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Moisture diffusion under hydrostatic pressure in composites

Corentin Humeau *>*, Peter Davies ?, Frédéric Jacquemin "

@ IFREMER Centre Bretagne, Marine Structures Laboratory, 29280 Plouzané, France
b University of Nantes, Research Institute in Civil Engineering and Mechanics, 44600 Saint-Nazaire, France

Water diffusion under hydrostatic pressure is critical for many underwater applications. Nevertheless it has rarely been studied, and published data are
contradictory. The aim of this study is to understand what governs pressure effects by studying different materials (unreinforced resin, and three glass-fibre
reinforced epoxy com-posites). First, kinetics of water diffusion, for unreinforced resin and composite materials, are identified at differ-ent pressure levels (1, 50
and 500 bar). For the neat epoxy resin the water uptake remained unchanged when pressure was raised. The glass fibre reinforced epoxy composites produced
by hand lay-up have a saturation level that increases significantly with increasing pressure, while the diffusion coefficient is unaffected. The in-fused composites
show only a small effect of pressure slowing initial diffusion rate, while the prepreg composite show no effect. In a second part, the present study focuses on the
identification of the diffusion law using a nu-merical method. In the final section X-ray micro-tomography is used and reveals a high level of porosity in the hand
lay-up composite. Moreover, as glass fibres are hydrophobic and resin water uptake does not depend on hydrostatic pressure it is concluded that additional

water diffuses into voids under pressure.

1. Background

The maximum service depth of composite use is constantly increasing
in applications such as submarines, subsea oil industry structures or
oceanographic profilers. Moisture diffusion in immersed composites is
well known [1, 2] and its influence on mechanical properties has been
studied [3-8]. However, when we consider the moisture uptake coupled
with hydrostatic pressure a general trend cannot be established. While
models [9, 10] tend to predict lower moisture uptake at higher pressure,
experimental results can show increases [10], no effect [11], or reductions
[9, 11, 12]. The aim of this work is to perform representative tests in order
to understand this coupled phenomenon. Large differences in diffusion
behaviour have been noted for different types of polymers. Pollard and
al.in [13] established a linear relationship between pressure and moisture
content in saturated glass fibre reinforced polyester.

Other studies have focused on less common matrix resins: Whitaker
and al. studied in [14] the combined influence of pressure and temper-
ature on the diffusion parameters in a polyester containing styrene
monomer. In this case, pressure reduces the diffusion coefficient in the
specimens only for temperatures over 25 °C, and has no influence on
moisture saturation level.

Nevertheless, even for identical materials differences still exist,
mainly induced by processing differences. For example, Avena and
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Bunsell in [11] studied the effect of hydrostatic pressure on water diffu-
sion in two types of glass fibre-reinforced composite based on the same
epoxy resin reinforced either with un-sized fibres or with fibres treated
with an organosilane size. Specimens were in the form of rectangular
plates (150 x 25 mm), 0.73 mm thick and with a fibre volume fraction
of 60%. Tests were performed in distilled water at 23 °C under hydro-
static pressures of 1, 50, 100 and 200 bar.

Under these conditions the two materials reacted in a different way
to pressure: for un-sized fibres samples, the diffusion coefficient and
saturation level decreased with pressure rise whereas, for treated fibres,
both diffusion parameters remained unchanged with respect to pres-
sure variations. This clearly showed that the fibre/matrix interface can
play a role in moisture ingress under pressure.

Davies et al. in [10] tested a filament wound carbon fibre-reinforced
epoxy under a hydrostatic pressure of 100 bar at 60 °C for 3.5 years.
Specimens were square plates (50 x 50 mm) with a thickness of
3 mm. Their study showed a significant rise in saturation level with
pressure rise for specimens either dry or previously saturated without
pressure (Fig. 1).

