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The hygrothermal degradation of a glass fibre/epoxy unidirectional composite is investigated by moisture
sorption/desorption experiments and dynamic mechanical thermal analysis (d.m.t.a.). At short immersion
times, water sorption in distilled water can be satisfactorily described by using Fick’s law. The
three-dimensional analysis of water diffusion in parallelepipedic samples shows that no significant interfacial
capillary flow occurs during the initial Fickian step where water sorption occurs mainly by diffusion through
the epoxy network. This conclusion was found to be valid even at the most elevated ageing temperature
(90°C). Slow positive deviations from the Fickian behaviour are noticed for long ageing times at 70 and
90°C. They have been found to be correlated to some interfacial debonding, as indicated by an enhanced
desorption rate during thermogravimetric analysis (t.g.a.) scans. During these non-Fickian sorption steps,
the d.m.t.a. spectra of the aged composite also reveal the progressive appearance of an irreversible broadening
of the damping peak associated with the a-relaxation. These processes have been attributed to the occurrence
of specific morphological changes and debonding at the interphase during ageing. It is concluded that the
hygrothermal degradation of the interface occurs essentially in the non-Fickian sorption steps when the

epoxy matrix is close to saturation.

(Keywords: glass—epoxy composite; fibre—matrix interface; hygrothermal ageing)

INTRODUCTION

Polymer matrix composite materials in structural parts
of aircrafts or other structures in service may often be
exposed to various kinds of environment which involve,
in most cases, temperature and humidity. Over the past
few years, a great deal of experimental evidence has been
accumulated to demonstrate that both physical and
mechanical properties of composite materials can be
strongly affected during hygrothermal ageing. As a result,
environmental effects on the durability of composites
became of primary interest for composite designers.
However, lifetime predictions in hot/wet environments
from accelerated ageing procedures require a basic
understanding of the material damage processes. In the
case of epoxy matrix composites, the ageing mechanisms
fall into two groups.

The first group is related to ageing processes which
involve only molecular interactions between water and
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the epoxy network. Plasticization of the macromolecular
network during water diffusion belongs to this category.
This well known effect can result in a dramatic decrease
in the thermomechanical properties of the composites!™,
thus limiting their use in a hot/wet environment. In
addition to reversible plasticization, some hydrolysis of
the epoxy network can induce irreversible losses of
properties®>’. The specific sensitivity of the fibre/matrix
interface to such processes has been pointed out by Hoh
et al® and Liao’, who found that the silane coupling
agents usually used in the glass sizing were susceptible
to hydrolysis in a hot/wet environment.

The second group of hygrothermally induced changes
involves macroscopic damage such as material cracking
and fibre/matrix debonding. This damage can be con-
sidered as a consequence of the molecular processes
resulting from water sorption in the epoxy network, and
is therefore mainly associated with hydrolysis and/or
swelling stresses!® 12, Cracking and debonding can also
modify the mechanisms of water penetration in the
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composite by providing new pathways for moisture
ingress. The uptake of moisture and the resulting
weakening of the material are then more rapid than those
occurring only by molecular diffusion in the matrix.
When considering fibre/matrix debonding, reinforcement
fibres become susceptible to direct environmental attack.
In the case of glass fibres, such direct environmental
exposure has been found to induce drastic losses of static
properties due to stress corrosion mechanisms'?™!5.
Furthermore, microbond experiments'® have revealed
that the interfacial shear strength was strongly affected
by water exposure, thus inducing a reduced load transfer
ability during mechanical loading.

