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Abstract - The engineering community is well
aware of the long service lives of composites in a variety
of harsh environments. It would take no more than a
brief tour of any modern pulp bleaching facility to realize
the importance of composites in applications where
corrosion is an issue. However, a reliable method to
predict the service life of the corrosion barrier of the
composite is still lacking. The many studies and test
methods that have been developed over the years, while
certainly useful to establish suitability, are not adequate
to predict durability. This is understandable in view of
the overwhelming complexity of the problem. The many
combinations of resin types, laminate constructions,
processing variables, mechanical and thermal loadings,
and the myriad of aggressive media, make the prediction
of service lives a most daunting endeavor. This paper
introduces a new test method to predict the service lives
of the corrosion barrier of composites in aggressive
environments.

Scope - The issue of durability is dependant on
what is expected of the composite and is usually
addressed based on cosmetic, fitness for service and
structural criteria.

1 – The cosmetic life is determined by the need to
restore the gloss or any other feature that may be
appealing to the eyes of the beholder. The cosmetic life
will not be addressed in this paper.

2 – The structural life marks the ultimate durability
of the composite and is defined by rupture, weeping, or
any other structurally relevant criterion. The structural
life is addressed in reference 1.

3 – The service life of composites in industrial
applications is determined by the durability of the
corrosion barrier. The composite is considered unfit for
service when the aggressive chemicals reach the

structural layers. This paper introduces a new model to
predict the lifetime of corrosion barriers.

Three types of media – We define aggressive
medium as any agent that lessens the ability of
composites to perform. This definition includes as
aggressive some unsuspected agents like temperature and
mechanical loading. The damaging potential of the
aggressive media is related to their ability to penetrate
the laminates. Some have no power of penetration and do
their damage to the surface. Others pervade the whole
laminate and damage all layers. In this paper the
aggressive media are classified according to their ability
to penetrate the laminates.

1 - Non-penetrating. This category includes those
agents that interact only with the surface of the laminate.
Their penetrating fronts coincide with the outside surface
of the structure. Examples of such media are combustion,
UV radiation and abrasive materials, which erode away
the outside surface of the composite while leaving the
inner layers intact. Except in rare cases of extreme
abrasion/erosion the non-penetrating agents cause only
cosmetic damage.

2 - Penetrating. Some agents like temperature,
solvents and mechanical loadings, have the ability to
affect all layers of the laminate after a short exposure
time. The penetration of solvents is so fast that the times
they take to saturate the composite can be considered
short-term events. Temperature saturation is also very
fast. The mechanical loadings, of course, have
instantaneous penetration. The penetrating media are
characterized by fast action and pervasiveness. They are
the only agents that can affect the long-term structural
life of the composite.

3 - Semi-penetrating.  The solubility of non-solvent
chemicals in polymers is very small. Small solubility,
coupled with low diffusivity and the interactions of the
reactive chemical with the resin or the glass fibers,
produce near flat advancing fronts. Figure 1 shows some
typical concentration profiles of semi-penetrating agents.
The flatness of the advancing front is a characteristic of
the semi-penetrating chemicals. Other things being
equal, the higher the reactivity of the penetrating species,
the flatter is its advancing front. The highly reactive
chlorine dioxide displays a neat and distinct advancing
front.

The material penetrated by the aggressive
chemicals loses its structural capability. It is the
responsibility of the engineer to schedule regular
shutdowns to replace these surface damaged layers. The
widespread practice of relining storage tanks would not
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be possible if the advancing fronts of the chemicals were
not flat and sharp as in figure 1. In applications where
relining is not possible, like in small diameter pipes, the
chemicals will penetrate the structural layers and
eventually cause structural failure. However, when
relining is done, the chemicals do not reach the structural
layers and play no role in the long-term structural life.
Their effect is limited to the sacrificial corrosion barrier
and they define the short-term service life.

