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ABSTRACT: Glass fiber reinforced polyester composites are widely used in marine
applications where they may undergo chemical and physical aging. For this kind of
laminates, the durability is governed mainly by the matrix degradation. The mechan-
ical property reduction is not induced only by hydrolytic aging but rather by the
formation of cracks or blisters. That is the reason why it became of major interest to
understand the microcrack nucleation mechanism in neat matrices, to study the crack
propagation, and to evaluate the incidence of cracking on the tensile property loss. We
first put forward a nucleation mechanism based on polyester-organic molecule phase
separation, and drew a simple kinetic model to take into account the existence of a crack
induction time that is dependent on temperature and matrix structure. Crack propa-
gation results from the build up of an osmotic pressure in microcavities, which is
proportional to solute concentration. This second step has been studied in terms of
crack density evolution and crack propagation rate. Finally, there is a good correlation
between tensile mechanical properties variation and crack parameters. © 2001 John
Wiley & Sons, Inc. J Appl Polym Sci 79: 2517–2526, 2001
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INTRODUCTION

There is a relatively abundant body of literature
on the humid aging of polyester-glass fiber com-
posites owing to their frequent use in pipes,
tanks, swimming pools, and boats. Despite the
very large diversity of materials and testing
methods, there is a wide consensus on the fact
that the durability of composites based on unsat-
urated polyester (UP) depends mainly on the ma-
trix composition, for instance isophthalic systems
are more stable than orthophthalic ones,1 neopen-
tyl glycol systems are more stable than propylene
glycol ones,2 and so on. These observations would

be very difficult to explain if the composite failure
would be governed by the fiber or by the interface
degradation. It is clear that these materials per-
ish generally by the matrix degradation and more
precisely by the hydrolytic degradation. In poly-
mers as brittle as UP, mechanical properties are
not expected to be very sensitive to chain scis-
sions, and this can be checked by a comparison of
virgin samples differing by the initial prepolymer
molar mass. It is easy to understand that a UP
sample based on a prepolymer of molar mass 1500
g/mol21 can be considered as a model of a UP
sample based on a prepolymer of molar mass 3000
g/mol21, which has undergone one hydrolysis
event per initial prepolymer chain. Despite the
relatively high conversion of this hypothetical hy-
drolysis process, the difference between their me-
chanical behavior can be considered negligible.
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In the real case of hydrolysis, however, one can
observe a catastrophic change of mechanical
properties due to formation of cracks and blisters,
the latter being cracks that propagate preferen-
tially parallel to the surface, below the gel-coat
layer.3 It was very rapidly recognized that crack-
ing/blistering induced by humid aging is a very
important mode of failure in these materials, and
that crack propagation results from the build up
of osmotic pressure in microcavities, so the phe-
nomenon was called osmotic cracking.4,5 Osmotic
cracking requires on the one hand the presence of
water in the cracks, which is not surprising in the
aging conditions under study and considering the
UP permeability to water,6 and requires on the
other hand the presence of solutes in the microc-
rack, which was experimentally showed by sev-
eral authors on blisters.4,7 The UP layer between
a given microcavity and the bath must be semi-
permeable, i.e., permeable to water and less per-
meable to the solutes (impermeable in the time
scale under consideration). Then, according to
Hoff,8 the osmotic pressure P must be:

P 5 RTO
i

Ci (1)

where R is the gas constant, and Ci is the concen-
tration of the ith solute in the cavity.

Fracture mechanics allow us to predict that,
above a given critical pressure )C, the cracks will
propagate in the direction where the cavity cur-
vature radius is the smallest.9,10 Indeed, in a com-
posite material, the crack propagation direction
will be determined by the mechanical anisotropy.
The osmotic cracking mechanism seem to be now
relatively well understood, but many important
features of the process remain unclear, especially
the nature of the initiation mechanism.

The purpose of this paper is to resume some
recent results obtained in these domains. The
first part will be devoted to a kinetic study of the
onset of cracking, leading to the notion of induc-
tion time. Taking the experimental result into
account, we put forward a crack initiation mech-
anism, and a kinetic model as well as the exper-
imental checking of various assumptions. The
last part of the paper will focus on the conse-
quence of crack propagation on tensile mechani-
cal properties.