Whether the considered scale of damage is molecular
Or macroscopic, it is clear that the fibre/matrix interface
is often pinpointed as a weak element in environmental
resistance. However, relatively little attention has been
paid to the kinetic features of interfacial hygrothermal
degradation in relation to water diffusion in the com-
posite. This study also focuses on the kinetics of
fibre/matrix debonding and the morphological changes
occurring in the interfacial network. An attempt has been
made to correlate processes occurring at the macro-
scopical level (defect nucleation by fibre/matrix de-
bonding) and those occurring at the macromolecular level
{morphological and/or structural changes in the inter-
facial network). Such an approach has proved to be of
great relevance in the assessment of the durability of
composite materials in a wet environment!’. Debonding
has been investigated by the quantitative analysis of inter-
facial capillary flows during both moisture sorption and
desorption experiments. Macromolecular morphological
changes at the interphase have also been studied by
dynamic mechanical thermal analysis (d.m.t.a.). Material
ageing was performed at different temperatures in order
to identify the corresponding damage evolution. In order
to ensure precise identification of the effects resulting
from interfacial damage, comparative experiments were
carried out with the composite material and the unrein-
forced matrix. It must also be emphasized that only
irreversible processes were taken into account, and that
reversible plasticization effects will not be considered in
this study. Plasticization has been studied elsewhere'®
and no specific effect of the interphase was identified for
the composite studied.

EXPERIMENTAL

Material and fabrication of test samples

The matrix of the composite studied here was a
bisphenol A epoxy resin and the reinforcement consisted
of R-glass fibre roving with a silane sizing. The matrix
was obtained from a diglycidyl ether of bisphenol A
(DGEBA) resin (Ciba LY556) which had been cured by
using a stoichiometric amount of 4,4'-diaminodiphenyl-
methane (DDM) hardener (Ciba HT972). The reinforce-
ment was a high mechanical performance P9HT R-glass
roving (1600 tex) supplied by Vetrotex. Fibres were
coated with y-aminopropyltriethoxysilane (A1100) as a
coupling agent; the other sizing components are DGEBA
prepolymers and amine acetates.

Unidirectional plates (1 and 2 mm thick) were fabricated
by filament winding. The impregnation of the glass roving
was performed at 65°C without using any solvent. The
resin impregnated strand was continuously wound
around a rotating steel plate heated by radiating panels.

The strand was shifted at each rotation and the winding
thread was chosen in order to avoid the overlapping of
the strands in each lay-up. Due to the selection of an
appropriate rotation speed for the plate, the glass fibres
were able to be weakly tightened to maintain an accurate
aligning of the glass fibres. At the end of the winding
step, two counter moulds were applied to each face of
the steel plate for the curing.

The cure cycle was 3 h at 80°C followed by 3h at 175°C.
This procedure resulted in a fully crosslinked resin with
a T, of 175°C, as measured at 3 Hz by dynamic mechanical
thermal analysis (see below). The volume fraction of fibre
was 0.48 +0.02, with the void content being less than 1%.
Unreinforced matrix specimens were also obtained by
pouring the epoxy resin between two mould plates treated
with release agent. The cure cycle was identical to that
selected for the composite.

Moisture sorption test procedure

The plates were cut into specimens of various lengths
(5, 7.5, 10 and 20 mm) and constant widths (20 mm) by
using a diamond coated slitting wheel. These different
specimen sizes were selected in order to evaluate
interfacial capillary diffusion by taking into account edge
effects (see below).

Prior to immersion, the as-cast specimens were dried
in a vacuum oven at 70°C until they reached a constant
weight (a process which took ~2 weeks). This precon-
ditioned state was then used as a reference for the
measurement of the water uptake during immersion.

Samples were immersed in distilled water at various
temperatures, i.e. 30, 50, 70 and 90°C. At appropriate
intervals, they were removed, surface dried and then
weighed to within 0.1 mg with a Mettler AE100 analytical
balance. The relative weight gain, M,, is expressed as a
percentage of the initial weight of the sample. Five
specimens were taken for each immersion temperature
and sample geometry.

Thermogravimetric analysis (t.g.a.)

Moisture desorption after water ageing was investigated
by thermogravimetric analysis. A Dupont thermogravi-
metric analyser (Model 951) was used to measure the
weight loss of wet material when it was heated at a
controlled heating rate (2°Cmin~"') from 30 to 250°C,
with the experiments being performed under a helium
flow. As for the sorption experiments, the weight losses
were expressed as percentages of the dried material. The
test specimen geometry was 5x 5 x 1 mm.

Dynamic mechanical thermal analysis (d.m.t.a.)