These studies illustrate the difficulty in establishing a clear, unique
influence of the hydrostatic pressure on the water diffusion even for
one type of material. Considering this background, the following work
considers three aspects. First, the experimental procedure is described:
materials used, testing conditions, measurements, and first weight gain
results are presented. Then the second part is devoted to the identifica-
tion of the water diffusion laws and constants for each condition. Finally
parameters which influence the water diffusion under pressure are
discussed.
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Fig. 1. Pressure influence on water diffusion in dried carbon/epoxy specimens (red) and in
previously saturated specimens (blue) from [10].

Table 1
Materials tested.

Material Thickness, mm \%i Tg Porosity ratio
Epoxy resin 4.20 (£ 0.20) - 84 °C ~0%
Hand lay-up composite 2.20 (£ 0.10) 30% 80 °C From 4% to 8%
Infused 2.25(40.05) 58% 75°C 1%
Prepreg 2.20 (£0.02) 60% 110°C 0.5%

2. Experimental

2.1. Experimental details

This study is mainly focussed on an epoxy resin and an E-glass rein-
forced composite with the same resin. Specimens were square plates
(50 x 50 mm) with the thicknesses shown in Table 1. For both types
of specimen, the resin is the commercial epoxy SR1500 (mixture of
DGEBA and DGEBF) with amine hardener SD2505 (from Sicomin,
France) prepared by casting plates. Samples were post-cured for 6 h at
60 °C. Table 1 summarizes the initial material properties. The volume
fraction of fibres (Vf) was calculated from TGA (thermogravimetric
analysis) measurements in inert gas which provide the weight fraction

of resin. Glass transition temperatures (Tg) were established by a ther-
mal technique (DSC, differential scanning calorimetry). Concerning po-
rosity measurements, the method used is developed in section 4.

The first composite was reinforced with quasi-unidirectional glass fi-
bres using hand lay-up, with a fibre content of 30% by volume. Two
other composite materials with different epoxy resins were also tested
for comparison, 2.25 mm thick infused and 2.20 mm thick pre-
impregnated quasi-unidirectionally reinforced composites. The volume
fractions for these were respectively 58% and 60% and the same fibre re-
inforcement was used for both. Fig. 2 shows micrographs of polished
sections of the three composites.

Before immersion, all samples were dried at 60 °C for 15 days.

Pressure vessels (Fig. 3a and b) were manufactured to test speci-
mens under pressures up to 1000 bar, and placed in an oven to regulate
the temperature. These vessels were specially designed for rapid open-
ing (threaded lid, see Fig. 3b), to limit measurement time. For this study,
water diffusion was examined under atmospheric pressure (1 bar), low
pressure (50 bar) and high pressures (250 and 500 bar) in order to high-
light the effect of hydrostatic pressure. These tests on neat resin and
hand lay-up composites were performed in tap water at 60 °C to in-
crease kinetics and 5 specimens were tested in each condition. Samples
were placed in racks to separate them (Fig. 3b). Reference specimens
were placed in water in the same oven next to the pressure vessel.
Tests on infused and prepreg materials came from a specific study in
which specimens were immersed at 40 °C and 500 bars for 12 months.
Again reference specimens were placed in the same oven without pres-
sure. This second study was intended to extend the investigation to in-
fused and prepreg glass-epoxy composites. Nevertheless these results
cannot be directly compared to others performed at 60 °C.

In the case of composite materials the interfacial properties between
fibres and resin can be critically affected by moisture uptake. To esti-
mate the influence of pressure on the interfacial behaviour ILSS [15]
and 4 point bending tests [16] were performed on both reference
hand lay-up specimens and those subjected to pressure, after reaching
saturation. Specimens tested had the following dimensions, for ILSS:
10 mm span, 15 mm x 15mm square surface, and 2.5 mm thickness,
and for 4 point bending: 60 mm span, 21 mm width and 2.5 mm thick-
ness. Both series of tests were performed on an Instron test machine
with a loading speed of 5 mm/min.