The degree of flatness of the advancing front is
determined by the solubility, the reactivity and the
diffusion of the chemical into the laminate. This simple
and obvious statement suggests that some resins may be
better than others not because of their superior resistance
to chemical attack, but because they have been better
cured or have lower diffusivities. This would explain the
superior performance of the highly cross linked
Bisphenol A polyesters and Novolac vinyl esters.

The advancing front divides the laminate in three
zones (figure 2). The fully penetrated material in zone 1
has its mechanical properties reduced to zero. Zone 2 has
been partly destroyed and maintains some structural
integrity. Zone 3 has not been reached by the chemicals
and is left intact. The ingress of chemicals in composites
is a surface phenomenon that gradually destroys the
laminate thickness and leaves the core intact. That is the
way in which figure 2 should be interpreted. The
conventional interpretation, however, is the exact
opposite and assumes that (a) the composite is fully
penetrated by the chemicals, (b) the properties of the
core are reduced as a result of that penetration and (c) the
laminate thickness is left intact.

The current test methods to assess the effects of
chemicals on composites are based on the flawed
assumptions of (a) thickness preservation and (b) a
uniform drop in mechanical properties, regardless of the
thickness of the tested specimens. We say this
interpretation is not correct. In our view the composites
in contact with aggressive chemicals lose thickness, not
mechanical properties.

The effective depth of penetration “_e” – In
most cases the material that is destroyed remains in place
and the actual laminate thickness is maintained. In the
context of this paper “loss of thickness” should be
interpreted as the amount of surface material whose
mechanical properties have been destroyed. This poses
the problem of measuring this unseen “lost” thickness
that constitutes the “effective” depth of penetration by
the chemicals.

The next section suggests a practical method to
measure the extent of the unseen “lost” thickness. For
now we just want to make it clear to the reader that the
lost thickness is comprised of zone 1 and part of zone 2

in figure 2. The boundary of zones 2 and 3 defines the
total depth of penetration. This boundary is too tenuous
and cannot be measured by optical means, which leads
us to define the “lost” thickness as the “effective” depth
of penetration “_e” shown in figure 2. Given the flatness
of the advancing fronts, the effective depth “_e” should
differ little from the actual total depth of penetration. The
effective depth of penetration “_e” is a practical way to
measure the extent of damage and will be used to predict
the service life.

Measuring “_e” - The lost thickness “_e” can be
measured indirectly by tensile testing specimens
removed from the corrosive media. In doing so, it is
necessary to separate the effects of the two media present
in all aqueous solutions. As we know, the penetrating
water reduces strength and has no effect on thickness,
while the semi-penetrating chemicals reduce thickness
and have no effect on strength. To measure “_e”, the
swelling effect of the penetrating water must be
separated from the attack by the chemical. This can be
done by immersing the control coupons in water.

 Figure 3 shows the cross-sections of coupons after
immersion in water and in the test solution. The control
coupon - immersed in water - retains its original
thickness “e”. The thickness of the test coupon –
immersed in the chemical – is reduced from the original
“e” to a final “e - 2_e”, where “_e” is counted twice to
account for the two-sided exposure. Test specimens
extracted from these coupons are submitted to tensile
tests. Let the measured tensile forces at rupture be F0 and
F1 respectively for the unexposed and the exposed
specimens. The corresponding tensile strengths are

eFr
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Equation (1) calculates “_e” from the measured
tensile forces F0 and F1 and the known original thickness
“e”. The effective depth of penetration calculated thus is
interpreted as a loss of thickness even if the actual
thickness remains unchanged or increases.