The dynamic mechanical thermal analysis of the
material was performed on a Polymer Laboratories Mark
IT viscoelasticimeter equipped with a bending head. The
sample was sinusoidally strained in a single cantilever
mode. A 16 um dynamic displacement amplitude was
selected and tests were carried out in the isothermal mode.
During temperature steps in the glass transition range,
log E" and tand were measured at different frequencies,
ranging from 0.1 to 10 Hz. Off-axis analysis was per-
formed in order to enhance the matrix and interface
viscoelastic response. The angle between the fibre
direction and the sample axis was set at 30°.

The d.m.t.a. experiments were carried out in both the
non-aged and the aged state. Prior to analysis, the aged
specimens were redried in a vacuum oven at room
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Figure 1 Relative weight gain of the unreinforced epoxy matrix versus
time of immersion in distilled water at different temperatures: (x) 30°C;
(A) 50°C; (©) 70°C; (O) 90°C

temperature until they reached a constant weight (this
took ~ 2 months). It was found that whatever the ageing
temperature, the changes in the weights of the aged and
subsequently redried specimens were within 0.1% of their
initial weights. It can therefore be concluded that no
significant loss of material occurred during ageing. This
redrying of the aged specimens was performed in order
to eliminate the reversible plasticization effects due to the
sorbed water molecules. Thus, only irreversible changes
which occurred in the epoxy network were analysed by
d.m.ta.

RESULTS AND DISCUSSION

Initial sorption tests at different temperatures

Primary sorption experiments were first carried out in
order to obtain an overall view of the sorption behaviour
at the different selected temperatures. This first phase of
the investigation determined the moisture content depen-
dency with time and temperature over 400 days.

The sorption behaviour of the unreinforced epoxy
matrix is shown in Figure I. The relative weight gain M,
is plotted versus the square root of the immersion time
(normalized to the thickness h of the sample). At each
immersion temperature, two parts can be distinguished
on the sorption curves as follows:

(1) At shorter times, the moisture content increases
linearly at first, and then reaches a pseudo-equi-
librium state. The water uptakes at this pseudo-
equilibrium state are approximately the same whatever
the immersion temperatures being considered. Such
features are characteristic of a thermally activated
Fickian sorption behaviour, as reported by Cranck*®.
Water is then considered to remain in a single free
phase, and is driven to penectrate the resin by the
water concentration gradient.

(2) At longer times, a slow positive deviation from the
Fickian pseudo-equilibrium state occurred. These
non-Fickian water uptakes increase with immersion
temperature. Such continuous slow absorption pro-
cesses have been reported by numerous authors, and
can be attributed either to slow relaxation processes
of the glassy epoxy network2%23, or to the filling of
hygrothermally induced voids?42¢,
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Similar features can be noted for the composite (Figure
2). The water uptakes in the non-Fickian part of the
sorption curves is also dependent on the ageing tempera-
ture. Tt must be emphasized that a microscopic examina-
tion of polished sections of the composite specimens did
not reveal any cracking of the matrix for the immersion
times being considered. As a result, the observed non-
Fickian behaviour of the composite cannot be attributed
to the filling of hygrothermally induced cracks in the
matrix. At 90°C, these non-Fickian water uptakes
represent 24% of the total weight gain, instead of 15%
for the unreinforced epoxy matrix: non-Fickian be-
haviour thus occurs to a greater extent in the case of the
composite.

The water uptake of the composite at a given
temperature can be assumed to take into account two
components:

(i) the water uptake of the matrix itself, which has been
found to be temperature dependent due to either
relaxation or microvoid nucleation, as mentioned
above;

(ii) a specific water uptake at the fibre/matix interface if
some debonding occurs.

When no debonding is induced, a theoretical moisture
content, M}, of the composite can be estimated from
the water content of the unreinforced matrix, assuming
that the composite obeys a mixture rule for sorption:

M¥=¢M+ p M M

where ¢ is a mass fraction and the subscripts (and
superscripts) m, f, and ¢ refer to matrix, fibre and
composite respectively. The fibres sorbed relatively little
water and M! was neglected. In equation (1), the
assumption is made that the water uptakes of the
composite matrix and the unreinforced matrix are the
same. This hypothesis has been found to be valid at both
30 and 50°C, where the experimental and calculated
weight gains of the composite are very similar (Table I).
Moreover, this good fit to the mixture rule indicates that
no significant water uptake occurred by fibre/matrix
debonding at temperatures of 30 and 50°C.

