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Abstract Modelling and prediction of the environmental

degradation of fibre reinforced plastics (FRP) has been

hindered by the complexity of the process. Published works

are limited to effects and mechanism characterisation or

partial models, most of the time empirical. In this article,

an analytical approach is presented which resolves the

degradation process into only three components: the

chemical link density variation, the cohesion force varia-

tion and the stress state modification. The first two are

referred to as chemical and physical degradation. Based on

material science theories, the analysis demonstrates that in

a constant environment an exponential function correlates

the chemical and physical degradation to the environmental

factors. It is also shown that the chemical and physical

degradation rate in a real service environment can be

determined in a laboratory in a constant environment based

only on the variation of chemical link density. Laboratory

experiments show that the model correlates excellently

with the degradation process.

Introduction

In their service life, fibre reinforced plastic (FRP) materials

face a variety of environmental conditions resulting from

natural or artificial factors. These include variable temperature

and humidity conditions, energetic radiation, such as

ultraviolet (UV) rays from the sun or other artificial sour-

ces, and diverse chemical reactants, such as liquid in

storage tanks and pipes. These factors are always combined

and negatively affect the material properties over the time.

The top of a boat, for instance, is subjected to UV rays in

combination with corrosive humidity and temperature

cycles. The inner surface of a pipe or a storage tank faces

wet and corrosive conditions in combination with temper-

ature cycles. The resulting degradation mechanism is

complex. Therefore, optimised utilisation of FRP materials

requires the availability of a reliable method for quantify-

ing environmental effects and for predicting material

lifetimes. This allows for optimal handling of issues related

to component design, economic assessment and safety

considerations, as well as the technical problems relating to

equipment maintenance. In this regard, efforts worldwide

are devoted to the modelling of FRP environmental deg-

radation. The high complexity of the process, however,

explains why no general model or viable corrosion resis-

tance test method is currently available [1, 2].

In 1994, White and Turnbull [1] presented a compre-

hensive review of the modelling and prediction issues

relating to the environmental degradation of polymers.

They underlined the necessity to develop models that allow

short-term laboratory data to be used to give an accurate

forecast of the lifetime of the component, to assist in

material selection and to permit planned economic

replacement. Their review, however, noted that no general

or accurate model was available at the time. They pointed

out that the main difficulty was the great number of

chemical and physical processes involved in environmental

degradation, and their interactions. A more recent review

of the subject by Barkatt [2] in 2001 restated the same

conclusion. Barkatt recognised that considerable efforts
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had been made to model the degradation of FRP, but

unfortunately, no comprehensive models were yet available

to provide a quantitative basis for evaluating the perfor-

mance of FRP. A great number of analyses have been

published on the environmental degradation of fibre rein-

forced plastics. In this regard, four predominant trends

have been surveyed in the literature.

The first trend is supported by abundant literature and

focuses on the characterisation of effects and/or on the

description of mechanisms [1–27]. A large range of

material properties has been observed for a wide variety of

materials in a number of environments. It has been

observed that environmental factors negatively affect the

material properties over time. Concerns have arisen

regarding the degradation mechanism since this is under-

stood as a prerequisite to any modelling effort.

The second trend in the literature deals with modelling

and is also the focus of many published works [1, 10, 26,

28–35]. Modelling efforts, for the most part, are limited to

partial models based on a single mechanism dominating the

whole process. Such models are mostly based on moisture

and/or on temperature effects and are empirical. An

example is the model based on hygrothermal stress distri-

butions reported by Springer [10]. This model is based on a

three-step method. Firstly, analyses are conducted to

determine the temperature and moisture distribution inside

the material. Secondly, hygrothermal stresses and strains

are calculated based on the distribution of temperature and

moisture. In the third step, the change in material perfor-

mance is evaluated based on the calculated hygrothermal

stresses. However, this method is subject to limiting

hypotheses, such as that the diffusion should obey Fick’s

law. A second example is the empirical model based on

moisture effects proposed by Prichart et al. [29]. They

reported on a case where the kinetic equation was deduced

empirically by mathematical regression of experimental

data. The changes in tensile strength and modulus of a

fibreglass–polyester resin composite were plotted versus

the moisture content over the course of an exposure. Two

temperatures were used with several fibreglass orientations.