EXPERIMENTAL

Most of the experimental results reported in this
paper were obtained with two resins: resin A, a

classical resin with isophthalic/maleic (1/1) acids
and propylene glycol cross-linked by 45% of sty-
rene, and resin B, orthophthalic/maleic acids with
a mixture of glycols (ethylene glycol, propylene
glycol, and diethylene glycol) modified by dicyclo-
pentadiene (DCPD) in order to reduce styrene
emission (styrene mass fraction 34%). The same
initiating system (1.2% methylethylketone perox-
ide 1 0.5% cobalt octoate) and the same curing
process (24 h at room temperature 1 10 h at 80°C
and 4 h at 120°C) were used for both resins. Aging
tests were made on discs of 32 mm diameter, 1
mm thickness, and polished in order to enable
optical tests. The samples are first vacuum dried
for 1 week at 50°C prior to immersion in water at
30, 50, 70, and 100°C. Weight changes are re-
corded periodically on a 1024 precision balance.

Samples are observed with a NIKON optical
microscope. The Young modulus (E), the stress (s)
and the strain («) at break are measured on an
tensile INSTRON 6025 at a constant rate of 1
mm/min at room temperature.

RESULTS AND DISCUSSION

Onset of Cracking

In sufficiently thin samples (typically thinner
than 1 mm) and at sufficiently low temperature
(typically , 100°C) cracking is not diffusion con-
trolled. Water uptake reached a plateau corre-
sponding to the sorption equilibrium and the os-
motic cracking corresponds to a mass re-increase
after a more or less long induction period. The
cracks grow until the point where they coalesce
and form an open network. Thus the mass re-
decreases rapidly because most of the molecules
trapped inside the network leach in the bath be-
cause of their high solubility in water. In mass
curves, it can be in principle considered that the
onset of mass re-increase corresponds to the in-
duction time of osmotic cracking ti. Relationships
between ti and the network structure and compo-
sition can be used to establish the osmosis caus-
es.11

The kinetic curves of mass changes during im-
mersion in distilled water at 100°C and 70°C of
samples A and B are shown in Figure 1.

At 100°C, the onset of mass re-increase occurs
very early for both matrices (24 h for A and 6 h for
B) and is followed by a sharp weight loss that
appears after 10 h for B and 400 h for A. At 70°C,
no weight changes are recorded for the A sample.
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As for sample B, the induction time of cracking
(onset of mass re-increase) could be located be-
tween 100 and 300 h depending on the chosen
criterion, whereas the characteristic time of dif-
fusion tD taken at the intersection of the tangent
at origin with the equilibrium plateau is about
5 h. The mass uptake goes from 1.6% to 5% be-
tween 500 and 1500 h, which means that, at
1500 h, the volume fraction of cracks is about
3.5%.

Disk-shaped microcracks with radial lines or
ellipsoidal cracks are also observed using an op-
tical microscope (Fig. 2). It has been arbitrarily
chosen to consider that the induction period ends
when the crack diameter reached the critical
value of 40 mm. The corresponding induction time
tind is about 70 h for sample B, compared with
100–300 h from gravimetric experiments. Indeed,

the relative sensitivities of microscopic and gravi-
metric detections of the onset of cracking depend
of the crack density N (number of cracks per
volume unit). Schematically gravimetric analysis
cannot detect situations such as:

Nn # SDm
m D

0

(2)

where SDm
m D

0

is the sensitivity threshold of gravi-

metric measurements, typically of the order of
1023, and n is the average volume of a crack. An
arrhenius plot of induction times tind determined
by microscopy is presented in Figure 3.

In sample A, no cracking was observed at 70°C
after a 10 000-h exposure, explaining the positive
curvature of the curve. For sample B, which is
considerably less stable, the induction time has
been determined also at 50°C. The curve also
displays a positive curvature that could be due to
the fact that the networks are in the rubbery state
in the left part of the curve and in the glassy state
in the right part in the range of temperature
studied (TgA 5 96 °C, TgB 5 82 °C).

Crack Initiation Mechanism and Kinetics

There are generally two ways in the literature to
explain the initiation of osmotic cracks:

1. Heterogeneity pre-exists in the network.
They may be microporosities induced by air
bubbles, soluble impurities, or defects. This

Figure 1 Observed net weight changes of matrices A
(white symbol) and B (black symbol) immersed in water
at 100°C (}) and 70°C (Œ).