On the other hand, it can be noted that the experi-
mental weight gains of the composite at 70 and 90°C are
somewhat above those obtained from the mixture rule.
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Figure 2 Relative weight gain of the composite versus time of
immersion in distilled water at different temperatures: (x) 30°C; (A)
S0°C; () 70°C; (O) 90°C
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Table 1 Calculated (from equation (1)) and experimental weight gains
of the composite after immersion in distilled water for 400 days

Temperature Experimental M, Calculated M}
0 (%) (%)
30 0.84 0.82
50 0.86 0.83
70 1.03 0.89
90 1.02 091
Dy
1
Dx

. v

) 4

h

Figure 3 Test specimen geometry and components of the diffusion
coefficient in Cartesian coordinates: note that the glass fibres used in
this study are parallel to the y-axis

The temperature dependence of the composite water
content can no longer be predicted only from a
knowledge of the sorption behaviour of the epoxy matrix
at the considered temperatures. These experimentally
high M, values for the composite at 70 and 90°C must
then be interpreted by considering some additional
effects, such as the filling of hygrothermally induced voids
at the debonded fibre/matrix interface.

Therefore, there is some suggestion of interfacial
degradation and debonding upon water ageing at high
temperatures. As a result, new pathways for the moisture
ingress could be provided by such interfacial damage,
which modifies the overall sorption process. An attempt
was also made to investigate the occurrence of capillary
flow at the fibre/matrix interface. During the Fickian
sorption steps, this can be performed by evaluating the
moisture flow through the cut edges of the parallel-
epipedic samples, as described below.

Evaluation of interfacial diffusion during Fickian sorption
steps

Theoretical basis. Fick’s second law of diffusion has
been widely used to describe the uptake of moisture by
composite materials. One-dimensional analytical solu-
tions have been discussed by Shen and Springer?” for the
moisture content in a thin composite plate. These are
based on the following relationship:

dc d*c
—=D,—
dt dx?
where C is the water concentration, D, is the diffusivity

normal to the surface, i.e. in the x-direction, and ¢ is the
diffusion time. In the case of isotropic thin plates (h«/

2

and h«b on Figure 3), the moisture entering the
parallelepipedic specimen through the edges can be
neglected. D, can then be experimentally obtained from

the initial slope of the M, versus \/; curve:

2 2
Dx:,r(L) (9&) 3
4M./) \d /t
where M, is the equilibrium weight gain. If moisture flow
through the lateral faces can no longer be neglected, edge
corrections must be introduced in order to compute D,
from the sorption curves.
Using the short term solution of the one-dimensional
Fick’s law, Shen and Springer?’ derived the following
relationship:

4M h h
M=—2L D,+-/D,+-D, 4
hﬁ\ﬁ<v RN

where D,, D, and D, are the diffusion coefficients in the
x, y and z directions.

This equation was obtained by making the assumption
that the water flows through each sample face are
additive. This is only valid at short times, when the
interactions between the six faces of the parallelepiped
can be neglected. For longer times, the kinetics can be
computed by using the three-dimensional solution of
Fick’s law :

_A/I_‘z _(i>3§ > < eXP(— tGm.n )
M, n2) m=on=op=0 2m+1)*2n+1)*2p+1)’

(5)

with

n? 2m+1\? (2m+1>2 <2m+1>2:|
=) 4D )Y i
Amn.p 4[ ( 12 ) \" 12 b/2

(6)

where m, n and p are integers.
From equation (4) an overall diffusion coefficient, D ,
can be defined as follows:

h ID, h |D\?
D=D|1+4+- [Z2+- |Z 7
(Waria) o

In the case of an isotropic material, such as the
unreinforced epoxy matrix, D, =D,=D_, which implies
that:

b h\?
D=D[1+-+- 8
( ] b) 8)

For a unidirectional composite D,=D, and equation
(7) can be written in the following form:

