similar strains. However, below 0.2% strain the effect
of temperature becomes less discernible, so that at 0.1% strain the failure
times are similar. This suggests that at low applied strains the rate
determining step is different. It will be shown in chapter 4 that the
resin is only protective at these strains and therefore the temperature
dependence of diffusion is different from that of stress corrosion of the
glass fibres. Furthermore since the diffusion is possibly strain dependent,
the reduction in the thermal strain at higher temperatures may reduce the rate
of diffusion in opposition to the increase in the rate of stress corrosion

of vthe‘ glass.

Mode I failure only was observed at all initial applied strains in

the closed-cells.

3.2.2  0°/90°/0° crossply coupons in open-cells

Unlike the closed-cell experiments described above two different types
of failure were observed in the open-cells. At initial strains greater than
0.15%, failure occurred by the Mode I mechanism, whereas at lower strains,
failure occurs in the unimmersed part of the laminate, as illustrated in
Figure 3.5. This has been called Mode II failure. Unlike the Mode I
failure, fracture of the coupon does not occur adjacent to an initial

transverse ply crack, but by the growth of a crack propagating through both
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Figure 3.5 Mode II failure of a 0°/90°/0° crossply coupon in 0.5 MH2S04 at

23°C and at an initial applied strain of 0.11.
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transverse and longitudinal plies concurrently. The initiation of this
crack occurs well after the nmucleation and growth of the edge-cracks

within the acid (See Figure 3.5). The amount éf damage within the
unimmersed portion of the iaminate varies from a single crack as shown in
Figure 3.5 to considerable transverse cracking and longitudinal splitting, .
and is related to the applied strain on the coupon. The lower the strain,
the more damage which appears before final failure. This damage is similar to
that which occurs in crossply coupons under zero applied strain. Table 3.3

shows the times-to-failure of crossply coupons in the open-cells.

Figure 3.6 shows a comparison of the failure times of the coupons in the
open and closed-cells. Mode II failure occurs in a shorter time than the
Mode I fracture at similar strains. Mode I failures occur in both cells

in similar times.

The effect of the sulphuric acid concentration on the failure time
was investigated over the range 0.05 - 4.0 M at initial applied strains
of = 0.1%. The results are shown in Table 3.4 and reveal that the failure
time decreases with increasing‘acid concentration. However this effect appears
to be . minimal over the cbncentration range 0.50 - 2.00 M. Furthermore a
change in the mode of failure occurs so that at concentrations greater than

2.0 M Mode II failures were not observed.
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Coupon | Applied | Initial 0o° Ply | Fail Failure
Stress Strain | Strain | Time Mode '
MY ; s | min
R 10 119 0.50 0.57 49 I
Y 2 120 0.50 0.57 83 I
Y3 97 0.40 0.46 94 I
X5 119 0.50 0.56 50 I
R11 94 0.38 0.44 139 I
R1 72 0.27 0.34 288 I
P 7 46 0.16 0.22 790 I
N3 45 0.16 0.21 2,000 I‘
R 7 24 0.10 0.12 3,420 11
Y5 24 0.10 0.12 3,600 II
A6 22 0.09 0.11 9,600 11
A4 22 0.09 0.11 9,360 I1I
Y 8 24 0.09 0.11 4,300 11
M9 23 0.09 0.11 7,920 11
B 11 11 0.05 0.06 21,600 1T

Table 3.3 Stress corrosion failure times of 0°/90°/0° crossplykcoupons
in open-cells, at 23°C.

Note. The 0° ply strain was calculated from equation 4.17.
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Figure 3.6 Comparison of the stress corrosion failure times of O°/90°/O°

crossply coupons from open and closed cells.
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Coupon | Applied| Initial| 0° Ply | Fail Acid Failure
Stress Strain Strain | Time Molarity | Mode
MN m % % min

Y 10 24 0.09 0.11 | No Fail 0 -

Y9 23 0.09 0.11 | 13,440 0.05 IT

R9 25 0.10 0.12 | 7,200 0.25 II

R 2 25 0.10 0.12 | 5,340 1.00 IT

R4 24 0.09 0.1 | 6,600 2.00 I

A 25 24 0.09 0.11 | 1,380 4.00 I

Table 3.4 The effect of sulphuric acid concentration on the stress corrosion
failure time of O°/90°/Oo crossply coupons at 23°C in the open-
cell,

Note. The 0° ply strain was calculated from equation 4.17.
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3.2.3 Non-externally stressed 00/900/0O crdssply coupons

It had been observed that failed stress corroded coupons continued
to develop damage even when they were removed from the enviromment, and
had no external applied stress. In addition, this damage was more intense
within the half of the coupon that had not been immersed in the acid. The
nature of this damage was longitudinal splitting of the o° plies together

with transverse cracking of the 90° ply.

Experiments,where coupons were totally immersed or partially immersed
in 0.5 M aqﬁeous sulphuric acid, produced completely different results.
Totally immersed coupons developed no longitudinal or transverse cracks,
but showed a general acid attack of the exposed surface glass, giving a
whitish appearance to the surface of the coupon. A slow attack at the edge of
the 900 ply similar to the type of edge cracking reported for polyester
laminates also occurred (30). Figure 3.7, shows a coupon that has been totally
immersed in acid for 20 months. However coupons that were only partially
immersed, developed damage in the unimmersed half within three days, as
shown in Figure 3.8 with no visible damage in the immersed half. The damage
consists of longitudinal and transverse cracks and is similar in appearance
to that found in the unimmersed half of coupons tested at initial applied
strains of less than 0.1% in the open-cell, or that which develops in the
unimmersed half of a previously stress corroded coupon. This type of damage
has been termed Mode III failure. Coupons left exposed to acid vapour alone

did not develop visible damage.
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Figure 3.7 0°/90°/0° crossply coupon that has been immersed in 0.5 MH2S0"

at 23°C for 20 months

Figure 3.8 The development of Mode III damage in the uninmersed half of a

non-extemally stressed 0°/90°/0° crossply coupon.

-81-



-

Since insoluble glass degradation products were thought to be responsible
for the formation of Mode III damage (section 4.5) the effect of different

acids whose corrosion products are of differing solubility, were studied.

No damage was observed with 0.5 M nitric acid and only one split in the
longitudinal ply with 0.5 M hydrochloric acid, whereas Mode III damage was
produced in both the immersed and unimmersed halves of the coupon,with 0.5 M

phosphoric acid.
These results show a connection between the appearance of Mode III
damage and the solubility of the major glass corrosion products which will

be discussed fully in section 4.5.

3.2.4  0°/90°/0° crossply coupons with attached clamp-on-cells

The effect of the unprotected cut-edges of the coupons on the stress
corrosion behaviour was detemmined by attaching a clamp-on-cell (see section
2.4.3), to one face of the coupon. Both the Mode I and Mode II type failures
found in open-cell experiments, were observed. The times-to-failure are
given in Table 3.5 and in Figure 3.9 and are compared with the results from
crossply coupons in open-cells. The greater scatter in these results is
considered to be due to the small area of contact with the enviromment, so
that localized laminate irregularities will greatly influence the failure

time. In the open-cell experiments the larger area of contact minimises the
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Coupon | Applied | Initial 0° Ply | Fail
Strefg Strain Strain | Time
M m % % min
AZ 3 110 0.47 0.53 392
AZ 4 100 0.41 0.48 210
AZ 8 93 0.38 0.44 240
AZ 12 77 0.30 0.37 2,200
AZ 14 67 0.26 0.32 431
AZ 22 54 0.19 0.26 27,360
AZ 18 46 0.16 0.22 2,200
AZ 13 22 0.09 0.11 4,320

using the clamp-on-cell, at 23°C.
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Table 3.5 Stress corrosion failure times of 0°/90°/0° crossply coupons

Note. The 0° ply strain was calculated from equation 4.17.
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Figure 3.9 A comparison of the failure times of 0°/90°/0° crossply coupons

Figure 3.10
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direction

Initiation of Mode III damage in a non-extemally stressed

0°/90°/0° crossply coupon with an attached clanp-on-cell.
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effect of such differences.

Mode III damage was also observed in experiments with the clamp-on-cell.
Figure 3.10 shows the initiation of this damage by cracking of the

longitudinal ply parallel to the glass reinforcement.

3.2.5 00/900/00 crossply coupons: NMA 90phr-2000C postcure

The chemical resistance of the matrix resin was improved by using a near
stoichiometric quantity of NMA (90phr) and postcuring for 24 hours at 200°C
(76,77) . The lower concentration of NMA (80phr) together with the 3 hour
postcure at 150°C was used so that the laminates fabricated were similar to
those previously studied (69). The failure times for the 200°C postcured
0°/90°/0° crossply coupons which have been tested in open cells are given
in Table 3.6. Both Mode I and II failures were observed. In Figure 3.11
the results for the 150°C and 200°C postcured laminates are compared. The
similar failure times indicate that the mechanism of stress corrosion is
independent of the chemical resistance of this resin. Also shown in Figure
3.11 are stress corrosion failure times for polyester-glass laminates. The
comparatively rapid failure of these epoxy glass laminates compared to the
polyester-glass laminates is further evidence that the mechanism of stress
corrosion does not involve the chemical attack of the resin. The chemical
resistance of the epoxy resin is expected to be as good, if not better than

the polyester resin (78).
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Coupon | Applied | Initial| 0° Ply | Fail Failure

. Stresg Strain Strain Time Mode
MW m % % min

AC 9 128 0.53 0.61 40 I

AC 8 102 0.42 0.48 58 I

AC 3 79 0.29 0.38 133 I

AC 2 50 0.18 0.24 415 I

AC 10 25 10.10 0.12 | 11,000 T

Table 3.6 Stress corrosion failure times of 0°/90°/0° 200°C postcured"

crossply coupons in the open-cell at 23°C.
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Figure 3.11 Comparison of the stress corrosion failure times of the 200°C
postcured 0°/90°/0° crossply coupons with those given
previously in Table 3.3. Also included are failure times

of polyester glass crossply coupons postcured at 20°C and

80°C, taken from reference 90.
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3.2.6 0° unidirectional laminates in open-cells

The failure of the 0° unidirectional coupons occurred in a similar

manner to that of = the 00/900/00 crossply laminates,with the mode of failure

dependent upon the initial applied strain.

The Mode I failure of a coupoh'at an initial applied strain of 0.35%
is shown in Figure 3.12. Numerous individual stress corrosion cracks, which
are easily visible in the photograph taken after 2.5 hours, have grown in
the immersed half of the coupon. Failure results by the coalescence of a
number of these cracks. The stepped topography of the fracture surface is

~ in marked contrast to the planar crossply failures.