Figure 2 Disk-shaped and ellipsoidal cracks in poly-
ester resin after immersion in water.

Figure 3 Arrhenius plots of tind for matrices A (h)
and B (■).
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approach is somewhat difficult to reconcile
with the numerous observations showing a
strong influence of the network structure
on the induction time, as for instance, in
the above presented results. In the case of
long induction periods, it is clear that the
crack nucleation is the rate controlling pro-
cess. Authors such as Robeson and Crisa-
fulli12 have suggested that heterogeneity
formation (cluster) could be inherent to the
sorption process, but in this case water dif-
fusion should mask such effects.

2. Crack initiation results from a polymer-
water demixing. This mechanism has been
well established in the cases where satu-
rated samples are quenched. Because in
these polymers the equilibrium concentra-
tion is an increasing function of tempera-
ture, quenched samples are over-saturated
and phase separation occurs.13 For Lee et
al.,14 aging would have the same effect as
quenching, meaning that aging would shift
the equilibrium towards lower water con-
centration. This interpretation contradicts
the experimental results that reveal that
hydrophilicity increases during hydrolytic
aging.15 Furthermore, aging is sufficiently
slow (at least in a thin sample) to be not
kinetically controlled by water diffusion.
Thus, the latter should easily eliminate
any aging induced by spatial fluctuation of
the water concentration in the timescale of
aging tests.

Because these mechanisms are not satisfying,
there remains only one possibility: that crack ini-
tiation is linked to the presence of small water-
soluble molecules present in the network. These
molecules would accumulate as a result of their
formation from polymer hydrolysis and they will
phase separate when exceeding their equilibrium
concentration, thus creating highly hydrophilic
liquid micropockets able to initiate osmotic crack-
ing.

This theory displays many advantages over
former ones: first, it is consistent with the struc-
ture—durability experimental relationships (see
below). Second, it can explain the delayed charac-
ter of osmotic cracking in relatively stable sam-
ples.

The hypothesis inherent to this theory will be
discussed in the next part of this paper. The hy-
pothesis being made, the theory must take into
account apparently independent factors, such as

the effect of initially present impurities (catalytic
residues, unreacted monomers,7 dangling chains,16

and network structure.17 These factors can be
integrated to a simple kinetic model based on the
following assumptions:

1. Hydrolysis can be described by the stan-
dard second order kinetic scheme where
ester groups are randomly attacked by wa-
ter.1

2. In a first approach, the reaction is not dif-
fusion controlled (sample thickness of the
order of 1 mm) but the theory can be easily
extended to the diffusion controlled case.

3. There is only one water-soluble cracking
promoting species, for instance monomeric
glycols. This is a reasonable assumption in
that phthalic acids are not very soluble in
water. Anyway, the existence of many dis-
tinct species would modify only quantita-
tively the model.

4. Water equilibrium concentration does not
vary with hydrolysis conversion. In fact, it
increases slowly but its variation can be
neglected in a first approach.

Then, the hydrolysis rate can be ascribed:

dn
dt 5 kEW < KE0 (3)

where n, E, and W are the respective number of
chain scission per mass unit, ester concentration,
and water concentration, k being the second order
constant, K 5 kW being a pseudo first order
constant, and E 5 E0 2 n ' E0 at low conver-
sions.

Each hydrolysis event creates two new dan-
gling chains. If a hydrolysis event occurs near a
chain end, it generates a small organic molecule.
In a first approximation, the rate of small mole-
cule formation is then:

dg

dt 5 2kwWn 5 2wKn (4)

where g is the number of small molecule per mass
unit and w is the number of reactive ester groups
in a dangling chain (close to unity).

The small molecules are supposed to have a
very low transport rate in the polymer, so that
their loss by diffusion is neglected.

The integration of the eq. (3) gives:
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n 5 n0 1 KE0t (5)

where n0 is the initial number of “chain scis-
sions,” i.e., half the number of dangling chains.
And, substituting n in eq. (4) gives:

g 5 g0 1 2wKn0t 1 wK2E0t2 (6)

The first term corresponds to the initially present
water-soluble small molecules.

The second term refers to the small molecules
generated by chain scissions on initially present
dangling chains.