NCENZX (R NG 0

Thus, for specimens of different lengths, but with a
constant thickness and width, a plot of \/5 versus hyfl
should yield a straight line with slope \/D—y and intercept
\/D»x(l +h/b). A similar, but simplified method has
been successfully used by Pollard et al.?8 to evaluate D,
and D, in glass/polyester composites. In our case, a
knowledge of the D /D, ratio will provide some information
on the occurrence of preferential diffusion along the fibre
direction during Fickian sorption steps.
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Figure4 The square root of the apparent diffusion coefficient D versus
the h/l ratio, for the composite immersed in water at different tempera-
tures: (1) 50°C; (W) 90°C
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Figure 5 Three-dimensional water diffusion in the composite immersed
at 90"C for different values of I (1) Smm; (O) 7.5mm; () 10 mm;
(@) 20mm. Solid lines correspond to the three-dimensional diffusion
kinetics computed from equations (5) and (6)

Three-dimensional diffusion at 50°C and 90°C.
Composite test specimens of different lengths (see above)
were immersed in water at 50 and 90°C. For each geo-
metry, the overall diffusion coefficient D was measured
from the slope of the initial linear part of the sorption

curves. In Figure 4, \/B has been plotted versus the hy/l
ratio. A linear straight line is effectively obtained, and D,
and D, can be computed from equation (9). From these
calculated values, the water sorption kinetics were
calculated by using equations (5) and (6). Examples of
the sorption curves obtained at 90°C are reported in
Figure 5, showing the good agreement between the
computed kinetics and the experimental data.

It is of interest to compare the D /D_ ratio to the
theoretical values derived from thermal or electrical
analogies. The most widely used expressions give®”:

D,__(-W (10)

D, (1-2/Vym)

where ¥; is the fibre volume fraction. It must be
empbhasized that this expression implies that no preferential
diffusion occurs at the fibre/matrix interface. An enhanced
sorption rate due to capillary flow at the interface would
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thus result in a mismatch between the theoretical D /D,
ratio and the experimental one.

From the fibre volume fraction, we obtained a D /D,
theoretical value which was equal to 2.3, which is close
to the experimental value (see Table 2). It follows from
this result that, in this particular type of composite, there
is no capillary or preferential diffusion at the fibre/matrix
interface during the Fickian steps of water sorption. This
conclusion remains valid at 90°C, where the D,/D, ratio
remains unchanged. Although many authors have pointed
out interfacial capillary flows, this emphasizes the good
water resistance of the interface studied during the initial
Fickian step, where water sorption occurs mainly by
diffusion through the epoxy network.

Desorption behaviour

Thermogravimetric analysis of the aged specimens was
performed after 400 days of immersion, i.e. during the
non-Fickian diffusion step. The experiments were directed
towards providing information on the desorption be-
haviour of the composite and the unreinforced matrix
after isothermal water ageing at increasing temperatures.

The weight losses of the aged matrix during a
temperature scan from 30 to 250°C are reported in Figure
6a. Below 150°C, the desorption curves remain the same

Table 2 Values of the components of the diffusion coefficient, parallel
(D,) and perpendicular (D,) to the fibre direction

Temperature D, D,
°C) (mm?2s~ 1) (mm?2s™1) D,/D,
50 45%x1077 13x1077 29
90 21x107° 58x107¢ 2.7
0
05t
-1
15t
M (%) -2}
25|
3 a
-3.5 - -
0 50 100 150 200 250
Temperature (°C)
01}
03}
-05¢t
M, (%) -0.7F
-09¢}
-1.4
13r b
139 50 100 150 200 250
Temperature (°C)

Figure 6 Thermogravimetric analysis curves of the unreinforced
matrix (a) and the composite (b) after 400 days of ageing in distilled
water at various temperatures: ((J) 30°C; (1) 50°C; (@) 70°C; (O) 90°C
(temperature scan rate=2°Cmin ™)
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Table 3 Comparison between the amount of sorbed water during an
isothermal immersion and the corresponding amount of desorbed water
at 250°C during a t.g.a. scan (for a composite and unreinforced matrix,
both after 400 days of ageing)

Dynamic weight loss,

t.g.a. scan Isothermal weight gain
Ageing (%) (%)
temperature
(C) Composite Matrix Composite Matrix
30 1.04 2.74 0.84 235
50 1.07 277 0.86 242
70 1.35 293 1.03 253
90 1.40 322 1.02 2.66

whatever the ageing temperature. In the case of the matrix
specimens aged at 70 and 90°C, a shift of the t.g.a.
thermograms toward higher weight losses can be noted
above 150°C. This increase can be related to the higher
initial water content of the specimens aged at these
temperatures (see Figure | where t =400 days). Moreover,
it must be noted that the weight losses from the t.g.a.
scans, measured at 250°C, are greater than the initial
water content of the aged material (Table 3). This could
be due to some thermal degradation of the sample at the
elevated temperature, or to the desorption of low-
molecular-weight species, as reported by Netravali et
al®.