It was reported that the predicted behaviour based on that

model was good for up to 3 years. Unfortunately, no

information on longer time scales is provided. Nakamura

et al. [30] suggested an empirical model that allowed for

quantification of the combined effect of UV rays, humidity,

and cyclic load on the flexural strength of cross-ply lami-

nates of carbon fibre reinforced epoxy.

Another modelling approach is that based on chemical

reaction mechanisms especially in the case of hydrolysis and

oxidation or photo-oxidation [16, 31–33]. This approach

leads to complex mathematical formulae, and parameters in

these formulae cannot always be measured. Nevertheless,

some analyses attempt to provide a global environmental

degradation model. An example is the model proposed by

Sevostianov et al. [34] whereby the degradation process is

considered to be a progressing damage front that moves

through the laminate. The suggested mathematical relation

calculates the overall modulus as a function of time arising

from the contributions of the modulus of both damaged and

undamaged layers. However, this model is affected by

several limiting hypotheses and by the omission of the

effects of moisture diffusion.

The third trend in the literature goes beyond the charac-

terisation of effects and mechanisms and suggests prediction

methods. These methods are based on the assumption that

the dominating mechanism is thermally activated and fol-

lows the Arrhenius law. The prediction relies on linear

extrapolation based on temperature variation. A recent

review by Celina [35], however, shows the considerable

limitation of this law in many cases. Similarly, studies

reported by Prian and Barkatt [26] show the non-applica-

bility of this method in many cases due to supra or sublinear

kinetics arising during the degradation process.

Due to the lack of predictive models, some researchers

resort to exposure of the FRP material in typical service

environments in order to assess the environmental resistance

of the material. In this fourth trend, the method requires

many years of exposure and tests must be conducted for each

climatic area [1, 23]. Similarly, in industry, standards

specify the material lifetime based on statistics resulting

from many years of practice in the field. This implies that

many years of experimentation are required prior to setting

the lifetime standard for each new specification. The lack of

a reliable method of predicting environmental effects has

been a hindrance for extended use of FRP material in fields,

such as construction [2, 11, 13] and is a cause of concern in

the chemical industry where cases of catastrophic failure due

to environmental degradation have been reported [36].

The work presented here suggests an analytical

approach based on well established material science laws.

The analysis demonstrates that in a constant environment

an exponential function correlates the material degradation

to the environmental factors. It is also shown that the

chemical and physical degradation rates in a real service

environment can be determined in a laboratory in a con-

stant environment based only on the variation of the

chemical link density. The suggested model is a mathe-

matical function logically derived from material science

theories and expresses a qualitative relation between the

material degradation and environmental factors.

The method

In order to resolve the complexity of the environmental

degradation process, the analysis relies on the fact that,
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irrespective of its cause, all environmental degradation

results only from one of the following three sub-processes:

(1) Chemical degradation corresponding to the modifica-

tion of the density of chemical links caused either by

chemical attack, thermal attack or UV rays.

(2) Physical degradation corresponding to the deteriora-

tion of cohesive forces or plasticization caused by

either moisture absorption or temperature increase.

(3) Mechanical degradation corresponding to the modi-

fication of the stress state caused by temperature

cycles or humidity.

The effects of these three sub-processes are only of two

kinds. Firstly, the stiffness matrix is altered. This results

from the modification of chemical link density and from the

variation of cohesion forces. These effects will be referred to

as ‘‘chemical and physical degradation’’. Secondly, the

stress state is modified as a result of hygrothermal stresses.

The ultimate effect of these two processes is the transfor-

mation of the material rheology. Therefore, material

rheology provides the common parameter allowing the

integration of the two processes into a common mathemat-

ical relation which provides the mathematical model. The

analysis focuses therefore on the rheological changes in the

material.