Microstructural details were first examined using optical micros-
copy (Leica DM ILM) on polished sections, with Image] software to
quantify fibre and void contents.

X-ray micro-tomography studies were then performed to analyse
the microstructure of four square plate specimens in each conditions.
For these studies two types of system have been used:

- The GE Phoenix V-TOM-X240 which can analyse 50 x 50mm speci-
mens with a resolution of 28 mm?/voxel (for beam characteristics of
100 kV and 280 mA) - Fig. 12

- MicroXCT-400 from XRadia which can analyse samples of
25 x 25mm with a resolution of 2 um (for beam characteristics of
60 kV and 133 pA) - Fig. 15.

Fig. 2. Optical microscopy view of polished sections unidirectional prepreg (left), infused (centre) and hand lay-up (right) composites, sections perpendicular to fibre direction.



Fig. 3. a. Pressurisation system and ovens (left), pressure vessel (right). b. Specimens rack
in the vessel (left) and specific lid for pressure uses (right).

2.2. Measurements and results

The water concentration by weight allows moisture diffusion in
specimens to be characterised, it is defined as:

AM(t) ;o0 M(t) ~Mo.

0 = Mo Mo

100 1)

With: C(t) expressed in percent, M(t) specimen weight at time t and
Mo initial specimen weight.

M(t) is obtained by gravimetric measurements on a Sartorius bal-
ance (with precision of 10~ g) made at periodic time intervals. In
order to limit the influence of the handling time out of the pressure ves-
sel on the water diffusion the maximum handling time was kept to <5%
of the previous diffusion time.

Moisture content is shown as a function of time in Figs. 4 and 5. The
moisture diffusion is plotted as percentage weight change versus square
root of time. In a first approach, the diffusion coefficient was determined
from the expression (Eq. (2)) valid for moisture content up to the half of
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Fig. 4. Moisture uptake in resin at different pressures vs. square root of time.
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Fig. 5. Moisture uptake in glass fibre/epoxy composite under different pressures vs. square
root of time. Error bars show standard deviation.

the water content in the saturated sample (Table 2).

b m (M0 .d)z @)

With: d the thickness of the specimen.

In the case of neat resin specimens, water uptake at saturation is vir-
tually unaffected by pressure rise (results in Fig. 4) and reaches 3% of the
resin weight, a common value for epoxy resin. The diffusion coefficient,
unaffected between 1 and 250 bar, diminishes slightly at 500 bar.

For hand lay-up glass fibre-reinforced epoxy, Fig. 5 represents the
moisture content in the composite. For this composite (V¢ = 30%)
with the matrix resin saturated with water the moisture content
would correspond to 1.5% of the total composite weight. The influence
of pressure on the moisture content is therefore significant (Fig. 5),
water uptake is significantly higher at high pressure.

For atmospheric pressure the water uptake in the composite has a
diffusion coefficient with a similar order of magnitude to that of the
resin (Table 2), and moisture in saturated samples reaches 1.5% of com-
posite weight, which corresponds to 3% of resin weight.

Fig. 6 shows the response of the infused and prepreg composites. For
prepreg samples saturation level is not quite reached after 12 months at
40 °C, and diffusion coefficients are established from saturation levels in
similar specimens aged in water at atmospheric pressure.

For these higher fibre content materials 3% of weight gain in the
resin corresponds to 0.73% in the composite, the water contents
shown in Fig. 6 are slightly higher (around 1%) and saturation levels
are not affected by pressure.

Diffusion coefficients in prepreg and infused composites are lower
for high pressure: slightly lower for prepreg and significantly lower
for infused samples (see Table 2).

The response of the materials to pressure is quite different. While
moisture diffusion in neat epoxy and infused composite is unaffected
by increasing pressure (Figs. 4 and 6), when this resin is reinforced
with glass fibre by hand lay up the water content in saturated samples
is significantly increased by pressure rise (Fig. 5). Diffusion coefficients

Table 2
Mean diffusion coefficient D (in 10~'% m?/s) and 95% confidence interval estimated for
each material and extreme pressure (1 and 500 bar).