The third term is attributed to the small or-
ganic molecules generated by chain scissions in
dangling chains resulting from hydrolysis events
in initially elastically active network chains.

Demixing is supposed to occur at constant mol-
ecules concentration gC, at least in a first ap-
proach, so that the induction time tind would be
the solution of the following second order equa-
tion:

wK2E0t2 1 2wKn0t 2 ~gC 2 g0! 5 0 (7)

whose solution is:

tind 5
n0

KE0
HF1 1

E0~gc 2 g0!

wn0
2 G 1/2

2 1J (8)

The effect of initially present molecules is well
put in evidence: for g0 $ gc, tind 5 0. In the case
of high initial dangling chains concentration, typ-
ically for

n0 $ Î5
w

@E0~gC 2 g0!#
1/2 (9)

we would have:

tind <
n0

2KE0

E0~gC 2 g0!

wn0
2 <

1
2K

gC 2 g0

n0
(10)

In other words, the induction time would be in-
versely proportional to the initial dangling chain
concentration.

Finally, the induction time value is propor-
tional to the reciprocal of the rate constant K,
which represents the intrinsic hydrolytic stability
of ester functions.

A detailed analysis based on statistical consid-
erations and chemical characterization15 of ma-
trices A and B gave the following results pre-
sented in Table I.

The pseudo first order constant K has been
determined using spectrometric analysis as re-
ported by Belan et al.15 (see Table II).

To conclude, the difference of stability between
the matrices A and B can be explained by this
model, which opens the way to lifetime prediction
from initial analytical data and structure-reactiv-
ity relationships provided that gC, the equilib-
rium concentration of small molecule, is known.
At 70°C, the cracking resistance of sample A is
explained by its hydrolytic stability (very low
value of K) whereas at 100°C, the high value of g0
and n0 explain the relative difference between the
two matrices observed in Figure 1.

Model Experimental Checking

Two assumptions have to be checked:

1. The matrix acts as a semipermeable mem-
brane, i.e., the permeability of small or-
ganic molecules, suspected to play a key
role in osmotic pressure build up, espe-
cially glycols, is many orders of magnitudes
lower than water permeability. This is well
established by water and glycol sorption
kinetics comparison.

2. Small molecules promote osmotic cracking.
We have incorporated various propylene
glycol weight fraction into reactive mix-
tures A and B, below the equilibrium
threshold, which means that the sample
remains initially homogeneous. Then the

Table I Intrinsic Parameters

Matrix
g0

(106 mol/g21)
n0

(104 mol/g21)
E0

(104 mol/g21)

A 1.3 8.2 60
B 14.0 13.1 64

Table II Pseudo First Order Constant Values

Matrix Temperature (°C) K (105 h21)

A 100 35.0
B 100 13.0
B 70 3.8
B 50 1.0
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samples were cured and exposed to immer-
sion at various temperatures. The induc-
tion time was determined by microscopic
observations and plotted against glycol
concentration in Figure 4.

The induction time displays an exponential de-
pendence with the glycol concentration.

log tind 5 log t0 2 B@PG# (11)

The parameter values are given in Table III.
As a conclusion, the addition of various concen-

tration of PG influences the induction time ac-
cording to the following function:

t 5 t0
2B@PG# (12)

where B is almost temperature independent,
whereas t0 increases when the temperature de-
creases.

The induction time t0 corresponds to the case
where no PG were artificially added.

Crack Propagation

Once the nucleation site has been formed, the
propagation step can take place. The main char-
acteristics of this crack propagation are the crack
propagation rate and the crack density evolution.
As a matter of fact, the propagation seems to
proceed by a nucleation/spreading mode, meaning
that both crack density and crack size increase
during hydrothermal aging. Both were deter-
mined using optical observations.

The results for the materials under investiga-
tion are shown in Figures 5 and 6. The crack

Figure 4 Influence of added propylene glycol on crack
induction time in sample A (white symbol) and B (black
symbol) as a function of temperature: 80°C (}), 70°C
(Œ), 50°C (F), 30°C (■).

Table III Parameters of the Crack Induction
Time Law

System
Temperature

(°C)
B

(h z g/mol21)
Log t0

(h)

A 80 2500 2.37
A 70 2950 4.38
B 70 1650 1.56
B 50 1960 2.78
B 30 2050 3.76

Figure 5 Crack density evolution in matrices A
(white symbol) and B (black symbol) at 100°C (}) and
70°C (Œ).