For the sake of methodology, this article deals only with

the chemical and physical degradation. In this first

approach, the effects of UV rays will be separated from the

remaining chemical degradation factors and will be han-

dled in a different paper because, compared to the

remaining chemical degradation factors, UV attack is

affected differently by the diffusion process. Cases where

environmental factors cause crosslinking (post-cure by UV

rays or temperature) or stiffen the material are not seen as

degradation. This is because the mechanical strength of the

material is not negatively affected. These cases are con-

sequently not considered in the following development.

The method consists of deriving a qualitative mathe-

matical relation between the degradation rate and the

environmental factors including the chemical concentra-

tion, the moisture, the diffusion coefficient, and the

temperature. The qualitative mathematical relation con-

tains theoretical parameters that can be determined

experimentally. At first, based on material science theories,

the environmental factors are mathematically correlated to

the material rheology. Secondly, the chemical and physical

degradation is expressed as a function of the material

rheology. Then, based on the mathematical relation

between the material rheology and the environmental fac-

tors, the chemical and physical degradation is expressed as

a mathematical function of the environmental factors to

derive the mathematical model. The validity of the math-

ematical model is measured by the degree of correlation

between the variation of the degradation index calculated

from the model and the variation of the mechanical

strength of the material measured experimentally over the

course of the degradation.

Additionally, in common practice, the environmental

resistance of a composite laminate is guaranteed by a

barrier coat, made of a resin rich layer. Thus the barrier

coat resistance determines the laminate life expectancy. It

is also observed, in general, that the degradation mecha-

nism of FRP initiates in the matrix and affects primarily the

matrix based properties [27, 30, 34]. Therefore, the mod-

elling method suggested in this analysis is based on the

environmental resistance of the matrix. Though the method

can be applied to any thermoset matrix, the experimental

analysis is limited to an orthophtalic polyester matrix. The

laminate under investigation was designed to be compa-

rable to a standard barrier coat. Exposure of the material

corresponds to that of a pipe or storage tank environment

without temperature or humidity cycles.

Definitions

As stated in the previous section, alteration of the material

stiffness during the chemical and physical degradation is

always caused by one of the following two effects:

(1) A chemical effect resulting from the modification of

the chemical link density caused either by chemical

attack, temperature or UV rays.

(2) A physical effect resulting from the deterioration of

cohesive force or plasticization caused by either

moisture absorption or temperature variation.

Following the above, indices Ld, Cf and Ed are intro-

duced and are, respectively, the chemical link degradation

index, the cohesive force deterioration index, and the

stiffness degradation index.

Degradation index of the chemical link density: Ld

It is assumed that for a given material, if the cohesive force

is held constant, only the modification of chemical link

density determines the degradation. The variation in

mechanical properties is then directly related to the varia-

tion in chemical link density and thereby the variation in

diffusivity. Theoretically, the mechanical resistance of a

given material may therefore be expressed as a given

critical chemical link density that should assure the mate-

rial structure will hold against breaking stresses. The index

of the degradation of the chemical link density Ld defines

the material degradation due only to chemical link break-

age and is an increasing value over the course of the

degradation.
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The chemical link density index Ld is modified only by

attack from chemicals, UV rays and temperature, respec-

tively, represented by symbols ch, UV and Th. Mathemati-

cally the total variation of Ld is the sum of its variation due

to the effects of chemical agents, UV rays and thermal

attack, expressed as follows:

dLd ¼ dLdch þ dLdUV þ dLdTh ð1Þ

The term representing the effect of UV rays will now be

dropped because this analysis considers only the case

where no UV rays are involved. Variation in the rate of Ld

is thus obtained by differentiation of Eq. 1 as follows:

dLd

dt
¼ oLd

oðchÞ
dðchÞ

dt
þ oLd

oðThÞ
dðThÞ

dt
ð2Þ

Degradation index of the cohesive force: Cf

For a given material, assuming that the chemical link

density is held constant, the degradation is directly related

to the decrease of cohesive force and consequently the

reduction in the mechanical strength. So, theoretically, the

mechanical resistance of a given material may be expressed

as a given critical cohesive force level that should assure

the material structure will hold against breaking stresses.