The t.g.a. thermograms of the aged composite are
reported in Figure 6b. Increased weight losses at 70 and
90°C can be associated with the higher initial water
content of the specimens, as was the case for the
unreinforced matrix (Table 3). However, ageing at 90°C
resulted in a significant change in the shape of the t.g.a.
thermogram when compared to the curves obtained for
the other ageing temperatures. Increased amounts of
desorbed water can be measured from the beginning of
the t.g.a. scan at room temperature. This enhanced
desorption rate is specific to the composite, as no change
in the desorption behaviour of the cast resin was observed
below 150°C. It is therefore clear that isothermal water
ageing at elevated temperature induced a specific change
in the desorption behaviour of the composite and this
indicates the occurrence of some microstructural damage.

In order to quantify these changes in the desorption
behaviour, an attempt has been made to compute the
diffusion coefficient under the non-isothermal conditions
encountered during the t.g.a. scan. The assumption was
made that the desorption behaviour obeyed Fick’s law,
as was the case for the initial sorption steps. Furthermore,
no significant thermal gradient was supposed to occur
in the specimen during the temperature scan for the low
heating rate being considered (2°C min ~!). The unidirec-
tional Fick’s law under anisothermal conditions can thus
be written as follows:

dc d2cC

4 D(t) o (11
where D(t) represents the change in the diffusion
coefficient with time during the temperature scan. By
considering the variable change dy = D(t)dt, suggested by
Cranck'®, equation (11) can be rewritten in the following
manner:

dc _d*c

@_Ex—z (12)

After the 400 day period of water ageing, the specimens
are close to saturation and the moisture can therefore be
supposed to be uniformly distributed throughout the
samples at the beginning of the temperature scan. Due
to the helium flow in the t.ga. oven, the water
concentration at the specimen edges can also be regarded
as equal to zero. The corresponding boundary conditions
are:

C=C. for —h2<x<h/2 and ¥=0 (13)
C=0 for x=+h2 and >0 (14)

These boundary conditions are identical to those obtained
by replacing ¥ by ¢ in the boundary conditions taken for
isothermal diffusion. It is thus possible to apply to
equation (12) the approximate solution proposed by
Shen and Springer?” for isothermal diffusion:

Mt 0.75
]T/I—i = exp[ — 7.3(%) ] (15)

where M, is the initial water content, as measured at the
end of the 400 days of isothermal ageing preceding the
t.g.a. scan. At each time ¢, ¥ can thus be computed from
a knowledge of M,, M, and the thickness A:

InM,—In M\!33
.p=<i_‘7_3b> h? (16)

From the values of i, an average diffusion coefficient D,
can be calculated at a given time (i.c. temperature)
interval:

Y

D,= %JtD(t’)dt’= z 17)

0 t

The values obtained for D, after soaking the composite
at 50°C have been reported in the form of an Arrhenius
plot in Figure 7. Similar plots were obtained for the cast
resin. The curve can be subdivided in two linear parts,
with a cross-over point at around 160°C, which indicates
achange in the temperature dependency of the desorption
rate. The diffusion processes are dependent on the
cooperative motions of the macromolecular chains®® and
it can therefore be assumed that this change is due to
the increase in molecular mobility occurring through the
glass transition of the epoxy network. It can also be noted
that the cross-over point temperature is close to the T,
of the dry material, as measured by a differential scanning
calorimetry (d.s.c.) scan (T,=163°C). However, a more

Ln ( Da(mmz.s_l)
B

L
N

13 —_ L - L

2.1 23 25 27 29

1/Temperature (K.l. 103)