At applied strains of less than approximately 0.15%, failure occurs
kby the Mode II mechanism as shown in Figure 3.13. Before the initiation and
growth of the failure crack, crystalline material was observed at the edge
of the coupon and is arrdwed in Figure 3.13. Its identification is separately
reported in section 4.5. Once the failure crack had been initiated it
proceeded to rapidly traverse the coupon, and gave a very planar fracture

surface similar to those from the crossply coupons.

The initiation of stress corrosion cracks, above the aqueous acid, has
also been observed at strains greater than 0.15%, giving rise to fracture by
both Mode I and Mode II mechanisms, as illustrated in Figure 3.14. Since
the failure results predominantly from the fracture within the aqueous acid

these have been considered as Mode I failures.

-88-



Figure 3.12 Mode I failure of a 0° unidirectional coupon in 0.5 M{*SO"

at 23°C and at an initial applied strain of 0.35%.

tfv 18doh Igt? Bdzh 18c3h

Figure 3.13 Mode II failure of a 0° unidirectional coupon in 0.5 MI*SO*

at 23°C and at an initial applied strain of 0.09%.
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The failure times of the coupons are given in Table 3.7. In Figure 3.15
they are compared with the results from experiments with crossply coupons in
open cells. At equivalent initial applied strains, the o° coupons take longer

to fail.

Mode III damage has not been observed in partially immersed coupons,

although deposition of crystalline material at the coupon edge occurs.
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Comparison of the stress corrosion failure times of 0°

unidirectional and 0°/90°/0° crossply coupons in open cells.
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Coupon| Applied | 0° Ply |Fail Failure
Strefg Strain |Time Mode
M m % min
F 2 262 0.62 |90 I
T 7 220 0.52 |120 I
T 12 220 0.52 |145 I
T8 184 0.43  |195 I
F3 174 0.41 |213 I
T9 148 0.35 |325 I
T 10 147 0.35 |309 I
F1l 145 0.34 | 257 I
T 11 113 0.27 | 746 I
F4 87 0.21 |1800 I
Té6 36 0.09 {26,100 I1
F5 29 0.07 |[349,920 | II

Table 3.7 Stress corrosion failure times of 0° wnidirectional coupons at

23°C in the open-cell.
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3.2.7 E-glass single fibres in 0.5 M sulphuric acid

An investigation of the stress corrosion of E-glass fibres was undertaken
to determine the effectiveness of the matrix resin in providing chemical
protection. One of the major difficulties, in such a study, is the
determination of the fibre diameter, for calculating the strain from the
applied load. Measurements from the forward light scattering method were
compared to those detemmined by SEM. The former were found to give results
which were approximately O.5 um larger, giving an error of approximately 5%
in the value of the applied strain. Figure 3.16 shows a comparison of the |
times-to-failure for single glass fibres with those of the 0° unidirectional
coupons. The scatter in the data apparently falls into two classes: premature
failure points which are almost certainly caused by specimen damage during
handling; scatter within the main stream of the data expected from the known
high coefficient of variation in the strength of commercial E-glass (79).
There is good agreement between the failure times of single fibres and o°
unidirectional coupons, above 0.2% initial applied strain. At lower strains

the matrix resin is shown to provide some protection to the glass.
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Initial applied strain

3.2.8 E-glass tows in 0.5 M sulphuric acid

‘To verify that Mode II failure was a laminate property and not that of
the glass. Tows of E-glass were tested at nominal applied strains of 0.1%,
in a similar mammer to the experiments in open cells. Failure occurred
within the acid by what would be considered to be a Mode I mechanism. It is
noted that crystalline material is deposited in the unimmersed part of the
tow. Crystalline deposits were also observed in unloaded tows of E-glass

partially immersed in the acid.
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Figure 3.16 A comparison of the stress corrosion failure times for
single E-glass fibres with those for 0° unidirectional

coupons in open-cells, at 23°C.
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3.3 THERMAL STRAIN MEASUREMENTS

0°/90° asymmetrical coupons were used to determine the thermal strain
EE? within the 00/900/00 crossply laminates as described in section 2.7. It
was found that the radius of curvature of a 00/90O beam depended upon whether
the beam was constrained i.e. kept flat, or allowed to bend during cooling.
Keeping the coupon flat during cooling was expeéted to model the behaviour
of a balanced crossply laminate more closely. The thermal strains calculated
from the radii of curvature of both constrained and unconstrained OO/ 90°
coupons after cooling, are given in Table 3.8. The value of 0.22% for a
crossply laminate with d = b is over twice the 0.094% reported previously (69).

The larger thermal strain in these laminates accounts for the lower values

reported in section 3.1. One effect which could be responsible for

th
t2

All the laminates used in this study were removed from the hot oven (+ 150°C)

of €tou

the larger values of ¢, was the rate at which the laminates were cooled.
and allowed to cool in air. Any increase in thermal strain on fast cooling
was evaluated by placing them directly into a freezer at - 18°C after
postcuring at 150°C. More slowly cooled laminates were left in the oven

overnight. The resulting difference of 0.02% was well within experimental

th

0 could not be attributed

error and demonstrated that the higher values of ¢

to the rate of cooling.

In a further attempt to find the explanation for the larger thermal
strain, the true softening point of the matrix,which is defined as the
temperature at which the thermal strains are first built into the laminate,

was determined. Thus the change in curvature as a fumction of temperature
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was recorded in a glass fronted oven. The softening temperature was obtained
by extrapolating the plot of AT(«Q - ct) against T, AT(«2 - mt) is directly
related to the radius of curvature by equation 2.9, and the intercept on the
T-axis gives the temperature at which the beam becomes flat. Figure 3.17
shows such a plot for a 150°C pdstcured 0°/90° unconstrained beam, and gives
a softening temperature of 140°C. Therefore, the higher thermal strains in
these laminates can be accounted for by a higher softening point and hence

a larger cooling interval AT.

The relaxation of the thermal strains in crossply laminates immersed
in aqueous environments, due to the swelling of the matrix resin was also
investigated in a similar manner. Thus the change in curvature of an
asymmetrical 00/90O beam was monitored as a function of time. The results
are shown in Figure 3.18 as a percentage retention of strain. The linearity
of the plots against the square root of time implies Fickian diffusion.
However a detailed investigation of the expected form of this graph was not
carried out. On the other hand, the results do show that in the time periods
of the stress corrosion experiments, reduction in the thermal strains present

in crossply coupons is minimal.
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Postcure Postcure Thermal Strain SEE
Temperature | Time Constrained  Unconstrained
¢ Hrs. Beam Beam
150 3 0.22% 0.28%
200 24 0.37% 0.48% ,
Table 3.8 Thermal strains calculated from the radius of curvature of

asymetrical 0°/90° beams.

Temperature °

Figure 3.17 Graph of the finction AT(«, - «) against T, for a 150°C

3 hour postcured 0°/90° asymmetrical coupon, giving a

predicted softening temperature of = 140°C.
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Figure 3.18 Percentage thermal strain retention as a function of time, as

determined from the curvature of asymmetrical 0°/90° beams

immersed in deionized water and 0.5 M aqueous sulphuric acid.
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3.4 ENVIRONMENTAL TRANSVERSE CRACKING AT CONSTANT DISPLACEMENT RATE ‘-

The average spacing was calculated from the photographs of the transverse
cracking behaviour of 0°/90°/0° crossply coupons,in and out of the aqueous
environments, as follows. The number of transverse cracks were counted along
one edge of the coupon only, and the average crack spacing calculated using
eﬁuation 3.1. It was necessary to only count the cracks at one edge, because
of their lower rate of growth in acid allowed stress relief between adjacent
cracks growing from’thé opposite edges, as shown by the static environmental
edge cracks in Figure 3.5. The total number of cracks would give an
incorrectly low average, according to equation 3.1. In the case of coupons
tested in air, the nearly instantaneous growth meant that the number of cracks

at one edge equalled the total number present.

£ =S ‘ e (3.1)

Where: -
t, = Average measured crack spacing.
S = Specimen length.
n = Number of cracks.

The effect of transverse ply thickness on the crack spacing is shown in
Figure 3.19. The shape of the curves is similar to that previously

reported (69,80).
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Since envirommental edge-cracks do not form in crossply coupons under

constant load at initial applied strains of less than e in deionized water,

tu
the transverse cracking behaviour under increasing strain should also be

unaffected. This is confirmed by the crack spacing data given in Figure 3.20.

However when the coupons are tested in aqueous sulphuric acid, the crack
spacing in both the immersed and unimmersed halves is reduced, in comparison
with that in air, as shown in Figure 3.21. It is unlikely that the reduction
in crack spacing for the unimmersed half is caused by the acidic vapour,
because the unimmersed halves of coupons tested in both the closed and open-

cells,undér constant load at initial applied strains of less than e_, , showed

tu
no inclination for edge-cracking. The few that were observed in the closed-
cell can be explained by splashes of acid on filling. Thus éhis result
indicates that the acid can be transported through the laminate during the
experiment, before the coupon fails, as shown in Figure 3.23. Individual
stress corrosion cracks, more typical of the 0° wnidirectional coupons under
static load may be seen. However unlike the latter, thef did not coalesce
by longitudinal splitting of the 0° plies. This is because of the localized
additional stress placed on these plies adjacent to a transverse crack which

acts to constrain individual stress corrosion cracks to growth in one plane

only.

The coupons immersed in the aqueous acid without an externally applied
strain, which were subsequently washed and dried (on a paper towel) prior to
testing, had an intermediate reduction of the crack spacing, as shown in
Figure 3.22. The significance of this result is discussed later in section

4.4.5.
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Figure 3.19 The effect of the transverse ply semi-thickness (d) on the

measured average crack spacing (tm) .
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Figure 3.22 The effect of pre-immersing in 0.5 M aqueous sulphuric acid

on the measured average crack spacing (t m) .
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Figure 3.23 The environmental transverse cracking of a 0°/900/0° crossply

coupon in 0.5 Maqueous sulphuric acid under dynamic loading.
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3.5 MICROSTRUCTURAL EXAMINATION OF THE STRESS CORROSION FRACTURE
SURFACES

In this section examples of the microstructural morphological details
of the fracture surfaces are given. The analysis of the crystalline material
found in the fracture surfaces and at the edge of coupons, which failed
by either a Mode II or Mode III mechanigm, will be discussed separately in

section 4.5.

The optical micrographs of transverse cracks and envirommental edge-cracks
are shown in Figure 3.24. They are clearly similar, and probably arise from
the same mechanism. This is discussed further in section 4.4 where it is
shown that these envirommental edge-cracks are the direct result of the
reduction in the transverse cracking strain by the stress corrosion of the

fibre/matrix interface.