The cohesive force degradation index defines the material

environmental degradation resulting only from the varia-

tion of cohesion forces. The index Cf increases when the

cohesive force decrease.

The variation of the cohesive force results only from

diffused moisture and from temperature variation. On this

basis, the degradation rate of the cohesive forces can be

mathematically expressed as the sum of only two contri-

butions arising from the variation in the rates of the

diffused moisture and temperature:

dCf

dt
¼ oCf

o Dmð Þ
d Dmð Þ

dt
þ oCf

o Thð Þ
d Thð Þ

dt
ð3Þ

where Dm represents the diffused moisture.

The degradation index of the material stiffness: Ed

The index Ed represents the degradation of any material

property, such as tensile strength, modulus, etc. The

chemical and physical degradation of the material stiffness

is the sum of two contributions including chemical link

degradation and cohesive force degradation. This can be

mathematically expressed as follows:

Ed ¼ p1Ld þ p2Cf ð4Þ

The factors p1 and p2 are weighting factors relating the

contribution of the chemical link density and cohesive force

to the degree of degradation. The stiffness degradation rate

can then be deduced from Eq. 4 by differentiation as

follows:

dEd

dt
¼ p1

dLd

dt
þ p2

dCf

dt
ð5Þ

The next step in this analysis is aimed at the determi-

nation of each of the terms in the second part of the Eq. 5. It

is intended to express these terms as a function of

environmental factors. To this end, the following two

sections introduce theoretical assumptions based on material

science theories.

Material rheology as a function of chemical link density

It is assumed that the material rheological state is linearly

related to a power of the chemical link density. This is

mathematically expressed as follows:

1

C

� �
Ld

¼ k1 Ldð Þa ð6Þ

In Eq. 6, U represents a material rheology index, such as

the viscosity or stiffness; in which case its inverse

expresses the material compliance and a is an empirical

positive constant. In the rest of this paper, the symbol ki

represents a positive constant and subscripts following

parentheses mean ‘‘due to’’. Thus, Eq. 6 gives the material

rheological state due to the degradation state of the

chemical link density.

Equation 6 is a logical assumption asserting that the

stiffness of a solid polymer is proportional to its chemical

link density, or inversely, its material compliance is pro-

portional to the index of chemical link degradation. This

means that a specific reduction of the chemical link density

results in a corresponding specific reduction of the material

stiffness and that the reduction is affected by factors, such

as molecular chain length and molecular spatial configu-

ration. This kind of correlation provides the basis of

rheometric measures. For instance, in rubber vulcanisation,

the crosslink level or molecular weight distribution is lin-

early related to the shear torque resistance [37]. A similar

principle is also used in the equation of Mark-Houwink

[38] for the determination of polymer molecular weight in

dilute solutions. The study of the melt viscosity of poly-

mers has also established the same kind of correlation

between the molecular weight and the polymer melt vis-

cosity. In this case, the exponent of the molecular weight

varies from 1.5 to 3.5 [39]. The experimental verification

of Eq. 6 for a polyester resin shows that the value of a in

Eq. 6 is 1.0 (see Sect. Correlation between the model and

experimental results).
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Material rheology as a function of environmental

factors

Material rheology as a function of moisture content

It is assumed that the material stiffness is inversely pro-

portional to a power of the moisture content and this

assumption may be mathematically expressed as follows:

1

DC

� �
moist

¼ k2

Dm

q

� �b

ð7Þ

In this equation Dm is the mass of the diffused moisture

measured by the variation in the sample weight over time,

q is the specific mass of the diffused liquid and b is a

positive constant. This assumption results from the

consideration that the diffused moisture creates additional

separation space between the polymer molecules. The

intermolecular distance, r, as well as the dielectric

parameter and consequently the intermolecular attraction

forces, Fcf, are modified. The additional separation space can

be expressed as a volume determined by the moisture content

as follows:

DV ¼ Dm

q
ð8Þ

Considering Van der Waal’s law for cohesive forces,

one can deduce the following equation, and hence Eq. 70,
where b is a positive constant depending on the material:

DFcf ¼
k3

Drð Þd
¼ k4

DVð Þd=3
¼ k4

Dm

q

� ��d=3

ð9Þ

1

DC

� �
moist

¼ k5

DFcf

� �
moist

¼ k6

Dm

q

� �b

ð70Þ

The Eq. 7 assumes that the laminate has been plasticized

by the diffused liquid but it can also be applied to the case

where the penetrating moisture forms clusters as noted by

Marsh et al. [12]. In this case, the resistance to the diffusion

process is proportional to the interaction area between the

diffused mass and the laminate. This area is equal to the

external surface area of the diffused volume and it can also

be expressed as a power of the volume.

Material rheology as a function of temperature

It is assumed that the material stiffness is inversely pro-

portional to a power of the temperature variation and this

assumption may be mathematically expressed by the fol-

lowing equation, where DT is the temperature variation and

c is a constant.

1

DC

� �
T

¼ k7 DTð Þc ð10Þ

The temperature variation affects the material rheology by

modifying the thermal kinetic energy of molecules and

consequently the level of segmental motions along with the

activation energy for flow. This effect is manifested by

variation of the material free volume. Common experimental

measurement of this effect shows a linear relation between

the temperature and the free volume with a slope change at

the glass transition temperature [39, 40]. This can be

expressed as follows:

Dv ¼ k8DT ð11Þ

In this equation Dv is the free volume that can also be

expressed in terms of intermolecular radius, r, as shown in

Eq. 9. Then Van der Waal’s law of cohesive forces can be

written in terms of free volume and in terms of temperature

as follows:

DFcf ¼
k3

Drð Þd
¼ k9

Dvð Þd=3
¼ k10

DTð Þd=3
ð12Þ

Equation 12 can also be written in terms of material

rheology as follows:

k5

DFcf

� �
T

¼ 1

DC

� �
T

¼ k11 DTð Þc ð13Þ

where c is a positive constant depending on the material.

This equation accounts only for the physical degradation.

Chemical degradation including thermolysis and post-cur-

ing is already considered in Eq. 6.

Chemical concentration as a function of the material

rheology

Let Fig. 1 represents a portion of a pipe or storage tank wall.

The wall laminate is exposed to a chemical denoted by ch,

and to moisture at a temperature T. l is the laminate thick-

ness. C0 and Cl are respectively the chemical concentrations

at the internal and external surface of the laminate.

According to Fick’s law, the concentration Cch is a

function of the diffusive rate J which can be expressed as

J ¼ �D
oCch

ol
ð14Þ

l

C0 Cch Cl

∆m, T

Fig. 1 Portion of pipe wall
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where D is the diffusion coefficient. Integration of Eq. 14

(see appendix 1) leads to

Cch ¼ k12D
C0 � Cl

l
ð15Þ

Since C0 � Cl, one can assume that C0 - Cl & C0.

Equation 15 can therefore be written as

Cch ¼ k12D
C0

l
ð16Þ

Analogically to the Stokes-Einstein equation [41, 42], it

is assumed that the diffusion coefficient D0 and the

material rheology are related in the following manner:

D0 ¼ k13

T

C
ð17Þ

where D0 is the diffusion coefficient at the reference

temperature.

Equation 17 represents the effect of material rheology

on diffusion and expresses the obvious fact that in a solid

material moisture diffusion increases with temperature and

decreases with an increase in viscosity. However, the dif-

fusion coefficient is also related to the variation in the

thermal kinetic energy of the diffusing molecules accord-

ing to the Arrhenius law [7, 20, 25] as follows:

D ¼ D0e
�ED
RT ¼ k13

T

C
e
�ED
RT ð18Þ

In the above equation ED is the activation energy of

diffusion. The relation between the concentration Cch and the

material rheology is obtained by combining Eqs. 16 and 18:

Cch ¼ k14

T

C
C0

l
e
�ED
RT ð19Þ

This relation shows that the concentration of the

diffused material inside the laminate depends on its

concentration at the laminate surface, on the temperature,

on the material viscosity at the given temperature and on

the laminate thickness.