The governing equation - We next derive a
relationship between “_e” and the time of exposure “t”.
The rate of change of “_e” is a function of the reactivity
of the chemical and of the shielding effect of “_e”.
Remember that “_e” remains on the surface and provides
a shield against further attack. This can be expressed
mathematically as
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Where “_e” is the lost thickness, “t” is the time of
exposure, “n” is a parameter indicative of the rate of
attack and “m” is another parameter related to the
shielding effect of “_e”. Integration of equation (2) gives
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Equation (3) can be expressed on log-log space as
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Equation (4) predicts the thickness lost to chemical
attack when the corrosion coefficients “A” and “B” are
known. The corrosion coefficients “A” and “B” are
determined experimentally and have the following
relations to “n” and “m”
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We next apply equation (3) to a few limiting
scenarios.

n = 0. This situation occurs in environments that
would not react with the laminate, such as water,
temperature, static or cyclic loadings, etc. In this scenario
“_e” is zero and the original thickness is preserved.

n = ∞. This case represents extremely aggressive
environments. The attack is very fast and the laminate is
destroyed rapidly. Combustion is a good example of this
type of environment.

m = 0. This scenario occurs when “_e” is removed
from the surface, either by dissolution or by abrasion.
The shielding effect is lost and the laminate is exposed to
direct attack.

m = ∞. This is the case when “_e” gives full
protection to the structure. The chemical attack is halted
and “_e” ceases to grow after a short exposure. Examples
of real life situations approaching this case are found in
laminates protected by liners of low permeability.

The new test method - The current test method
to predict the suitability of resins and laminates in
corrosive media is ASTM C 581, which assumes
preservation of thickness and loss of strength. This is in
direct opposition to the preceding discussion. In our view
the strength is retained and the thickness is lost. Based on
the foregoing we propose a new test method to assess
laminates in corrosive media. In terms of execution the
new test method departs from ASTM C581 in the
following:

• The test coupons have no surface veil.
• The specimens are tested in tension
•  Barcol hardness and visual appearance are

irrelevant.
• The unexposed (control) coupon is saturated in

water prior to testing.

The differences between the two methods are
summarized in table 1. The regression lines generated by
the new test method predict the service lives of corrosion
barriers comprised of any resin + chopped glass
combination in any aggressive media.

Worked example 1 - This example illustrates the
application of the new test method to a hypothetical
situation. We assume that for a certain corrosion barrier
in a certain environment the corrosion coefficients have
been determined to be A = - 0,0969 and B = 0,2761 for
“_e” expressed in mm and the time of exposure “t”
expressed in months. The hypothetical corrosion
coefficients will be used to determine (a) the service life
of a 2,5 mm corrosion barrier and (b) the required
thickness of the corrosion barrier for a service life of 15
years. In both cases we assume a margin of safety of 1,0
mm for the residual corrosion barrier.

Service life for a corrosion barrier of 2,5 mm – In view
of the required residual margin of 1,0 mm, the composite
will be either removed from service or shut down for
maintenance when the corrosion barrier loses the
thickness _e = 2,5 – 1,0 = 1,5 mm. The service life is
obtained by entering this value and the given corrosion
coefficients in equation (4)

)log(2761,00969,0)5,1log( t×+−=

Solving for “t” we obtain t ≈ 10 months.

Corrosion barrier for a service life of 15 years – Per
equation (4) the thickness that is destroyed in 15 years is

)1215log(2761,00969,0)log( ××+−=Δe

_e = 3,18 mm
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For a residual margin of safety of 1,0mm, the corrosion
barrier should be 3,18 mm + 1,0 mm = 4,18 mm.

Worked example 2 - In 2001 the then CFA, now
ACMA, published a remarkable paper with the results of
extensive creep-rupture tests done on pultruded rods
immersed in several aggressive media. The objective of
the paper was to compare the effects of two types of
glass fibers on the long-term structural lives of
composites. The rods were identical in every respect
except for the different compositions of the glass fibers.
This worked example shows our interpretation of the test
results published in 2001 (reference 2).

In creep tests the specimens are tested immersed
and under tension. This differs from the method that we
are proposing, in which the coupons are immersed
without tension. Creep tests are good to assess the
structural life of composites in penetrating environments
like water. Their usefulness in mixed environments
consisting of penetrating water and semi-penetrating
chemicals is less obvious.