Figure 3.25 shows the stress corrosion nucleation fegion in a Mode II
fracture surface. A similar area from a Mode I failure is shown in Figure 3.26.
The size of these initiation regions varies considerably, but they are
generally smaller, with larger initial applied strains. Both Figures 3.25
and 3.26 show that the fractured glass fibres are devoid of the usual river
line markings, (see for example Figure 3.27). As shown in the higher
magnification micrograph in Figure 3.26, the fractured fibres were found to
be partially debonded. The importance of fibre debonding to the stress
corrosion failure of these laminates is discussed in sections 4.4.5 and 4.5.

However, very little fibre pull out was observed in these regions.
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Figure 3.24 Optical micrographs of (a) transverse cracks, and (b)

environmental edge cracks.

-105-



Figure 3.25 Stress corrosion nucleation region from a Mode II failure.
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Figure 3.26 Stress corroded nucleation region from a MDde I failure, the

lower micrograph shows partial debonding of the fibres.
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Moving away from the stress corrosion nucleation regions, the fractured
glass fibres have typical fracture markings, as shown in Figures 3.27 and 3.28.
Where fracture began there is a smooth mirrored region, followed by a band
of mist and then radial coarse hackle. These different regions are the result
of the velocity of the crack, it is slowest in the mirrored region, and
fastest in the area Qf‘coa;$§'hackle. The appearance of these fracture
markings indicates that the rate of crack growth in these fibres, is greater
than that in the stress nucleation areas, where fracture of the fibres leaves
them with a mirrored appearance. When fracture occurs very rapidly, forking
or bifurcation of the fracture crack occurs as illustrated in Figure 3.27,
giving rise to the glass segments shown in the micrograph. This only occurs
when the velocity of the fracture crack approaches half the (transverse)
speed of sound in the glass, and the angle of bifurcation is related to the
ratio of the principal stresses (oy / cx). For low angles of bifurcation
this ratio is -1, indicating that there is a considerable compressive
component present. This value was obtained from a thin walled glass tube
tested in torsion and not from glass fibres (81). In both Figure 3.27 and 3.28
the glass fibres are completely debonded, and there is more fibre pull-out

evident than in the stress corrosion nucleation regions.

Figure 3.29 shows a low power SEM micrograph of a Mode I stress corrosion
fracture of a crossply coupon. Of particular interest is the orientation of
the "'steps' (which appear as fine white lines in Figure 3.29) in the

- longitudinal ply, and which are orientated predominantly normal to the
transverse ply. Figure 3.30 further illustrates these ''steps'" in a Mode II

stress corrosion fracture. In section 4.7.1 a mechanism for the formation
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Figure 3.27 Micrograph showing fracture markings on the stress corroded

glass fibres.

Figure 3.28 Micrograph showing glass segments produced when bifurcation

of the fracture crack occurs in the glass fibre.
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of these ''steps'' is proposed, and in section 4.5 an explanation for the

orientation of these ''steps' normal to the transverse ply is given.

There was no basic morphological difference between the fracture
surfaces found in Mode I and II failures. However there appeared to be more
crystalline material in the Mode II fracture surfaces. Since very few
spirally cracked glass fibres were seen in the fracture surfaces of all the
coupons, it would appear that this phenomenon is irrelevant to the stress
corrosion cracking of these laminates. Some core sheath structures, as
illustrated in Figure 3.30, have been observed but these are quite rare and

are believed to develop after stress corrosion failure has occurred.

-110-



21KV

Figure 3.29 Low magnification SEM micrograph of a Mode I crossply stress
corrosion failure. The fine white lines in the longitudinal
ply are steps in the fracture surface, and are orientated

normal to the transverse ply.

Figure 3.30 Mode II fracture surface showing steps.
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4.1  INTRODUCTION

The discussion has been divided into six sections and a brief outline

of the contents of each is presented below.

th
te?

of the crossply laminates used in this study were found to be larger than

The thermal strains in the longitudinal direction of the 90° ply, €

those previously reported. In section 4.2 it is shown that the laminates

were fundamentally similar, but a greater degree of cure gave rise to a

th
te”

also shown that the thermal strains determined from the radius of curvature

higher matrix softening temperature which resulted in an increased e It is

of unconstrained 0°/90° asymmetrical beams overestimate the magnitude of s:?
in 0°/90°/0° crossply laminates, because stress relaxation has not been taken

into account.

In section 4.3 the stress corrosion of E-glass fibres is considered. The
previously reported core sheath structure was observed for unstressed glass
fibres immersed in aqueous acid. Microprobe X-ray analysis confirmed the
calciumn and aluminium depletion of the sheath compared to the core of the
fibre. The stress corrosion times-to-failure of single E-glass fibres are

compared with those previously reported for E-glass strands.
In section 4.4 the transverse cracking behaviour of 00/900/0O crossply

laminates is considered. The Garrett and Bailey modified shear lag theory

has been used to obtain the transverse ply failure strain from measurements
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of the crack spacing as a function of the applied stress. In aqueous sulphuric
acid the transverse ply failure strain has been shown to be reduced, suggesting
that the envirommental edge cracks are fundamentally the same as transverse
cracks which form on loading, and that stress corrosion of the fibre matrix

interface is occurring.

In the following sections the stress cofrosion failures of this epoxy-
glass composite system are discussed. In section 4.5, it is shown that Mode I
failure is ekplainable in terms of the fommation of envirommental microcracks
in the longitudinal ply, which form by the stress corrosion of the fibre
matrix interface. In section 4.6, the mechanism of Mode II failure is
discussed. It is concluded that at low initial applied strains, envirommental
debonding does not lead to microcracking. However, transport of the aqueous
acid élong the interfacial region to the unimmersed part of the laminate
occurs, and the concentration of the glass degradation products, by the

evaporation of moisture, leads to the nucleation of the failure crack.

In section 4.7, a mechanism for the formation of the ''steps' observed

in the stress corrosion fracture surfaces is proposed.
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4.2 THE MEASURED AND PREDICTED THERMAL STRAINS

The thermal strain in a 0°/90°/0° crossply laminate may be calculated
as follows. The longitudinal and transverse linear expansion coefficients
of a 0° unidirectional lamina, < and = respectively are calculated from
equations 1.5 and 1.6. The theoretical thermal strain may then be calculated

from these values by equations 4.1 and 4.2 (69).
E b

th %
€ = e (== « ) AT ... (4.1)
te Eb+E, y “t 2 A

E,d ;
el - 'E—F%TEE =y~ =,) AT .. (4.2)
Where: -
EEB = Thermal strain in the 90° ply, longitudinal direction.
522 = Thermal strain in the 0° ply, transverse direction.
Ez’ Et = Moduli of 0° unidirectional_laminate in the longitudinal
and transverse directions respectively.
s Tp T Linear expansion coefficients of a 0° unidirectional
laminate in the longitudinal and transverse directions.
b = Outer ply thickness of 0°/90°/0° crossply laminate.
d = Imner ply semi-thickness of 0°/90°/0° crossply laminate.
AT = The difference between the matrix softening temperature

and that at which the thermal strain is to be calculated.
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The softening temperature of the laminate matrix was determined By the method
described in section 3.2.4. It represents the true temperature at which thermal
strains begin to develop, and was found to be 140°C, thus AT was known to be
approximately 120°C. The modulus in the longitudinal direction, Ez was
calculated from the rule of mixtures, equation 4.3 The transverse
modulus, Et was taken as one third of the longitudinal modulus (69). The other
values used in the calculation of the longitudinal and transverse expansion

coefficients are shown in Tablé 4.1.

E, = VeBe + (1-Vp) B . (4.3)

g; obtained was 0.28% and

agrees with that determined from measurements of an unconstrained 0°/90° beam,

The calculated value (for d=b, Vf = 0.55) of ¢

as shown in section 3.3. Recently further research has shown that good
agreement can be obtained over the whole of the cooling range for this
composite system (82).' Since such a good agreement between experiment and
theory was achieved, an estimation of AT for Parvizi's laminates can be made.
It is believed that Parvizi calculated the thermal strains from the curvature
of a constrained beam. Thus 0.1% strain in a constrained beam would be equal
to about 0.13% strain in an unconstrained beam. Using the values in Table 4.1,
AT is estimated to be 90°C, thus the softening temperature was 100-110°C.

The lower matrix softening temperature of her laminates is a result of a lower
concentration of the curing catalyst BIMA (0.5phr). A softening temperature
of 98°C is quoted in the 1iterature for formulations with 90phr NMA and 1.Ophr
BDMA postcured at 150°C (81). This lower matrix softening temperature is

further supported by her observation of the rebonding of the glass fibres in
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previously stress whitened coupons after amnealing at 100°C (69,83).

It is apparent that whilst a first approximation of the value EE?

be obtained using equations 4.1 and 4.2, the effects of stress relaxation,

as shown by the difference in the value of SES for a constrained and

may

unconstrained beam in Table 3.8, need to be taken into consideration otherwise

the thermal strain in the 00/900/09 composite is over estimated.

Similar theoretical thermal strain calculations for a polyester-glass
laminate were also found to give unsatisfactory predictions, although more
accurate values of AT were known. Subsequehtly it has been shown that small
quantities of watef greatly enhanced the expansion coefficient of the
polyester resin. Thus the use of the dry matrix expansion coefficient to
predict the thermal strains present in normally '"wet'' laminates leads to a
considerable under prediction of these strains (82). This enhancement of the

expansion coefficient of the matrix is not observed for this epoxy resin

system.
Epoxy Resin E-Glass
' (Matrix) (Fibre)
Young's Modulus GN m~ > 3.5 76.0
Poisson's Ratio 0.38 0.2
Expansion Coef. 1070 ¢t 60.0 4.9

Table 4.1 Matrix and glass properties taken from reference 66.
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4,3 STRESS CORROSION OF E-GLASS FIBRES

During the acidic corrosion of E-glass fibres previous workers have

reported:

(1) The spiral or multiple cracking of an outer sheath (21,44).

(2) The leaching of metallic ions from the fibres by the aqueous acids.
Microprobe examination has shown that both calcium and aluminium are
preferentially leached out of the surface to form an outer sheath

to the fibre leaving an unaffected central core (21).

Both these phenomena have been observed for unstressed E-glass fibres
immersed in aqueous sulphuric acid, prior to using microprobe analysis for
the examination of the stress corroded fracture surfaces. Figure 4.1 shows
the spiral cracking phenomenon which is found in the majority of the fibres
after a tow has been immersed in aqueous sulphuric acid. Figure 4.3 gives
a comparison between the microprobe analyses of uncorroded and corroded
fibres. The reduced height of both the aluminium and Calcium peaks for the
.corroded fibre is evident. The sulphur peak found for the corroded fibre
is a result of reaction with sulphuric acid and probably indicates the
presence of calcium sulphate. Thus the reduction of the calcium and
aluminium peaks in the X-ray spectra can be used to estimate the degree of

acidic corrosion of the glass.