Material type Diffusion coefficient [10~'4 m?/s]

Pressure

1 bar 500 bar
Neat resin 1232 £ 176 1005 + 3.9
Hand lay-up composite 974 + 13.1 138.6 + 19.6
Infused composite 185+ 1.8 10.7 £ 2.0
Prepreg composite 40 + 1.7 37+11
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Fig. 6. Weight change kinetics of immersed prepreg (left), and Infused (right) composites with and without pressure at 40 °C.

are reduced by increasing pressure in all materials except in the hand
layup composite where the diffusion coefficient under pressure exceeds
the value in neat resin under atmospheric pressure.

The remainder of the study is focused on the pressure effect on hand
lay-up composite, since this behaviour is not predicted by existing
theories.

2.3. Influence of aging under pressure on mechanical behaviour

This significant difference in moisture diffusion could be induced by
interfacial degradation between the resin and fibres. Results from ILSS
and 4 point bending tests are quite sensitive to interfacial properties,
so a series of tests was performed on saturated hand lay-up samples
conditioned in the same 60 °C oven with and without 250 bar pressure,
after saturation (50 days ~ 2000 Vs). This is also of considerable practi-
cal importance for the design of deep sea structures, as it is the mechan-
ical properties rather than weight gains which are needed for design.
Fig. 7 shows the results.

Even though the immersion degrades the mechanical properties, re-
sults from these two tests after aging are not dependent on the amount
of water uptake.

This suggests that aging at higher pressure does not affect the inter-
face in these composite specimens. However, the hand lay-up compos-
ite results here and previous tests on filament wound samples [10] (Fig.
1) do indicate that moisture diffusion kinetics can be highly dependent
on the type of material tested and the level of pressure applied to the
specimen. The following section is focused on the identification of the
diffusion laws in order to quantify the influence of pressure on each
material.

3. Identification
Water uptake in resin and composites shows an initial linear in-
crease with square root of immersion time, followed by a saturation pla-

teau (Figs. 4 and 5). These characteristics can be related to Fickian
diffusion behaviour to a first approximation.
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Fig. 7. Maximum stress obtained by ILSS (left) and 4 point bending (right) tests on
composites dried and unaged, aged under atmospheric pressure (C(«) = 1.6%), and
aged under 250 bar of pressure (C(») = 3.5%).

3.1. Fickian diffusion
Fickian diffusion is usually defined by the relationship:

—

¢ = Dgradc.

3)

With @ the diffusive flux, ¢ the moisture concentration and D the dif-
fusion coefficient.

Fick's second law established the moisture distribution as a function
of time () and position:

%: div(—Dgr—M c).

4)

For the present study specimens are parallelepiped, Cartesian coor-
dinates can be used to model this diffusion which will take place
along the x, y and z axes, with x taken to be the fibre axis for the unidi-
rectional composites. In this case Eq. (4) becomes:

dc

or

02c
022"

2
0y2

02¢

ZF)

+Dy=—=+D;, (5)

where D,, Dy, D, are respectively the diffusion coefficients along the axes
x,y and z.

To obtain the expression of the total moisture content C(t) (mea-
sured experimentally) Eq. (5) has to be integrated, and based on the
work of Crank [17] we obtain:

. . 2
- o (D@’ 0y () D)) )
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Fig. 8. Experimental and simulated moisture content in resin vs. root of time, one
specimen 500 bars 60 °C.
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Fig. 9. Experimental and simulated moisture content in hand lay-up composite vs. root of
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In this expression, M.. represents the equilibrium moisture content
in the saturated material, L, [ and e are respectively the dimensions of
the specimen along x, y and z axes.