The advantage of creep tests is their ability to
capture the stress-corrosion effect that some chemicals
have on the glass fibers. In environments that attack
glass, creep tests yield realistic values for the corrosion
coefficients “A” and “B”. However, given the shallow
depth of penetration, these values may not differ much
from those obtained from simple immersion tests. And
further, there is the added difficulty in conducting the
test. The reasons we think creep tests may not be
required to assess the service life of corrosion barriers
are:

1 - The additional information obtained may not justify
the added difficulty in conducting the test.

2 - The test results reflect the effects of two distinct
modes of attack. For meaningful results, the
investigator must judiciously separate the effects of the
water from those of the chemicals.

The 2001 paper object of this study did not separate
the effects of these two modes of attack. Instead, the
reported conclusions were based on the classical
assumption that the chemicals had penetrated the rods
and had affected their strength, while leaving their
thicknesses unchanged. The classical idea that chemicals
penetrate and deteriorate the mechanical properties of the
entire laminate, regardless of their thickness, is unlikely.

We return to the paper object of this discussion.
The classical interpretation assumes the radius of the
rods remain unchanged throughout the test. This leads to
the equations
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Where 0
rσ  and t

r!  are the tensile rupture stresses

of the rods respectively prior to and after immersion.
Note that the radii R remain unchanged and the tensile

strength t
rσ  drops in the same proportion as the force of

rupture t
rF . That is the old interpretation.

Our interpretation is quite different. We say that the
tensile forces to rupture the rods drop in response to (a) a
decrease in thickness – caused by the chemicals – and (b)
a decrease in the tensile strength caused by the water. We
repeat the argument for clarity. We say that the semi-
penetrating chemicals destroy the thickness, while the
penetrating water causes a drop in the tensile strength of
the core. We recognize that the tensile strength of the
core decreases in time. However, this decrease takes
place not because of chemical attack, but in response to
the action of the water. The chemicals destroy the
thickness of the rods and have no effect on the
mechanical properties of the core.

As we have said, the tensile force of rupture, t
rF ,

drops in response to (a) the decrease in strength of the
core caused by the water and (b) the destruction of
thickness caused by the chemical. We must separate
these effects.  This separation involves a highly technical
and elaborate analysis that will not be done here. The
interested reader can email the authors requesting a proof
of the derivations.

The separation of the two effects lead to equation
(5) that predicts the thickness “_e” that is lost to the
chemical action in the creep-tests reported in reference 2.
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where

_e is the “lost” thickness
R = 3,175 mm is the original radius of the rod
Retention is the reported tensile strength retention for
the rods after a time “tr”
“tr” is the time to rupture
“t0” = 0,1 hour is the time to rupture in short term
tensile tests
Ks = 0,0854 is the slope of the static regression line for
the rods made of E glass
Ks = 0,0654 is the slope of the static regression line for
the rods made of boron-free glass
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We illustrate the use of equation (5) for the rods
tested in acid. According to reference 2 the strength
retentions at 50 years for rods creep-tested in acid are
0,90% and 12,10% respectively for E glass and boron-
free glass; the time to rupture is 50 years, or

438000=rt  hours; all rods were made with the same

isophthalic polyester resin.

Equation (5) for the E glass rods creep-tested in acid
yelds
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The loss of thickness “_e” is small for both glasses,
considering the lifetime of 50 years under full strain-
corrosion and the absence of a corrosion barrier of
chopped glass. The rods of E glass lose 2,60 mm after 50
years of exposure in acid, while those of boron-free glass
do slightly better with a loss of 1,35 mm. For equal
performance after 50 years the rods of E glass would
require diameters 50,2)35,160,2(2 =−×  mm larger

than those of the rods made of boron-free glass.