There is little published work on the stress corrosion of E-glass in

0.5 M sulphuric acid. Metcalfe et a1 (12,44) studied standard and modified
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Figure 4.1 E-glass fibres showing spiral cracking” after immersion in

0.5 Maqueous sulphuric acid

Figure 4.2 Stress corroded fracture surface of an E-glass fibre showing

core sheath structure.
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E-glasses in solutions of various pH, but comparison of the results given

in Figure 3.16 with their results is difficult because they used a simulated
static fatigue technique, which represents high initial strains and gives
failure times of S50 seconds in hydrochloric acid of pH=2. Roberts (7)
presented the results for the stress corrosion of E-glass tows but he did

not report the applied strain (or stress) at which the experiments were
carried out. Scrimshaw (24) aléo presented stress corrosion data for E-glass
strands, mostly in 2 M sulphuric acid, and a comparison between his data and
the times-to-failure of the E-glass filaments is shown in Figure 4.4. it is
noticeable that the slope of his data is less than that of the Silenka fibres,
although at low applied strains the failure times are similar. His findings
that the failure times in 2 M and 0.5 M sulphuric acid are similar excludes
acid strength as the‘explanatioh. One possibility is a different glass
composition, since he tested fibres manufactured by Pilkington Bros. More
recenf experiments however have demonstrated that both Silenka and Pilkington
single glass fibres have statistically identical failure times (85). It seems
more likely that there is either a bundle effect or a larger error in the

applied strains reported by Scrimshaw.

Examination of the stress corroded fibre surfaces by SEM, showed a smooth
featureless fracture, as shown in Figure 4.2, and similar to those found in
GRP stress corrosion surfaces. Since GRP stress corroded fracture surfaces
show very few and often no spiral cracks or core-sheath structures, in
comparison.with unstressed tows of E-glass, it is concluded that this
phemomenon is not important in the stress corrosion failure of glass under

external applied loads. The core-sheath structure shown in Figure 4.2 is
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Figure 4.4 Comparison of the stress corrosion failure times of single

E-glass fibres (this study) with E-glass strands, reference 24.

Figure 4.5 SEM micrograph of stress corroded glass in a Mode 1 fracture

surface showing surface deposites.
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believed to occur by corrosion of the glass after stress corrosion fracture.
However the implication of spiral cracking is that the filaments have tensile
stresses in the outer sheath, and compressive stresses in the core. These
are neutralised under an applied load, and a stress corrosion crack can then

run through the complete fibre.

SEM examination of GRP fracture surfaces has revealed glass covered

in small particles,as shown in Figure 4.5. The exact nature of these has

" not yet been determined since they are too small for microprobe analysis,

and practical difficulties have precluded their identification by scamning |
Auger spectroscopy. At present, it can only be speculated that these are
some form of corrosion product, since they are not present on the virgin
fibres. Similar surface marks for fibres immersed in both boiling water and
alkali solutions have been reported by Barker and Bott (45). Thus the stress
corrosion cracking of glass fibres appears to involve a stress enhanced

chemical process which needs further study.
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4.4 THE ENVIRONMENTAL TRANSVERSE CRACKING OF 00/900/0O

CROSSPLY LAMINATES

4.4.1 Introduction

It was shown in section 3.2 that 00/900/0o crossply coupons were prone
to environmental edge-cracking in the presence of an aqueous acid. Furthermore
in section 4.5 it will be ghown that these edge-cracks behave similarly to
transverse cracks and transfer the load to the longitudinal plies, resulting
in equivalent Mode I failure times of 0° unidirectional and O°/90°/Oo crossply
coupons. In addition optical micrographs of transverse and envirommental
edge-cracks appear identical.(section 3.5). Therefore it follows that the
edge-cracks may result from a reduction in the transverse failure strain, €u-

in the presence of the enviromment.

The conventional method of measuring the failure strain of the transverse

Ply €45 is to add the first transverse cracking strain e to the value

tou’?

of the themmal strain szg. However it was considered that the use of €tou

as a measure of €ru would not be precise enough because the first transverse
crack probably results from a gross edge or laminate defect, and will not be
representative of the transverse ply as a whole. A similar view has been
expressed by Garrett and Bailey (80), and Parvizi (69) whé observed, that

transverse cracks were always initiated in the cut edge of specimens polished

on one edge only.
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Furthermore a decrease in ¢ may not be the result of an overall

tiu

decrease in € but the initiation of cracks along the edge of the coupon

tu.,
at positions dependent upon the ease of entry of the aqueous acid. Thus the
cracking behaviour in the environment had to be shown to be fundamentally

similar to that in air.

It was considered that a visual comparison of the graphs of crack
spacing, th against applied stress 0,5 as shown in Figures 3.19-3.22, was
insufficient proof that the cracking behaviour was similar (except for the
case of deionized water where no effect was observed as shown in Figure 3.20).

Therefore it was decided to estimate e__from the crack spacing data using

tu
the modified shear lag theory of Garrett and Bailey (80). It is not proposed
to describe the theory completely since a full description is given elsewhere
(86). However a broad outline is presented to enable its use and limitations

to be appreciated.

4.4.2 The Garrett and Bailey Modified Shear Lag Theory

Basically the theory states that an additional stress Aoy is placed
upon the adjacent longitudinal plies when a transverse crack forms. If the
plies are assumed to be elastically bonded, then the magnitude of the stress
transferred back into the transverse ply, Ac is a function of distance y from

the crack and is given by equation 4.4.

-125-



Ao = Aog €xp (-42y) v (4.0)

Where: -
(B. G) (d+D) ves(4.5)

(B, Ep) (& D)

E_ = Young's modulus of a 0°/90°/0° crossply laminate. .

c

E = Young's modulus of unidirectional plies parallel to the
fibres.

E. = Young's modulus of unidirectional plies perpendicular to
the fibres.

G, = Transverse ply shear modulus.

b = Outer ply thickness, (see Figure 2.14).
- d = Inner ply semi-thickness, (see Figure 2.14).

Garrett and Bailey derived equation 4.6 to predict Aco when moving

from a crack spacing of 2t to t.
d 3 i -1
Aog = 04y B {(1 + exp (92 2t) - 2 exp (-¢2% t)} eeo(4.6)

Where: -

The transverse ply failure stress.

ct
n

Crack spacing.
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Acg is related to the applied stress o, according to equation 4.7.

-0 rd_E

Equation 4.6 predicts discrete jumps in the crack spacings. If the

first crack occurs midway in a speéimen of length S, then the cracking

sequence will be given by equation 4.8.

¢ =S , e (4.8)

Where: -

r = 1’2,3.'..

Figure 4.6 is taken from reference 80 and shows the predicted crack
spacings obtained from equation 4.6. At any applied stress and from any
initial position of the first crack, the crack spacing will.lie bétween the
bounds 2t and t. However, experimentally the average crack spacing, given
by equation 3.1 does not follow the predicted stepped curve, but lies on
a smoother curve, and it has been shown theoretically that providing
the stress transfer length is small compared to the specimen length, then

the average Crack spacing is related to lower bound t in Figure 4.6 by

equation 4.9 (87).
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Figure 4.6 Theoretical crack spacing as a function of applied stress as

predicted by equation 4.6. taken from reference 80.
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ta = 1|337 t oo¢(4.9)

Where:-

Theoretical average crack spacing.

ot
]

ct
1

Crack spacing, lower bound in Figure 4.6.

4.4,3 The use of the Garrett and Bailey equation for predicting

&t “from crack spacing data

Two separate methods have been used to estimate the transverse ply
failure strain e, from measurements of average crack spacing (t ) at

different applied stresses: o, Note these predicted values do not contain

th

the thermal strain (et 2).

METHOD 1
€tu is obtained directly from equation 4.6 providing ¢, t and Aoy
are known. ¢ can be calculated from equation 4.5 where the only
unmeasured parameter, Gt was taken as 5 £+ 0.5 QN m—z. Garrett and Bailey,
calculated this value for polyester glass laminates from the Tsai-Halpin
equation (88). A value of 5.12 & m"2 was computed from the same equation
by Parvizi (69) for epoxy/glass laminates similar to those used here.
Assuming that t, = t, then t values can be computed from equation 49

For each cracking pattern the additional stress on the longitudinal ply Acg

can be obtained from o, by equation 4.7.
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The transverse failure strains predicted by this method will be

referred to as Etu(l)'

Figure 4.7 shows a graph of €tu(l) against t, for the data used
previously in Figure 3.19 curve (a). A steady rise in tu(1) is
predicted until the crack spacing has decreased to approximately 5 mm.,
this is then followed by a rapid fall of tu(l) with further decrease in
the crack spacing. The implications of this behaviour will be discussed

in section 4.4.4.

METHOD 2
Estimations of both ¢ fu and ¢ may be obtained from equation 4.6,

by rearranging it as follows:-

Let E

_b+d _ ™
X_T EC 7 : oco(4010)
w:——x_—_— 0-.(4.11)

€+u Et d/b

Using equation 4.7 to replace oo, equation 4.6 may be rewritten;

1 1
o ‘p = (1 + e-¢22t - ze-¢2t )-1 i -o-(4.12)
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Figure 4.7 The transverse ply failure strain €tu(l) as a function of
crack spacing (t) for the data shown previously in Figure 3.19

curve ¢,

-131-



1
Let Z = e-q’zt, equation 4.12 may then be rewritten,

1 2 | 2
— =l+z -Zz-':(l-Z) 015(4013)
caw
Equation 4.13 may be solved either quadatically or as given below.

= 1-2 .e.(4.14)

Resubstituting for Z, taking logs, and solving for t gives,

t = ;_} In (1 - 1/(o9)?) | vee(4.15)

t is related to t, as before, by equation 4.9, thus by plotting t against
1 1

In (1-1/ (0,9)%), straight lines of slope - 1/¢* should be obtained.

A direct solution of equation 4.15 is not possible since v in equation

4.11 contains ¢ However, a solution was obtained by determining the

tu’
correlation of t against 1n (1 - 1/ (oaw)%) for incremental steps in‘ €ty
The value of €4u which produced the highest correlation was taken to be
the failure strain of the transverse ply, and designated tu(2)* The
value of ¢ obtained from the slope will be distinguished thus ‘1’(2) . The
regression of t against In (1 - 1/(v,¥)?) was calculated by the method of
least squares, using a stepwise incremental increase in the value of €tu
of 0.0001. The procedure was carried out on the Universify Prime 750

computer. The results of this analysis,for the same data-as in Figure 3.19

curve € are shown in Table 4.2.
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To eliminate the effect of the larger crack spacing, the results for
each column were calculated as follows. The first column used all the crack
spacing data, for the second column the largest crack spacing value was
- eliminated prior to calculation of the In(1l - 1/(caw)%) values, for the
third column, the top two values were eliminated, and so on for each of the

1

columns in Table 4.2.