The identification procedure is based on finding the 3D solution to
Fick's equation which is as close as possible to the experimental values
of weight gain during diffusion [18]. The method applied seeks the un-
known variables of Eq. (6) by minimizing the standard deviation S
(Eq. (7)) using a Gauss-Newton algorithm.

S=2 [t - G (7)

With M(t;) the moisture content at time t; from the simulation
method and M; the corresponding experimental value.

3.2. Identification method

In the general approach described above, diffusion coefficients were
assumed to be different in the three directions. In the case of both neat
resin and composite some simplifications can be made.

3.2.1. Neat resin
Epoxy specimens are considered as homogenous media, the diffu-
sion coefficients are equal in all directions. If we consider Dy = D, =

2.0
15 4 * D(resin)
DT(composite)
- ® DL(composite)
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Fig. 10. Diffusion coefficient vs. pressure for glass/epoxy in longitudinal direction (right
hand axis), transversal and in neat resin (right hand axis) for hand lay-up composite. NB
Note large difference in scales for Drand D;.
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Fig. 11. Moisture content in specimens saturated specimens vs. pressure for resin and for
the matrix resin of the glass—epoxy composite.

D, = Dyesin Eq. (5) can be simplified:

=D

dc 9*c d*c ¢ 3
E resin W‘*‘W‘Fﬁ . ()

Then, the previous relationship is transposed to the identification
method for the water uptake in each neat resin specimen under the dif-
ferent test pressures. The results obtained are quite conclusive, an ex-
ample is presented in Fig. 8 for one neat resin specimen under 500 bar
of pressure.

3.2.2. Glass fibre-reinforced epoxy
In unidirectional composites, the fibres introduce an equality be-
tween the diffusion coefficients along axes perpendicular to the rein-
forcements (D, = Dy and Dy = D, = D), which leads to:
dc 0%c R
. ©)

T o T

This equation is established by considering x as the axis parallel to
the fibre direction. This relationship was injected into the model identi-
fication for each composite sample and each environmental condition.
The 3D Fickian simulation provides consistent values if we compare
with experimental results (see Fig. 9).

3.3. Results

The identification process was performed for each specimen and at
every pressure. In order to identify the influence of pressure on mois-
ture uptake mechanisms, the diffusion coefficients and saturation levels
are represented as functions of the pressure in Figs. 10 and 11. For each
point the error bar represents the standard deviation between the 5
specimens tested under the same environmental condition.

For resin and composite the coefficient of diffusion is relatively sta-
ble from 1 bar to 250 bar. For a pressure of 500 bar the diffusion coeffi-
cients for both materials are significantly changed, with a decrease for
the resin and a large increase for the composite (from 6.10~7 mm?/s
to 1.10~% mm?/s).

For the neat resin, maximum water uptake does not depend on pres-
sure level and remains at 3.5% of initial resin weight. This value does not
deviate from one specimen to another (low maximum standard devia-
tion = 0.03).

Moisture content in glass fibre-reinforced resin shows a significant
rise between 1 and 50 bar, from 2% to 4% of the composite weight. For
pressures over 50 bar water uptake in the composite does not depend
on pressure.

After identification of the diffusion laws, the influence of pressure is
clearly quite different between neat resin and composite. The next



Fig. 12. Examples of tomographic images of a resin specimen (left) and a composite specimen (right) at the same scale (50 mm x 50 mm). Black regions indicate voids

Table 3
Porosity ratio for each specimen.

Specimen Porosity (%)

6.0
4.7
53
48
5.0

Pressure

1 bar

50 bar

500 bar

DU WN = WNO DA WN=
oo
—_

section is focused on the microstructural observations carried out in
order to identify material parameters which could influence water dif-
fusion in the resin, reinforced or not, at pressures up to 500 bar. The in-
terpretation focuses on saturation levels, which have critical variations
with pressure rise.