Figure 6 Arrhenius plot of the crack propagation
rate in matrices A (h) and B (■).
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density evolution has been put in parallel with
gravimetric curves. The low crack density evolu-
tion in sample A before 200 h may explain why a
mass uptake is not visible before 200 h, whereas
the number of cracks in sample B increases rap-
idly as soon as crack initiation occurs. At 100°C,
the matrix A exhibits a slightly higher propaga-
tion rate. This rate is a thermo-activated phenom-
enon.

Propagation results can be interpreted in
terms of osmotic process and can be schemed as
shown in Figure 7.

The increase of osmotic pressure ) is due to the
accumulation of solute inside the micropocket,
according to eq. (1). At a critical value )C the
microcrack size increases, thus leading to the de-
crease of solute concentration and therefore to the
osmotic pressure. This pressure drop stabilizes
the micropocket size until the osmotic pressure
reaches )C by increase of solute concentration.
The cavity volume evolution corresponds to the
minimum energy loss and is found to depend on
the square root of the solute mole number.9 This
mechanism is in accordance with the slip/stick
propagation mode that can be observed on the
crack surface.10 This step ends when the cracks
coalesce to the surface leading to the leaching of
the free molecules.

As can be seen on Figure 7, the crack propaga-
tion rate VP is governed by two parameters: the
molecule production rate and the critical pressure
at which the micropocket size increases. The first
parameter depends on the chemical hydrolysis
kinetics described earlier and noted g. It is clearly
dependent on the pseudo first order constant K.
The values in Table III had shown the same hi-
erarchy (KA , KB).

The critical pressure )C has been determined
according to linear elastic fracture mechanics.9

P
C

5 S3§E
2b D 1/2

(13)

where E is the Young modulus, § is the surface
energy, and b is the crack length.

It is difficult, however, to evaluate the E and §
values in the conditions under study (at 100°C
and in humid environment). As a matter of fact,
those values are dependent on plasticization and
temperature.

An other way to determine the )C value is to
used the relations applied in solvent crazing pro-
cess,18 namely:

P
C

5
2§

r 1
2se

3 c (14)

where r is the cavity radius, se is the yield stress,
and c is a constant of the order of unity. The same
incertitude on § value appears, but one can be
sure that the yield stress decreases to a near zero
value when the temperature reached the glass
transition temperature. At T . Tg, the critical
pressure is expressed by:

p 5
2g

r (15)

and the failure energy is then only linked to the
intermolecular forces represented by the surface
energy.

This approach enables us to explain why the
crack propagation rate does not follow an Arrhe-
nius law. However, no absolute critical pressure
value can be calculated.

Tensile Mechanical Properties

The tensile test has been chosen to characterize
the material resistance evolution as a function of
immersion time in water. It appears that the
Young modulus remains almost constant over ag-
ing, whereas failure properties decrease very
sharply at 100°C and 70°C. Figures 8 and 9 only
shows the evolution of the stress at break, but let
us remember that the evolution of the strain at
break follows the same tendency.

Tensile property reduction occurs in both ma-
trices at 100°C, but only in matrix B at 70°C.

Figure 7 Crack propagation mechanism.
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Hydrolytic aging of matrix A at 70°C does not
have a great impact on mechanical properties.
This result can be put in parallel with crack ini-
tiation ones. Osmotic damage does not appear in
matrix A at 700°C on the time-scale under study.
Moreover, observing Figures 8 and 9 put in evi-
dence the existence of an induction time where
failure properties remain unchanged. These ob-
servations lead us to the following equation:

s~t! 5 ~s0 2 s`!expS2~t 2 tr!

t D 1 s` (16)

where s, s0, and s` represent respectively the
stress at break at time t, initially and at an infi-
nite time, t is the characteristic time of tensile
properties degradation, and tr is the delay time.

The value of s` is attributed to the asymptotic
value at 100°C. The curve is then fitted by adjust-
ing the parameters t and tr. The parameters are
summarized in Table IV.

By comparing the delay time and the induction
time, we can draw the conclusion that the onset of
a decrease in tensile properties is governed by the
onset of osmotic cracking. The matrix failure
would therefore take place in the osmotic induced
cracks.