4.4.4 Discussion of predicted values of ¢

tu

Both methods predict an increase in the transverse failure strain e tu
with decreasing crack spacing until t = 5 mm, which can be explained in |
terms of random cracking at defects. The initial transverse cracks will
remove the severest defects so that the average value of ¢ u rises. If

this behaviour continued throughout the cracking process ¢ u would continue
to rise, following the dashed curve shown in Figure 4.7 and become assymptotic
at a value of ¢ o which represented the failure stress of a defect free

transverse ply.

Examination of equation 4.4 which is shown graphically in Figure 4.8,
illustrates the rapid transference of the stresé back into the transverse ply.
For laminates where d = b, 95% of Aoy has been transferred back within 2 mm,
and for laminates where d = 2b a similar proportion is transferred back
within 3.5 mm. If we consider the build up of the stress in the transverse
ply between two cracks, then at spacings of greater than twice these values;
a "plateau" will exist, as illustrated in Figure 4.9 where the variation in
Aog will be extremely small. It is readily envisaged that the position of

the next crack will depend primarily upon the location of any defects in
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Figure 4.9 The build up of stress in the transverse ply Between two

transverse cracks.
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this stress plateau and not that of the maximm stress, which according to
equation 4.6 occurs equidistant between the two cracks. As the crack
spacing is reduced, the length of this plateau is also reduced, and the
new cracks will deviate proportionally less from the mid position. Finally
when the crack spacing is such that the size of the plateau is small
compared to the crack spacing i.e.the distance between cracks = 5 mm, the

modified shear lag theory would then be expected to operate.

The crack spacing at which the linear decline in €tu(l)? shown in
Figure 4.7 begins, occurs at approximately twice the 95% Aoy transfer
length obtained from equation 4.4 for each of the coupons, and is shown

in Figure 4.10 and tabulated in Table 4.3.

Comparison of the values of ¢ 2) obtained by method 2 with those
calculated from equation 4.5 are given also in ’fable 4,3, The similarity
between the calculated and measured values occurs over only a relatively
small range of crack spacings and indicates that the theory is applicable

over only such a range.
The most puzzling phenomenon is the reduction of €tu(l) values at
small crack spacings. There are three possible explanations that could

account for this:-

(1) Damage Zones

When the transverse ply fails, areas of damage could be formed either

side of the crack. With decreasing crack spacing, an increasing number of
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Figure 4.10 The effect of semi ply thickness (d) on the value of € tu (1) as
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Coupon  Type t at which | y at Ao/Aoy =v95% 1/¢%
linear decline
in €tu(l) begins | N lmeasured calculated
X (2) d=b 4 mm 4.5 mm 0.0008 0.0008
Y (7) d=b 4 mm 4.5 mm 0.0008 0.0008
R (3) d=b 4 mm ’ 4.5 mm 0.0006 0.0008
R (12) | d=b 4 mm 4.5 mm 0.0007 0.0008
U (10) | d=2b 6 mm 5.9 mm 0.0016 0.0015
U (11 ‘d=_2d | 6 mm‘ - 5.9 mm | 0.0019 | 0.0015

Table 4.3 Comparison of the crack spacing t at which the linear decline
in the value of €tu(1) begins with the distance at which 95%
of the stress Aog has been transferred back into the transverse
ply, as predicted by equation 4.4. Also a comparison of the
predicted values of ¢(2)' obtained using method 2 with those

calculated from equation 4.5 is given.
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transverse cracks grow in these predamaged regions leading to a decrease

in the average value of ¢ u’ The exacf nature of these zones is not known
but they could be a product of the ;eversible whitening phenomenon which

has been identified with the reversible debonding, observed for these
laminates. Figure 3.1 shows dark areas either side of the transverse cracks,
which had previously appeared white, where partial rebonding of the glass
and resinif had f?taken place due to the stress relief. Upon further debonding
prior to tr;n;verse cracking, a cyclic process may lead to a reduction in
the failure strain of these areas by a fatigue mechanism. Parvizi (69)

observed that the coalescence of debonds into a microcrack often initiated

the growth of microcracks in the surrounding area.

(2) Delamination

Parvizi (69) found that for laminates with an immer ply thickness
of 4 mm, .there was a sudden decrease in crack spacing above an applied
stress of 130 MN m-z, which could not be accounted for by the modified
shear lag theory. She interpreted this in terms of delamination of the
plys at these crack spacings. Aco is then transferred back by sliding
friction over the delaminated region, and then elastically over the bonded
region. The equation which Parvizi derived to confirm this mechanism

(N.B. The equation in reference (69) is given incorrectly) is given below.

Ao = I%L +% (Aog - Ig.'_) - e;q);q’iy RS ...(4.16)

Where: -
v = Limiting shear strength of the delaminated plies.

y'= Delaminated length.
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Clearly whether stress transference occurs faster in the bonded or the
delaminated case depends upon both the values of t and y'. However Garrett
and Bailey (80) found no evidence for delamination and considered that if it
did occur then the stress transference at such areas would be less than in

the elastically bonded case, predicting greater crack spacings than observed.

(3) Incorrect form of the stress transfer function

The rate of stress transfer may be lower than that given by the
exponential function and therefore unable to predict the correct crack
spacing (80). This is similar to (2) above except Aoy would be transferred

completely elastically.

The cause of the rise in ©tu(l) at small crack spacings, as shown by
curve number 2 in Figure 4.10 is at present uncertain. It is apparent that
further work on the cracking behaviour is needed, especially to discern the
effects of the reversible debonding phenomena. However, for the purposes
of this work, in which we are primarily concerned with identifying a
reduction in e__ in the presence of an acidic enviromment, the theory can be

tu

used to estimate comparative values of e __at crack spacings of 4-5 mm. for

tu
the d = b laminates and 6 mm. for the d = 2b laminates. In Table 4.4 the
predicted values of (1) are compared with the experimental first transverse
cracking strains. The similarity in the decline of €eu(l) with decreasing
crack spacing for each of the curves in Figure 4.10 shows that fundamentally
the cracking behaviour was similar for each of the laminates. The different

values of Etu(l) for each of the laminates indicates that the transverse

cracking strain for each was different. This is suppofted by the similarity
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in the values of €tu(l) for coupons taken from the same laminate,i.e. coupdn 3
with 4, and 5 with 6 in Figure 4.10. A difference is to be expected for
laminates with dissimilar transverse ply thicknesses, for example that found
between laminates 1 - 4 with 5 and 6. However the differences between the
transverse cracking strains of individual laminates of nominal transverse ply
thickness 0.5 mm. were greater than expected. At first it was considered
that these were due to the relaxation of'thermal stresses during storage.
However examination of the laminate preparation dates, showed that the one
with the lowest €tu(l) was made a considerable time after the others. A
possible explanation is that each of the laminates possesses a differing level
of thermal strain eth

te”
varied, because this would lead to a variation in AT in equations 4.1 and 4.2.

This could arise if the softening point of the resin

Loss of amine during the degassing of the resin, could cause differing states
of cure. It has already been shown in section 4.2, that the increased amine
concentration used in these laminates compared to those of Parvizi was

responsible for a higher level of szh However, to explain this difference

't
for laminates 1 and 4 solely in terms of a different matrix softening
temperature, requires a change in this temperature of approximately 25°C.
Since no detailed investigation into the variation of the matrix softening
temperature between laminates was carried out, it is difficult to comment upon
the validity of this value. But it is felt that this value is excessively
high, and that differences in .the transverse ply thickness of the laminates

is partially responsible.
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| 4.4.5 Experiments in aqueous environments

i
—

1. Deionized water

Since the growth of edge-cracks had not been observed in half immersed
coupons at constant load in deionized wéter, its effect on the value of €u
was expected to be minimal. This was confirmed firstly, by a comparison
of crack spacing data in Figure 3.20, where the close coincidence of the
curves could only arise if the cracking behaviour was similar, and secondly,
by analysing this data using method 1 described in section 4.4.3, to give the

values of €tu(l) shown in Figure 4.11.

2. Aqueous sulphuric acid

The transverse cracking patterns for the immersed halves of coupon in
0.5 M. acid have been analysed by the methods described in section 4.4.3.
There is a similarity between the decline in Stu(l) with decreasing crack
spacing, for couponé tested in the aqueous acid and in air, as shown in
Figure 4.12. There is also good agreement between the values of ¢>(2)
recorded in the different environments as shown in Table 4.5. Thus the
cracking behaviour in the aqueous acid is fundamentally the same as in air,
and the value of ¢ tu in the presence of the enviromment can therefore be
estimated by method 1. The transverse failure strain is therefore equated
with the maximum value of Stu(l) and is given for the J’imners/ed and unimmersed
halves of the coupons in Table 4.5. The reduced value of e tu(1) for thel

unimmersed part of the laminates implies that the transport of the enviromment

to this part of the coupon occurs fairly rapidly.

Since the majority of stress corrosion experiments take longer than the
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Coupon  Type | ety | €tuq)

X (2) | ab | 0.28 | 0.37
Y (7) | d&=b | 0.26 | 0.34
R (3) | db | 0.28 | 0.29
R (12)| d=b | 0.25 | 0.29
U 10)| d=2b | -0.25 | 0.27
| U.a1)| é=zb| 0.24 | 0.26

Table 4.4 Comparison of the measured first transverse cracking strain

with €tu(1) values predicted using method 1.

1
Laminate  Type | Enviromment ey, | ey(qy| measured 1/¢*
Y (7) d=b Air 0.26 | 0.34 0.0008
Y (11) d=b | "Acid Vapour'|0.25 | 0.26 0.0012
Y (11) d=b Acid 0.20 | 0.23 0.0006
U (10) d=2b Air 0.25 | 0.27 0.0016
U (9) d=2b | "Acid Vapour"|0.16 | 0.18 0.0014
U (9) d=2b Acid 0.14 | 0.12 0.0014

Table 4.5 Comparison of the predicted values of Stu(l) with the
measured values of €44y TOT coupons tested in air and
aqueous acid. Note '"acid vapour' refers to the wnimmersed

1
half of the coupon. 1/¢2(2) values are also shown.
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dynamic test, the reduction in €tu(l) could be greater than indicated in
Table 4.5. Envirommental edge-cracks have been observed at applied strains

of 0.05%, thus it is concluded that the transverse cracking strain can be

th

reduced to a level approximating to that of the thermal strain i.e. o

Bailey and Parvizi (83) investigated the transverse cracking mechanism
of similar epoxy glass laminates, using a specimen configuration for
constrained cracking. They found that debonding began at an applied strain

of 0.1%, but it was not visible as stress whitening until 0.3%. The total

th
te

= 0.22% (d=b) then visual stress

strain in the transverse ply was thenv0.38% (e,, = 0.08%). Since the

th
te

whitening should be observable at around 0.15%. Figure 3.2 confirms that a

laminates used in this study possessed a ¢

change in slope does occuf at approximately 0.15% strain and visually the
crossply coupons are seen to whiten. Since they observed debonding when the
total transverse ply strain was 0.18%, this would imply that some debonding
occurs in the transverse ply of the laminates used in this study under the
action of SEE (0.22%) alone. Thus entry of acid into the laminate may occur
through capillary action along debonded fibres in the transverse ply. They
also observed that individually debonded fibres coalesced to produce micro-
cracks, which grew into transverse cracks under the action of increasing
applied strain (83). Therefore it appears that the effect of the acid in
lowering the transverse ply failure strain !¢ twofold. Firstly,it is
responsible for debonding of the glass, and secondly, it promotes the formation
of microcracks and transverse cracks. Both of these effects would allow the

acid easy entry into the laminates and are further discussed in section 4.5.
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It has been found that the - ;“ transverse cfacking behaviour of
polyester glass coupons in the presence of aqueous acid is no different than
in air so that e, ~1s not reduced in the short term (89). This explains the
differences between the enviromnmental edge-cracking observed for polyester

and epoxy crossply coupons in acidic environments.