4. Discussion
4.1. Micro-structural analysis

To observe microstructures in resin and composite, each sample was
analysed by X-ray micro-tomography. The observation of neat resin
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Fig. 13. C(),qq after saturation in the composite vs. porosity ratio.

does not show any significant defects, the resin is transparent. However,
in the case of glass fibre-reinforced epoxy the tomographic study
showed a non-negligible porosity content (see Fig. 12 and Table 3).
Voids are located in the region of the 90° weft fibres which maintain
the 0° fibres. Fig. 12 shows micro-tomography images, values in
Table 3 were obtained by image analysis of optical micrographs of
polished samples taken from each specimen (based on 10 different
measurements for each).

Since glass fibres are considered to be hydrophobic, water diffusion
in the composite only takes place in the resin. This results in lower mois-
ture content in composites than in neat resin. Experimental values con-
firm this phenomenon at 1 bar, but for higher pressures the composite
takes up more water than the neat resin, which means that diffusion
does not exclusively take place in the resin.

The additional diffusion which makes the composite more hydro-
philic is related to a parameter absent in the neat resin. If the resin
cure state is considered to be similar in both, and DSC measurements
suggest this is the case, then there are only two main differences be-
tween the composite and resin materials studied here: the reinforce-
ment and the porosity level. Reinforcements are hydrophobic and
preliminary mechanical tests show interfacial properties are equally af-
fected by water diffusion with and without pressure. We can therefore
make the hypothesis that additional water uptake in the composite is
located in voids.

To verify this assumption, the weight of water uptake in the compos-
ite AMgiass—epoxy Will be separated into the water weight in the resin
AM;esin and the additional water weight AMggy:

AIVIglass—epoxy = AI\/Iadd + AIVIre‘sin (9)
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Fig. 14. Pore fill ratio after saturation at different pressures.



Fig. 15. Morphology of one porosity viewed in three directions - in red - (pictures from tomographic analysis).

Fig. 16. Specimens used to examine longitudinal (left) and transverse (right) diffusion.
With the following dimension: L = 50 mm, [ = 15 mm, d = 2.2 mm.

with:
AM s

AMresin = ﬂ'MO—resin = C(t)resin ~M0—resin (10)
MO—resin

AIVIglass—epoxy = C(t)glassfepgxy ~M0—glass—epoxy~ (1 l)

The additional water uptake can be normalized with respect to the
initial resin weight:

t) = C(t) XMyesin — C(t)resin (12)

glass—epoxy

where M,_resin is the initial weight of resin in the composite and Xy,
is the weight ratio of resin in the composite.

Fig. 13 represents this new parameter (C(t = %)444) as a function of
the porosity ratio measured on each specimen.
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Fig. 17. Moisture diffusion in rectangular and square plates.

The additional water uptake in the composite (C(),44) Shows a sig-
nificant dependence on the porosity level established in Table 2 (Fig.
13). At atmospheric pressure, the presence of similar void levels does
not influence water diffusion. As soon as pressure rises, water uptake in-
creases in proportion to the porosity ratio.

The X-ray tomography analysis also highlights large variations of po-
rosity ratio between specimens. To investigate the evolution of moisture
diffusion into voids with pressure the pore fill ratio is used (a quantity
independent of porosity ratio):

Pore fill ratio (%) = AV water—voids

Vo—voids 13
Avwater—voids _ AMvoids-pwater ( )
Vofvnids Vofvoids

With AV,yazer-voigs the volume variation of water inside voids, Vg_yoids
the initial volume of porosities, and AM,,;4s the variation of water
weight inside voids (Fig. 14).

The rise in pressure between 1 and 50 bar has the same effect on this
parameter as on weight of water in porosities (Fig. 13), nevertheless
when pressure rises from 50 to 500 bar, pore fill ratio is still increasing
slightly. This further increase was not identified on other parameters
(water weight or concentration), and suggests that increasing pressure
from 50 to 500 bar results in more water being pushed into the pores.