The classical interpretation leads to the scary
conclusion that the rods of E glass, regardless of
diameter, lose all their strength (retention of 0,90%) after
50 years of immersion in acid. This conclusion is so
unlikely that the great Mark Greenwood made the
following comment in his 2001 paper:

“Considering the relatively good performance of
isophthalic polyester laminates reinforced with
traditional E glass, the results from this study appear to
be excessively severe. However, the manufacturing
method typically used for storage tanks that would hold a
strong acid uses a liner or barrier layer that would
significantly delay the adverse effects of the acid on the
structural layers of the chemical storage tank.”

The above is implicit admission that the effect of
the semi-penetrating chemicals is limited to the outer
layers. The assumption that they pervade the laminate
and affect the mechanical properties of the core is wrong.

Table 2 summarizes our interpretation of the test
results published for the other environments as reported
in reference 2.

Conclusion - This paper introduces a new
interpretation to the study of the issue of durability and
suggests a test method to predict the service life of the
corrosion barrier of composites in harsh environments.
The basic assumptions of the new model lead to the
following conclusions:

1 - The non-penetrating environments affect the cosmetic
life of composites
2 - The semi-penetrating environments determine the
service life.
3 - The penetrating environments determine the long-
term structural life.
4 - The current method (ASTM C 581) to assess the
suitability of composites in corrosive environments
should be revised to quantify the durability.
5 - The proposed new method to quantify the service life
of corrosion barriers is similar in execution to the
traditional ASTM C 581.
6 - It may not be advisable to conduct creep-tests in
corrosive environments.
7 - The difference between boron-free and regular E
glass in corrosive environments is less dramatic than
reported by earlier studies.
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Figure- 1
Different species have different penetrating profiles. Note the characteristic flat front of the penetrating chemicals.

Figure – 2
The chemicals do not penetrate far into laminates. The damage that they do should be interpreted as loss of thickness

and not as loss of mechanical properties. ”_e” measures the extent of penetration.
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Table-1
The two test methods side by side. They are similar in execution and fundamentally different in interpretation.

Table-2
A side by side comparison of the new and old interpretations of stress-rupture tests on pultruded rods. The thickness loss
“_e” is small considering the lifetime of 50 years under full stress-corrosion and the absence of a corrosion barrier.

ASTM C 581 New test method

Scope Evaluates  suitability Predicts service life

Criteria Hardness
Appearance of the  coupon
Appearance of the medium
Flexural strength retention.

Tensile strength of the exposed
coupon

Significance Suggests suitability Predicts  durability

Coupons Veil on both surfaces.
Two 450 g/m2 mats

Veils are not used
Coupon are made with chopped
glass only

Procedure Immersion of coupons
Specimens tested for flexural
strength at regular intervals.

Immersion of coupons
Specimens tested for tensile
strength at regular intervals.

Calculation Tabulates/constructs graph of
hardness as function of time.
Tabulates/constructs graph of
flexural strength as function of
time.

The drop in tensile strength is
interpreted as loss of thickness.
The loss of thickness is linked to
time of exposure by a log – log
regression line.

Interpretation of
results

Resin is suitable if flexural
strength and hardness level off.
Visual appearance of the
laminate and of the media.

The log – log regression line
predicts the service life.
Visual appearances and
hardness are irrelevant.

Corrosive
medium @

23C

Type of
glass

Strength
retention @

50 years

“_e” @ 50
years

Comments

E glass 0,271 zero5% salt
solution

Boron-free
glass

0,368 zero

Water does not affect the thickness. The results indicate that
boron-free glass is superior to E glass.

E glass 0,009 2,60 mm1,0N HCl
acid

Boron-free
glass

0,121 1,35 mm

After 50 years in acid the rods of E glass lose 2,60 – 1,35 =
1,45 mm more thickness than those of boron-free glass.

E glass 0,148 0,83 mmCement
extract

Boron-free
glass

0,248 0,57 mm

After 50 years in cement extract the rods of E glass lose 0,83 –
0,57 = 0,26 mm more thickness than those of boron-free glass.