To further show the effect of acid on non-externally stressed coupons,
the cracking behaviour, after 24 and 48 hours immersion,in aqueous acid of
washed and dried coupons was examined. The crack spacing/applied stress
curves are shown in Figure 3.2Z, and ©tu(1) against crack spacing is shown
in Figure 4.13. What is not apparent from the crack spacing curves is that
whilst the cracking behaviour after 24 hours is fundamentally similar to
that in air, after 48 hours it is of the form expected if €ru possessed a
single value. It is not proposed to draw too many conclusions from this
experiment since on long immersion in acid it could be expected that values
of moduli used in calculating these results are no longer valid. What the
results do show however is that in the presence of aqueous sulphuric acid,
and under no externally applied stress, a rapid fall in e, is to be

tu
expected.
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4,5 MODE I STRESS CORROSION FAILURE

Mode I failures of 0° unidirectional coupons begin by the nucleation and
growth of individual stress corrosion cracks in the surface of the immersed
half of the coupon. Figure 4.14 shows the initiation and early stages of
propagation, where fracture of individual, and small groups of fibres may be
seen. Crack growth continues by the fracture of neighbouring fibres to produce
a planar‘fracture surface, and in the time-lapse series of photographs shown
in Figure 3.12, these stress corrosion cracks are cléarly visible. Total
failure results by the coalescence of the larger stress cofrosion cracks.

If these cracks are in different planes, as is often the case, then coalescence
takes piace by longitudinal splitting to produce the irregular fractures
in the coupons shown in Figure 4.15. Similar stress corrosion crack initiation

has been observed in polyester-glass composites (21).

The greater degree of irregularity to the fracture surfaces of these
o° coupons in comparison to those from hoop wound pipes, tested in diametrical
compression, can be exp}ained in terms of a stress constraint effect. The
growth of a stress corrosion crack occurs along the line of maximum stress
(within the environment) at the bottom of the pipe (26). A similar constraining
effect is found in 0°/90°/0° crossply laminates. Figure 4.15 compares a
0° unidirectional and a 0°/90°/0° crossply coupon, which have failed at
similar initial applied strains, the strain in the 90° ply of the crossply
coupon was recalculated to represent that in the longitudinal ply, adjacent
to a transverse crack using equation 4.17. The planar fracture of the

crossply coupon results from the additional stress, Ao, placed upon the
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Figure 4.14 Initiation of stress corrosion cracks in the surface of the

immersed half of a 0°/90°/0° crossply coupon.

Figure 4.15 Comparison of the stress corrosion ftacture of a 0° uni-

directional and a 0°/900/0° crossply coupon showing the

constraining effect of the transverse crack.e - 0.51.
a
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longitudinal plies adjacent to the transverse crack. Since Agg is transferred
back into the transverse ply within a short distance of this crack, stress
constraint will operate to restrain the stress corrosion crack to within a
relatively narrow zone of increased stress adjacent to the transverse crack,

in a similar manner to those restrained at the bottom of hoop wound pipes by
the line of maximum stress. If the initial applied strain is insufficient to
cause an immediate failure of the transverse ply, then as discussed in

section 4.4, with time the transverse ply failure strain is reduced by stress
corrosion in the aqueous acidic environment, and failure of the 90° ply occurs.
This results in a localized loading of the 0o ply, similarly to that of a

transverse crack.

Jones, Wheatley and Bailey (29) reported that polyester-glass 00/900/0o
crossply coupons tested in 4-point bend, showed reduced times-to-failure in
comparison with those tested under uniaxial tension. They attributed this to
the action of the transverse cracks, which notched the longitudinal plies,
thereby providing initiation sites for stress corrosion cracks. Hull and Hogg
(26) have also reported that transverse cracks formed on the loading of =+ 55°
filament wound polyester pipe, reduced the stress corrosion times-to-failure
by allowing the transport of the aqueous enviromment into the laminate, where
stress corrosion cracks were initiated. To determine if either‘of these
effects operated for these crossply laminates, it was necessary to recalculate
the initial applied strains to allow for the localized increase in strain

found in the longitudinal ply adjacent to a transverse crack. This was carried

out using equation 4.17.
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0° direction.

tc _ cc (d+b) i
62 —Ez—- T ..-(4.17):
Where: -
tc _ s s oas 0 ;00 /-0
e, = Strain in the longitudinal ply of a 0°/90 /O crossply
laminate, adjacent to a transverse crack.
€. = Initial applied strain in 00/900/00 composite. é
EC = Young's modulus of the composite in the 0° direction. ?
E, = Young's modulus of a unidirectional laminate in the f

The similarity between the Mode I times-to-failure for 0° unidirectional
and 0°/90°/0° crossply coupons after recalculation of the strain by equation
4.17, shown in Figure'4.16, illustrates that neither of the effects
described above, have affected the times-to-failure of the crossply laminates.
The absence of initiation of stress corrosion cracks, by the transverse cracks,
is understandable in terms of the different strain fields in coupons tested in
bend or in uniaxial tension. In the former, the transverse crack is being
driven into the longitudinal ply by the increasing strain field, whereas in
the latter no such driving force exists. Subsequently it has been found that
stress corrosion cracks in polyester-glass coupons tested under uniaxial
tension, were not initiated by transverse cracks (91). The similarity in
Mode I times-to-failure also suggest that the failure of the 0° plies of a
00/900/00 crossply laminate is independent of the thermal strain. However,
it will be shown below, that the rapid permeation of the aqueous acid into

these composites can firstly, explain the lack of influence of thermal
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Figure 4.16 Comparison of the stress corrosion failure times between
0° wnidirectional and 00/900/00 crossply coupons in open-cells.
The initial applied strain in the crossply coupons has been
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equation 4.17.
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strain on the Mode I times-to-failure of the 00/900/00 crossply laminates,
and secondly makes the transport of the aqueous acid into the laminate by

transverse cracks unimportant.

It was not until the failure times of individual E-glass fibres had been
measured, that the reason for the ineffectiveness of transverse cracks became
apparent. Figure 3.16 shows a comparison of 0° unidirectional coupons with
times-to-failure of single fibres. The similarity between the times-to-failure
at initial applied strains of > 0.15% suggests that the resin is not providing
any chemical protection, and that the glass is failing in a similar manner as
if it were an exposed single fibre. This indicates that the aqueous acid
rapidly penetrates the longitudinal plies and stress corrodes the majority of
the glass reinforcement. An alternative mechanism is that proposed by Hull and
Hogg (26,27) whereby, attack of the glass is limited to that ét the crack tip,
the rest being protected by the resin. However the lack of influence of the
transverse cracks on the stress corrosion is not consistent with this theory.
The failure time of a 0° unidirectional coupon will be dependent upon the
number of stress corrosion cracks in any one plane normal to the reinforcement.
The more cracks, the more rapidly the stress will be increased due to the
reduction in the cross sectional area, and shorter the time-to-failure. Thus
increasing the surface area of a 0° unidirectional coupon should lead to a
decrease in the failure time. A trans&erée crack may be thought of as doing
this, since it allows access to the formerly protected immer surfaces, hence
a reduction in failure time would be expected. Support for the transport of
the aqueous acid through the 0o° plies is given in Figure 3.9, where the results

from 00/900/00 coupons with clamp-on-cells, are compared with those from the
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experiments in the open cell. The similar failure times demonstrate that the
acid is rapidly transported through the 0o° plies. Thus the ineffectiveness

of the transverse cracks in reducing the Mode I failure times is due to the
rapid transport of the acid, and at strains greater than 0.15%, a further
decrease is not possible because failure is already occurring at similar times
to unprotected single E-glass fibres. (At initial applied strains of below
0.15% Mode II failure was found in the clamp-on-cell, that is, the failure

crack did not pass through the part of the laminate enclosed by the cell).

It has been shown in section 4.4 that the aqueous acid lowers the transverse
ply failure strain by stress corrosion of the glass resin interface, the
transport of acid within these laminates would be expected to occur by
capillary action along the glass matrix interface. Entry of acid into the
transverse ply is easily understandable sincé the cut edges will allow the
acid direct access to the fibre interface. In the case of the longitudinal
plies the acid firstly has to diffuse through the resin covering the surface
glass, although direct interfacial attack of any éxposed glass is another

possibility.

The amount of work reported on the diffusion of aqueous acids within both
composites and the matrix resins is severely limited, there has been more work
carried out on the diffusion of water, although there is no general agreement
as to the mechanisms involved. Menges and Gitschner (53) assumed Fickian
diffusion, and calculated the times that water took tolcompletely penetrate
into various types of composite. For an epoxy-glass laminate similar to those

used in this study, they estimated that complete penetration would be expected
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in about 15 days. Similarly, rapid permeation into polyester-glass composites
have been reported by Regester (61), and Marshall et al (58,62). However the
rate of penetration by aqueous acid is reported to be slower, although
Marshall et al consider that these lower diffusion coefficients are the result
of reaction of the aqueous acid with the glass reinforcement. The effect of
an applied tensile strain has been found to increase the diffusion-coefficieﬁts

of both water and aqueous acid.

The diffusion of aqueous acid parallel and normal to the direction of
reinforcement may occur by three differing mechanisms.

(1) Diffusion through the matrix resin.

(2) Diffusion by capillary action along the fibre matrix interface.

(3) Diffusion through microcracks by a capillary mechani sm.