Let us now try to understand the reason for the
tensile property decrease. The usual approach is
to correlate mechanical property evolution with
weight changes.19 The result of such an approach
is shown in Figure 10.

In all cases, a large stress at break variation is
observed for a small weight loss. Thus a weight
loss increase does not have a great effect on me-
chanical properties variation. This can be ex-
plained by the fact that weight loss becomes sig-
nificant only when the crack system reaches the
percolation threshold, thus leading to molecule
leaching, which contributes to weight loss. The
correlation does not take therefore into account
the contribution of small isolated cracks. We then

Figure 8 Stress at break evolution of matrices A (h)
and B (■) as a function of immersion time at 100°C.

Figure 9 Stress at break evolution of matrices A (h)
and B (■) as a function of immersion time at 70°C.

Table IV Parameters of the Tensile Mechanical
Property Evolution

Matrix
Temperature

(°C)
s0

(MPa)
s`

(MPa)
t

(h)
tr

(h)
tind

(h)

A 100 56.5 12 80 24 24
B 100 42.0 10 45 6 6
B 70 42.0 10 800 100 75

Figure 10 Stress at break variation vs weight loss at
100°C (}) and 70°C (Œ) for matrices A (white symbol)
and B (black symbol).
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aimed at comparing mechanical property reduc-
tion with crack propagation parameter evolution,
namely crack density and crack length (Figs. 11
and 12).

According to these figures, the correlation is
quite good and can be explained in terms of frac-
ture mechanics.

The Griffith criterion enables to determine the
stress at break of a material containing an ellip-
soidal crack of length 2c:

s 5 S2§E
pc D 1/2

(17)

The stress at break would therefore be propor-
tional to the reciprocal of the square root of the
crack length. As a conclusion, the stress at break
variation would be governed by the crack length
evolution.

CONCLUSION

Although glass fiber reinforced polymer lami-
nates have received tremendous attention as
structural materials due to their attractive
weight-to-strength ratio, their mechanical prop-
erties are likely to be reduced by a chemically
aggressive environment. The lack of long-term
behavior information is the main limitation of
their use. When polyester is used as the organic
matrix, many research works have provided fun-
damental results showing matrix degradation as
being the main parameter governing the laminate
durability.

In this work, we have investigated the degra-
dation behavior of two polyester matrices as a
function of immersion time in water at different
temperatures. The formation of disk-shaped or
ellipsoidal cracks has been observed in the sam-
ples after a given time called induction time. Tak-
ing into account the kinetic aspects of the crack
nucleation leads us to the proposal of a new crack
initiation mechanism based on a polyester-small
molecules phase separation. The crack nucleation
promoting molecules are essentially glycols that
accumulate in the network as a result of hydro-
lytic chain scissions. This mechanism has been
experimentally validated by adding artificially
glycol molecules in the network. It turned out
that the induction time is reduced when a high
glycol fraction is incorporated. A kinetic model
has been put forward to estimate the evolution of
small molecules in the network. Structural net-
work parameters promoting crack initiation have
therefore been put forward: high initially present
molecule concentration, high concentration of ini-
tially present dangling chains, and high ester re-
activity. This model enables us to explain the
difference of water resistance in both matrices
under study.

Once the micropocket has been initiated, the
cavity size increases according to an osmotic pro-
cess. The crack propagation proceeds by a nucle-
ation/spreading mechanism, meaning that both
crack density and crack length increase. The
main characteristic of crack propagation is the
crack propagation rate that is governed by the
molecule production rate and the critical osmotic
pressure required for the crack to propagate.
These parameters explain the difference observed
in the propagation rates of the matrices.

Figure 12 Stress at break variation versus crack
length at 100°C (}) and 70°C (Œ) for matrices A (white
symbol) and B (black symbol).

Figure 11 Stress at break variation versus crack
density at 100°C (}) and 70°C (Œ) for matrices A (white
symbol) and B (black symbol).
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Finally, tensile analysis have provided funda-
mental insight into matrix degradation. Mechan-
ical properties are not sensitive to chain scission,
but the onset of osmotic cracking and its propa-
gation have a great impact on the matrix resis-
tance. The crack length was found to govern the
tensile mechanical property reduction.
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