4.2. Anisotropic analysis

Up to now we have considered porosity as a global measurement of
free space, but the tomographic study highlighted a significant orienta-
tion of porosities along the fibre direction. Higher resolution tomogra-
phy analyses confirmed this, (see Fig. 15), moreover Fig. 10 shows a
diffusion coefficient along fibres (from a first approximation) 100
times higher than for resin or transverse diffusion.

Based on these observations a further study on rectangular plates
has been conducted at 500 bars and 60 °C: diffusion has been studied
in two types of hand lay-up composite specimens (see Fig. 16) to high-
light the differences between transverse and the longitudinal diffusion.

Transverse specimens will be noted Ti and longitudinal ones Li (with
i the number of the specimen). Longitudinal specimens will have a dif-
fusion coefficient highly dependent on the transverse diffusion coeffi-
cient, while the longitudinal coefficient will dominate diffusion in the
transverse plates. Three samples of each specimen type were immersed
at 500 bars, four 50 x 50 mm? square specimens were immersed with
them as a reference.
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Fig. 17 shows results obtained from this study, and it is clear that the
diffusion kinetics are different for L and T specimen types. The trans-
verse specimens show much faster diffusion kinetics than the other
specimens.

As shown in Fig. 15 porosities are oriented along fibres, which could
induce capillary effects and increase the longitudinal diffusion kinetics.

In order to quantify the diffusion coefficient variations due to aligned
porosity, identification has been performed for these specimens. This
identification is based on an iterative method as shown in Fig. 18:

- Diffusion in longitudinal plates is used to identify Dy by setting a con-
stant D,

- Diffusion in transverse plates is used to identify D; by setting a con-
stant Dy

The diffusion curves obtained from identification are consistent with
experimental values (Fig. 19). In order to verify the identification, the
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Fig. 19. Diffusion curves from identification compared to experimental values
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Fig. 20. Comparison between experimental moisture diffusion in square plates and
diffusion curve established using Dy and D; identified on rectangular plates

identified diffusion coefficients, given in Table 2, were entered into the
moisture content equation of square plates. The predicted plot from
this equation shows good agreement with experimental values of mois-
ture content in the square specimens (Fig. 20).

In order to quantify the impact of porosities on diffusion kinetics, the
identified coefficients from the rectangular specimens are compared in
Table 4 to theoretical values. There are various micro-mechanics models
to predict diffusion coefficients [20]. Here an expression based on the
work of Shirrell and Halpin [19] was applied, D; = Desin and Dy = Dyesin /
(] + Vf).

Table 4 shows that the transverse coefficient based on resin weight
gain and fibre content is in good accordance with theory, whereas lon-
gitudinal diffusion is much higher than would be expected in a compos-
ite without porosity (Dp(igentification) > 40 X Di(theory))-

5. Conclusion

An experimental study of weight gain by resin and three different
types of glass fibre reinforced resin immersed in water at different pres-
sures up to 500 bar showed significant differences in behaviour. The
resin weight gain was not affected by pressure whereas the hand lay-
up composite showed significantly higher weight gain under high pres-
sure. The effect on infused composites was smaller and for prepreg no
effect was noted. The hypothesis was made that, based on microscopy
and micro-tomography analyses, porosity level influences water diffu-
sion at high pressure. Correlation between measurements and observa-
tions verified this hypothesis. The higher weight gain under pressure
did not affect mechanical properties in flexure. Finally, the morpholog-
ical study of porosities led to the conclusion that their preferential ori-
entation along the fibres influences the diffusion kinetics.

Further studies are underway which focus on the morphology of po-
rosity before and after aging. Carbon/epoxy composites are also being
studied.
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Table 4
Diffusion coefficients (in m?/s) obtained by identification compared with theoretical ones
from [19].

DResin Dy Dy
Identification results 1.01 x 10712 491 x10~" 7.71x 10713
Theoretical values 1.01x 10712 7.77 x 10713
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