Since, it has alreédy been shown that the glass-matrix bond is
susceptible to stress corrosion by aqueous acid, diffusion through the resin
alone would only be expected to occur in the absence of, or at low applied
tensile strains. Capillary diffusion is considered to occur approximately
500 times faster than diffusion through the matrix resin (35), therefore rapid
movement of the acid will occur in the direction of the reinforcement.
Diffusion normal to the reinforcement may occur by the aqueous acid crossing
fibres at positions where they are in contact, i.e. high volume fraction areas.
Furthermore since the transverse ply failure strain has been found to be
reduced in the aqueous acidic enviromment, the applied strain needed to produce
microcracks is also expected to be reduced. Since microcracking occurs normal

to the direction of reinforcement, this would allow rapid diffusion of the
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acid in this direction, followed by capillary action parallel to the fibre
direction. Support for the formation of microcracks under the influence of
the aqueous acidic enviromment has been found by employing microprobe X-ray
analysis to examine the fibres near to what appear to have been microcracks.
in the fracture surfaces. Figures 4.17 and 4.18 show that fibres near to the
microcracks have lost more aluminium and calcium than fibres in areas away
from microcracks, thereby indicating that they have been in contact with the

acid for a 1ohger period.

At strains of below 0.15% failure occurs in longer times than unprotected
E-glass fibres. It is not absolutely clear at present whether this is due
to either, a lower rate of stress corrosion of the glass resin interface, or
the cessation of microcrack growth. Since the Mode III behaviour of the
crossply laminates indicates that diffusion of the aqueous acid occurs
comparatively rapidly, parallel to the reinforcement in the longitudinal plies,
it appears that the absence of environmental-microcracking reduces the

diffusion rate.

Generally the chemical resistance of anhydride cured epoxy resins is
thought to be superior to an isophthalic polyester (78). To further check
that a chemical attack of the epoxy matrix was not primarily responsible for
its poor stress corrosion properties, (See Figure 3.11 for a comparison with
the polyester-glass coupons), the chemical resistance was improved by using a
near stoichiometric proportion of NMA (90phr) and postcuring for 24 hours at
200°C (76,77) . No improvement in the stress corrosion resistance was found as
shown in Figure 3.11 confirming that the mechanism was not dependent upon the

chemical resistance of this resin.
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It would be expected that the thermal strains present in the 0°/90°/0°
crossply 1éminates would influence the rate of stress corrosion, so that the
0° unidirectional coupons would have longer failure times. The reasoning
is that the generation of a thermal strain in the 90° ply of a laminate will
put the longitudinal ply into compression in the direction of the fibres.

For laminates with d=b the compressive strain is one third of the thermal
strain in the longitudinal direction of the transverse ply, i.e. approximately
0.07%. In an enviromment, resin swelling could lead to a reduction in the
thermal strain, however in Figure 3.18 it is shown that within the times for
failure by stress corrosion, relaxation is insignificant. Furthermore in
section 4.2 it was shown that the glass fibres become debonded from the matrix
under the action of an enviromment and an applied load. Therefore, since the
decoupled fibres no longer have a compressive component the fibres in the o°
longitudinal plies cannot be considered to be at a lower strain than the
initial applied strain. Thus the stress corrosion times-to-failure as a
function of the strain in the 0° longitudinal plies are expected to be the
same for 0° and 00/900/0O crossply laminates, as shown in Figure 4.16. In
section 4.6 it is shown that the Mode II failure requires sufficient applied
load to overcome the thermal compressive strains in the 0o° plies,otherwise

the crack cannot propagate through the longitudinal glass fibres, and the

coupon becomes damaged by the Mode III mechanism.
Thus Mode I failure at initial applied strains greater than 0.15% is

due to the rapid diffusion of the acidic enviromment into the laminate

resulting in stress corrosion of the glass fibres. The entry of the acid
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seems to occur via envirommental-microcracking and stress corrosion of the
glass resin interface. At strains of below 0.15%. significantly longer
times-to-failure than single glass fibres are found suggesting that

environmental-microcracking does not take place.
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Mode II failures of both 0°/90°/0° crossply and 0° unidirectional
coupons were observed in open-cells at applied strains of less than 0.15%.
This failure mode was shown to be a property of the laminate and not of the
glass, because E-glass tows in similar experiments, failed within the acid.
Mode II is also characterised by failures in shorter times than Mode I, but
micro-structural examination of fhe fracture surfaces showed no differences
(Section 3.5), except that there appeared to be more crystalline material
present in the Mode II fracture surface. Thus it appeared that the fracture
of the longitudinal plies in a Mode II failure occurred in a similar manner
to a Mode I failure, and that a mechanism operated which allowed the stress
corrosion of the glass fibres to occur faster above the aqueous acid than in
it. Since Mode II failure takes longer than the failure of single glass
filaments at similar strains, the resin provides some chemical protection to
the fibres. It was noted that the extent of the additional damage occurring
in the unimmersed portion of a crossply laminate at strains below 0.15%
seemed to be dependent upon the initial applied strain; the lower the strain,
the more the damage. Thus the fracture process became more like the Mode III

found in non-externally stressed crossply coupons.

Crystalline material was observed to form at the edge of 0° unidirectional
coupons tested in open-cells at initial strains of approximately 0.1%.

Similarly, Mode III damaged crossply coupons had crystalline material present

within the longitudinal splits and at their edges. Aluminium, sulphur and

calcium were identified by X-ray spectrometry using a JEOL 200 CX STEM, as
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the main elemental constituents of this crystalline material, see Figure 4.19.
Furthermore, the needle shaped crystals separated from this matérial have

been identified as aluminium sulphate (Figure 4.20).

The examination of the crystalline material found in the Mode II fracture
surfaces using a JEOL JXA 50A microprobe showed it to be rich in calcium
and sulphur aé shown in Figure 4.21. There is some doubt as to when the
material was formed, i.e. it may not have crystallized until after the
fracture of the coupon. However since the corrosion of E-glass by aqueous
acid occurs by leaching out the metallic elements, predominéntly calcium,
aluminium, potassium and sodium (50) and that calcium sulphate has only
limited solubility in aqueous media it can be reasonably assumed that
crystallization has occurred prior to fracture. On the other hand, aluminium
sulphate is considerably more soluble, thus the crystalline deposits at the
coupon edge can be explained by the transport of the.soluble corrosion products
from within the laminate to its edge, where evaporation of the water occurs.
Therefore it was postulated that Mode II and III failures were caused by the
precipitation of the less soluble glass degradation products within the
laminate. The hypothesis is supported by Scrimshaw's observation of calcium
sulphate in the ignited residue of stress corroded polyester-glass laminates
(24). He also explained the weight gains found for polyester-glass laminates
immersed in aqueous sulphuric acid as a result of the formation of in-situ
calcium sulphate. Similar coupons tested in hydrochloric acid showed a loss

in weight.
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Figure 4.19 X-ray analysis of crystalline material found at the edge of a
0° unidirectional coupon at an initial applied strain of 0.13

The material analysed is shown in the micrograph.
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Figure 4.20 X-=ray analysis of needle shaped crystals found in the
crystalline material analysed in figure 4.19 and shown in the

micrograph.
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To confirm that Mode III damage resulted from insoluble glass
degradation products, unloaded crossply coupons were immersed in nitric,
hydrochloric and phosphoric acids of similar concentration. Damage did
not develop in samples subjected to nitric acid, only one small transverse
crack in the 0° ply occurred in hydrochloric acid, whereas in phosphoric
acid damage developed in both the immersed and unimmersed halves of the
coupon. Comparison of the solubilities of the salts of calcium and
aluninium formed in each of these acids, shown in Table 4.6, confirms
that the formation of Mode III damage is directly related to the solubility

of the glass corrosion products. Furthermore, since the calcium salts

are the more insoluble, it appears that these are primarily responsible. The
development of Mode III damage in phosphoric acid took considerably longer
than in sulphuric acid, this is attributed to the lower acidity of the

phosphoric acid, as shown by its greater pKa value.

Further confirmation that Mode II failure was the result of
insoluble glass degradation products was obtained by using hydrochloric
acid of similar hydrogen ion concentration to the sulphuric acid. At
initial applied strains of = 0.1% failure occurred within the environment
by the Mode I mechanism, in a longer time than for Mode II failure in
aqueous sulphuric acid, but in a shorter time than Mode I in the closed
cells. The reduced time to Mode I failure shown by hydrochloric acid
compared to sulphuric acid suggests that the hydrogen ion activity may
be different. The interpretation of the differing effects of these acids
needs further study.
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Acid B0 IMHC IMMNO;  O.5M HpS0,  0.5M HzPOy

Pk, - -7 1.4 _3 2.1
tIII *® °° ® 3-7 >14
Salt Solubility* /mol kg L

CaCl, 5.36  5.36 - - -
Ca(0,), 6.2 - 6.2 - -

Ca SO, 4.7x10°% - - 4.4x1072 -

-4 _ -5

Ca,(P0,),, 6.3x10 - - 3.5x10
AL,(S0,) 0.91 - - - i}

* The solubilities in acidic environments are calculated from their

solubilities in water and the appropriate solubility product. (92,93)

Table 4.6 The time for onset of Mode III cracking (t days) of

'III/
0°/90°/0° epoxy-glass coupons half-immersed in aqueous acids,
and its relationship with the acidity (pKa) and solubility

of the calcium and aluminium salts.
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As discussed in section 4.5 it has already been shown that at low applied
strains (< 0.15%), diffusion parallel to the glass reinforcement occurs
much faster than at right angles to it. In crossply laminates the thermal
strain sg‘ has been shown to be sufficient for debonding to occur in the
environment and allow the acid to penetrate the transverse ply. Thus the
thermal strain E?; in the longitudinal plies will also lead to debonding
of the glass fibres in the presence of acidic environments with the
subsequent rapid capillary diffusion in the ‘direction of the reinforcement.
The aqueous acid at the glass matrix interface will also leach the metallic
ions from out of the glass fibre surface. Under capillary action the acid

is transported to the unimmersed portion of the coupon, where concentration

of the glass degradation products may result from the following processes.

(1) Absorption of water by the "'dry" resin.

(2) Continued leaching of the metallic elements, without the
opportunity to diffuse away into the bulk of the corrodent.

(3) Evaporation of moisture from the unimmersed portion of the

coupon.

The effects of absorption of water by the resin, and/or loss by
évaporation will be similar to a flame at the end of a wick, and thereby
provide the diiving force for more corrodent to be drawn into the immersed
half of the laminate and be transported to the unimmersed part. That
this is of major importance in concentrating the glass degradation pr;>duc_:ts
is shown by the suppression of Mode II failure in the closed-cells. The

moisture saturated atmosphere surrounding the coupon stops the evaporation
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of water and there is no driving force for the continual transport of the
glass corrosion products to the unimmersed half of the coupon. Similarly

in partially immersed non-externally stressed 00/900/00 crossply coupons ,
Mode III damage begins near the top of the glass container where the onset

of evaporation is most pronounced,as shown in Figure 4.22. This is confirmed
when the cell is completely filled,because Mode III damage appears immediately
above the surface of the environment as shown in Figure 3.8. This further
indicates that a high relative lmmidity suppresses the damage by not allowing

the concentration of the glass degradation products to occur.