Figure 7 Arrhenius plot of the average diffusion coefficient D, during
a t.g.a. temperature scan, for a composite aged 400 days at 50°C
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Table 4 Evolution of the activation energy of the average diffusion
coefficient D, with immersion temperature, for both unreinforced matrix
and composite after 400 days of ageing

E*

(kJmol™ ")
Immersion
temperature Unreinforced
(C) matrix Composite
30 29 23
50 29 21
70 28 16
90 27 12

“Errors are within +2kJmol™!

accurate comparison between the T;s of the wet material,
as measured by t.g.a. and d.s.c,, is not possible. Different
specimen sizes would effectively result in different
desorption rates during the temperature scan, which in
turn would induce a different plasticization state in the
glass transition zone.

In the glassy state, the activation energy of D, was
computed in the range 70-110°C (Table 4). No significant
evolution can be noticed for the unreinforced matrix, thus
confirming that the desorption behaviour of the epoxy
network remains unchanged whatever the ageing tem-
perature. On the other hand, a significant decrease of the
activation energy of the composite occurred after soaking
at 70 and 90°C. This evolution can be interpreted by
considering that water desorption from the composite
involved two processes:

(i) the thermally activated desorption of water mol-
ecules from the epoxy network;

(ii) the capillary flows that occur along hygrothermally
induced cracks in the matrix and/or at the fibre/matrix
interface. Such processes will result in enhanced
desorption rates due to the increased area/volume
ratio in the cracked material.

The analysis of the desorption kinetics of the cast resin
revealed that no significant change occurred, even after
ageing at elevated temperatures. The changes in the
desorption behaviour of the composite specimens aged
at 70 and 90°C can thus be attributed to the occurrence
of capillary flows, rather than to a change in the
desorption behaviour of the epoxy network. However,
the microscopic examination of polished sections of the
specimens did not reveal the occurrence of any cracking
of the composite matrix. Capillary flows could therefore
be attributed mainly to preferential moisture flow along
the hygrothermally debonded interfaces. These processes
can be supposed to present a low activation energy when
compared to the desorption of water molecules from the
epoxy network. As a result, the decrease of D, after ageing
at 70 and 90°C can be interpreted by considering an
increased contribution of interfacial flow to the overall
desorption processes. This result suggests that an en-
hanced interfacial weakening occurred above 50°C, i.e.
during the non-Fickian sorption steps. It must be noted,
however, that these conclusions are opposed to those
which have been drawn from the analysis of interfacial
water sorption during the Fickian diffusion steps (see
above). These contradictory results can be explained by
considering that interfacial degradation presents a time-
dependent rate. During the initial (i.e. Fickian) sorption
steps, water diffusion involves mainly molecular diffusion
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in the epoxy network, without any significant interfacial
flow. On the other hand, non-Fickian water uptakes at
long immersion times are associated with interfacial
debonding, as revealed by the enhanced desorption rate
during the t.g.a. scans. The interfacial degradation thus
appears to result from the preliminary sorption of water
in the epoxy matrix.

Dynamic mechanical behaviour

Further investigations of this interfacial degradation
were carried out by dynamic thermomechanical analysis.
By measuring the dynamic mechanical properties of the
non-aged material, a baseline was established for the
subsequent study of ageing effects.

Typical plots of log E” and logE’ in the a-transition
zone of the composite are shown in Figure 8. Since the
samples were fully crosslinked, similar spectra are
obtained during a second isothermal test. The height of
the log E” peak remained constant whatever the fre-
quency, thus showing the linear viscoelastic behaviour of
the composite. The time—temperature superposition prin-
ciple is illustrated by the shift of the viscoelastic spectra
to higher temperatures with increasing frequencies.

The log E” spectra of the aged material were analysed
after 200 days of immersion at 90°C followed by
re-drying. It can be noted that water ageing of the
composite resulted in an irreversible broadening of the
a-transition associated with the glass transition (Figure
9, top), especially at the lower frequencies (0.1 and
0.33Hz). These changes are specific to the composite;
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such a broadening was not observed in the case of the
aged unreinforced resin (see Figure 9, bottom).