The mechanism by which the environmental stress corfosion cracking is
enhanced by the precipitation of degradation products in producing a Mode II

failure is still not certain. There appears to be two possible mechanisms.

(1) Precipitation of the least soluble salt (calcium sulphate
if sulphuric acid is the acidic envirbnment) at the fibre
matrix interface causing resin cracking, and allowing the
acid access to previously protected fibres.

(2) Precipitation of the least soluble salt at the créck tip
which then provides sufficient tensile force, due to

crystallization pressure to open the crack.

That neither of these mechanisms is operative in the aqueous envirorment
is due to the solubility of calcium sulphate, which is sufficiently large
to remain soluble in the immersed laminate. However a more insoluble salt
such as calcium phosphate will precipitate within the environment causing

Mode III type damage.
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Figure 4. 22 The development of Mode 111 damage near to the top of the glass

container, as opposed to immediately above the environment.

9422KX 25KU WD=23MM S=00096 P=00024
SUM

Figure 4. Material (crystalline) found at the fibre matrix interface in
a Mode II failure fracture surface; shown arrowed in the

micrograph.
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The results of thé low strain experiments carried out in aqueous
sulphuric acid of increasing concentration are shown in Table 3.4. Above
1 M, Mode II failure was suppressed. There seems to be two possible
explanations. Firstly, the observed Mode I failure is actually a Mode II
failure which occurred within the aqueous acid because the common ion effect
makes calcium sulphate less soluble in more concentrated sulphuric acid.
Secondly, the increased acid concentration may lead to an increase in
the rate of Mode I stress corrosion. The latter seems unlikely in view of the
previous work (7,24,25) on the stress corrosion of E-glass bundles and
laminates in acids of differing concentration where it was found that the

most aggressive acid concentration is in the range of 0.5-2 M.

An example of the deposits found at the fibre matrix inferface is shown
in Figure 4.23. As yet no positive identification of this apparently
crystalline material has been possible. Although it could be resin or glass
splinters that have become lodged at the interface after fracture, the most

likely explanation is that they are the crystals described here.

Thus Mode II failure results when the following four criteria are

fulfilled.

(1) The resin provides sufficient chemical protection to produce
longer times-to-failure than those for the unprotected single
fibres.

(2) Moderately insoluble glass degradation products are formed.
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(3) The corrodent can be transported to the unimmersed portion

- of a laminate.

(4) The glass corrosion products can precipitate on evaporation

and/or dispersion of water.

Mode II failure has not been observed in polyester-glass coupons and
this seems directly linked to the inability of the aqueous acid to attack
the stressed fibre-matrix interface, as shown by the transversé ply failure
strain remaining unaltered in the presence of acids, rapid transport of the

environment to the unimmersed half of the coupon therefore cannot take place.
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4,7  GENERAL MORPHOLOGICAL DETAILS

Hogg and Hull (26) identified three main structural features within

stress corrosion fracture surfaces.

(1) Stress corrosion nucleation regions.
These were easily identified since the glass fibres were devoid
of fracture patterns and the fracture plane ran fhrough both the

glass and the resin.

(2) Stress corroded regions.
The glass shows the usual fracture pattern, there is also fibre

pull-out and debonding present.

(3) . Steps.

Areas where the fracture shows a planar discontinuity.

The examination, by SEM, of both the 0° wnidirectional and 0°/90°/0°
crossply fracture surfaces of this study showed the presence of all three
of these structures. Table 4.6 lists the Figure No. where examples of each

structure may be found in this thesis.
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Morphological Figure Page
Feature N . Number Number
Stress Corrosion 3.25 106
Nucleation Region
3.26 107
- 3.29 111
3.30 111
Stress Corroded 3.27 109
Region
- 3.28 109
Steps 3.29 111
3.30 111
4,28 180
4,29 180

Table 4.6 The location of SEM micrographs of morphological features

within the thesis.
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4,7.1 Step formation in the fracture surface

Hogg and Hull (27) observed thét delamination occurred whenever the
stress corrosion crack grew to a critical length, as illustrated in
Figure 4.24, Furthermore, they found that increasing the initial applied
strain, decreased the distance between delaminations. A similar mechanism
has been observed in some of the 0° wnidirectional stress corrosion failures.
Figure 4.25 shows one such coupon with two delamination cracks. Originally
it was thought that a delamination process similar to that described by
Hogg and Hull could explain the formation of the stepped fracture surfaces
reported here, but operating onk a reduced scale. However microscopical
examination of the steps showed that they were not consistent with this
theory, since if a step is formed by delamination, then there should be a
crack at the base of the step. Figure 4.2.6 illustrates the formation of
a step by delamination and the location of the crack at its base. In the
majority of the fracture surfaces these base cracks were not observed

showing that delamination was not responsible.

In section 4.5 evidence for the rapid entry of the environment
through microcracks, formed by a stress corrosion mechanism was presented.
It is therefore likely that the steps found in these fracture surfaces
are the remants of the microcracks. Stress corrosion within a microcrack
will occur fastest at areas of greatest stress concentration, which will
normally be where the crack is sharpest. This could produce two types of
fracture depending whether stress corrosion cracks grow from different

positions as illustrated in Figure 4.2'7. The stress corrosion cracks
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fibre direction

-(m)
Figure 4.24 Schematic representation of foimation of delamination crack

at tip of strain corrosion cracks (1) nucleatian of first

delamination (2) further growth of strain corrosion crack

(3) second delamination. Taken from reference 27.

WBBBM

3B

Ii il

) 80 90 I00 10 120 130
mm.

Figure 4.25 0° unidirectional coupon showing two delamination cracks.
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Figure 4.26 Diagramatic representation of the formation of a step by
delamination, showing the position of the crack at the base

of the step.

Figure 4.27 Formation of a step due to stress corrosion within a microcrack.
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indicated by the dotted lines are not expected to grow so rapidly since
they are in an area of reduced stress caused by stress relief from the
mutual interference by the crack above or below it. Further evidence

for this mechanism is given by the following observations.

(1) Microcracking in polyester (69) and epoxy laminates (94)
generated under tensile loading occurs predominantly in fibre
rich regions or at the borders between a resin rich-fibre rich regions.
Further examination of these steps showed them to occur mainly at the
interface between these resin rich-fibre rich areas as shown in Figure 4.28

Steps are not usually found in resin rich areas.

(2) In 0°/90°/0° crossply coupons the steps are orientated
predominantly normal to the transverse ply, as shown in Figure 4.29. This
is similar to the expected orientation of the environmental microcracks

which are allowing ingress of acid as described in section 4.5 and arises

th

¢t Present within the 0° plies.

because of the thermal strain ¢
The mechanism of step formation given above is consistent with and
presents confirmatory evidence for the major feature of the stress corrosion
of this epoxy-glass fibre laminate system. That is, the longitudinal ply is
subject to stress corroSion, probably via the interface, as shown by the ease
of debonding; with subsequent rapid transport of the environment by capillary
action along the interface ét low strains, and by environmental-microcracking
at higher strains. Consequently at high strains the laminate failure times

are the same as those for single glass filaments and Mode I fracture within
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the enviromment occurs. At low strains Mode II and III mechanisms operate
outside the enviromment. In conclusion, the interfacial properties of this
laminate system control the long term lifetime of the material, in corrosive

conditions.
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305X 25KU MO'44HH S 00000 P'00014

Figure 4.28 Micrograph showing a step at the border between a resin-rich

fibre-rich area.

Figure 4.29 Micrograph showing the predominantly normal orientation of

steps in the longitudinal plies to the transverse ply.
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CHAPTER 5 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
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5.1 - CONCLUSIONS

The following conclusions about the mechanism of stress corrosion

cracking of model glass fibre reinforced epoxy laminates, have been reached.

(1) The failure mode is dependent upon the magnitude of the initial
applied strain, the nature of the aqueous environment and the type of
envii‘omnental cell which controls the humidity of the atmosphere surrounding
the immersed half. Three failure modes were identified.

Mode I: Thisvoccurs within the aqueous ‘environment and was observed
for both 0° wnidirectional and 0°/90°/0° crossply coupons. At initial
applied strains of greater than 0.15% it occurred in all the environmental
cells, in similar failure times to those for unprotected E-glass fibres,
and is associated with the rapid diffusion of the environment into the
laminate. At strains of below 0.15%, Mode I is only observed if the more
rapid Mode II failure is either suppressed, by removing the opportunity
for concentrating the glass degradation products by the evaporation of
water, as is the case in the closed cells, or in acidic environments such
as hydrochloric acid, whose calcium salts are more soluble. At these low
strains,Mode I failure occurs in longer times than that of the unprotected

E-glass fibres.

Mode IL: This occurs in the non-immersed half of the coupon and was
found for both 0° wnidirectional and 0°/90°/0° crossply laminates. At
initial applied strains of less than 0.15% it occurs more rapidly than

Mode I failure and is associated with the concentration and precipitation
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of insoluble glass degradation products in the unimmersed half of the

laminate, primarily by the evaporation of water.

Mode III: This has only been found in non-externally stressed 00/900/00
crossply coupons and is related to Mode II failure, being similarly associated

with the precipitation of insoluble glass degradation products.

(2) The results of the dynamic envirommental transverse cracking
expériments showed that the fibre matrix interface was susceptible to stress
corrosion, leading to a partial debonding, and at applied strains greater
than 0.15%, the formation of envirommental-microcracks. It is the stress
corrosion of the fibre matrix interface, that is responsible for the rapid

stress corrosion cracking observed for these epoxy-glass laminates.
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5.2  SUGGESTIONS FOR FURTHER WORK

The results in this thesis have identified two main areas for further
study. |

(1) Stress corrosion of the fibre-matrix interface.

The fibre-matrix interface in these laminates has been shown to be
susceptible to stress corrosion, whereas the interface in polyester-glass
composites appears to be resistant. Furthermore envirommental microcracking
can occur which leads to rapid permeation of these laminates by the aqueous
acid. Further investigation of these phenomena are required to determine
the effects of stress and aqueous acid -on the glass-matrix interfacial |
chemistry, to better determine the matrix requirements necessary for
envirommental stress corrosion cracking resistance.

(2) Glass degradation products.

It has been shown that glass fibre degradation products may cause an
accelerated failure where fracture occurs in that part of the composite not
directly in contact with the enviromment. The mechaﬁism of stress corrosion
cracking of GRP by the crystallization of the glass degradation products is
an area where further study is needed. Possibly, a microscopical study of
model laminates, could determine how the glass degradation products affect
the stress corrosion cracking resistance. The nature of these chemical
degradation processes also tends to question the presently accepted mechanism
of stress corrosion of glass fibres, and further study may lead to chemical

ways of stabilizing the glass.
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