This broadening of the logE” peak shows that
hygrothermal ageing at 90°C results in a change in the
distribution of the relaxation times associated with the
a-transition. As the specimens were dried prior to
analysis, these changes cannot be attributed to a
plasticization effect. Moreover, it must be emphasized
that the evolution of the shape of the relaxation peaks
is not associated with any decrease in the rubbery
modulus (Table 5). Since the rubbery modulus is related
to the epoxy network crosslink density®°, it can thus be
concluded that no significant decrease in the matrix
crosslink density occurred during ageing.

Similar trends were observed to a more limited extent

after 200 days of ageing at 70°C , but were never seen at
30 and 50°C. The broadening of the a-transition is thus
specific to the composite which has been aged at the most
elevated temperatures (70 and 90°C). A possible expla-
nation for the change in the distribution of relaxation
times would involve a specific evolution of the macro-
molecular network at the fibre/matrix interphase and/or
debonding during ageing. Although it is not possible to
identify these processes from a chemical point of view,
they would affect the interface sufficiently to modify the
relaxation processes associated with the a-transition. It
must be noted that a similar broadening and even a
splitting has been reported by studying the f§ relaxation
of glass/epoxy composites exposed to boiling water>!.
Furthermore, the assumption of a specific interfacial
relaxation after ageing at 70 and 90°C is consistent with
the t.g.a. experiments, which also revealed an enhanced
interfacial weakening at the same temperatures.

The kinetics of the log E” broadening at 90°C was
investigated by viscoelastic analysis of the composite at
different ageing times, i.e. 7 days (which corresponds to
the end of the Fickian sorption step), plus 100 and 200
days (non-Fickian sorption step). The data presented in
Figure 10 clearly indicate that a progressive broadening
of the log E” peak occurred during the non-Fickian
sorption step when the epoxy matrix was close to
saturation. Furthermore, it must be emphasized that this
result is consistent with the conclusions drawn from the
sorption experiments and thermogravimetric analysis
which showed that interfacial debonding occurred during
non Fickian sorption steps. There is also some indication
of a correlation between the fibre/matrix debonding
occurring on the macroscopic scale and the hygro-
thermally induced morphological changes at the inter-
phase, which occur on the macromolecular scale. A more
comprehensive treatment of this relationship relies,
however, upon a more accurate analysis of the fibre/
matrix debonding, which is presently being pursued.

CONCLUSION

Two distinct steps have been identified during hygro-
thermal ageing of the glass/epoxy composite studied in
this work. The first of these is associated with Fickian
diffusion at short times. From evaluation of the com-
ponent of the diffusion coefficient along the fibre
direction, it can be concluded that no significant capillary
flow occurred at the fibre/matrix interface during this first
stage. Diffusion thus involves only molecular diffusion of
the water molecules through the epoxy matrix.

Table 5§ Elastic rubbery modulus (log E’) of the unreinforced matrix
before and after 200 days of ageing (measured at 3Hz and 180°C)

Immersion
temperature LogE'®
(0 (Pa)
Non-aged 7.63
30 7.66
50 7.63
70 - 7.61
90 7.59
“Errors are within +0.05
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Figure 10 Evolution of the log E” spectra of the composite versus the
immersion time at 90°C, using a frequency of 0.1 Hz: (a) non-aged; (b)
7 days; (c) 100 days; (d) 200 days (the aged specimens were re-dried
prior to analysis)
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At longer times, a second step was identified in relation
to non-Fickian diffusion behaviour. During this stage,
both debonding and morphological changes occur at the
interface, since the epoxy matrix is close to saturation.
The significant increase in the desorption rates was
interpreted by considering capillary flow along the
debonded interfaces after ageing at 70 and 90°C. In
addition, d.m.t.a. spectra revealed the irreversible occur-
rence of a broadening of the a-transition after water
exposure at 70 and 90°C. These specific evolutions of the
thermomechanical behaviour were interpreted in terms
of morphologicai changes and/or debonding at the
interface during non-Fickian steps.

Major changes in desorption and thermomechanical
behaviour occurred between 50 and 70°C, thus suggesting
a temperature limit for hygrothermal interfacial damage.
From the kinetic analysis of these processes, it can be
concluded that molecular diffusion through the epoxy
matrix is the rate controlling process for the interfacial
weakening of the composite being considered.
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