However, the material rheology is modified over the

course of degradation. The variation of material rheology

arises from the variation of chemical link density, Ld, and

from the variation of cohesion forces due to moisture and

temperature. In order to account for this effect, let the total

differential of the material rheology be given as a function

of these three variables as follows:

d
1

C

� �
¼

o 1
C

� �
oLd

dLd þ
o 1

C

� �
d Dmð Þ d Dmð Þ þ

o 1
C

� �
oT

dT ð20Þ

Integration of Eq. 20 gives the expression of the

material rheology as follows:

1

C
¼ 1

C

� �
Ld

þ 1

C

� �
moist

þ 1

C

� �
T

ð21Þ

Equation 21 is now substituted into Eq. 19. The

chemical concentration is then given as a function of the

material rheology as follows:

Cch ¼ k14

C0

l

T

C

� �
Ld

þ T

C

� �
moist

þ T

C

� �
T

( )
e
�ED
RT ð22Þ

Equations 6, 7, 10 and 22 provide relations between the

material rheology and environmental factors. These

relations provide the basis for combining the effects of

these environmental factors into a single mathematical

relation. To this end, in the next two sections, the material

rheology is related to the degradation rate. The degradation

rate is subsequently related to environmental factors, based

on the material rheology (Sect. Degradation rate as a

function of environmental factors).

Chemical degradation rate as a function of material

rheology

Considering again a portion of the pipe wall as represented

in Fig. 1, the chemical reaction occurs between the poly-

meric matrix and the chemical reagent. As the polymeric

material constitutes the reaction medium, only the chemi-

cal reagent concentration Cch will determine the chemical

reaction rate and the law of chemical reaction rates can be

expressed as

oLd

ot

� �
ch

¼ kchCch ð23Þ

In the above equation, kch is the kinetic constant given

by the Arrhenius law.

kch ¼ A0e
�Ech

RT ð24Þ

In Eq. 24, Ech is the activation energy of the chemical

reaction, R is the ideal gas constant and A0 the frequency

factor. There are two cases to be considered. Firstly, the

reaction at the material surface is not influenced by

diffusion and the chemical degradation rate does not

depend on the material rheology. According to Eq. 23, the

reaction kinetic can be expressed as:

oLd

ot

� �0

ch

¼ kchC0 ð25Þ

where the superscript 0 refers to the laminate surface.

Secondly, the reaction inside the laminate where the

chemical concentration, and consequently the chemical

degradation rate, is a function of the material rheology,

which can be obtained by substituting Eq. 22 into Eq. 23:

oLd

ot

� �
ch

¼ k14kch

C0

l

T

C

� �
Ld

þ T

C

� �
moist

þ T

C

� �
T

( )
e
�ED
RT

ð26Þ
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From Eq. 2, the chemical link density is also affected by

temperature. The temperature effects are of two kinds. A

physical effect referred to as thermolysis and a chemical

effect referred to as thermal oxidation. The latter is a

typical case of an attack by a chemical reagent. Its effects

are included in Eq. 26. Thermolysis, however, is an

energetic action where bonds are broken by imparting

sufficient energy to electrons to pull them out of the bond.

The degradation reaction can be schematized as follows:

CDþ DHr ! C þ D

The rate of reaction is related to the thermal flux in the

material [14] as

oLd

ot

� �
Th

¼ a3

UT

DHr
ð27Þ

In the above equation, UT is the thermal flux, DHr is the

thermal energy yield per chain scission and a3 is a constant.

For a given material at constant temperature, the

expression a3UT/DHr is a constant. The case where

temperature is variable is irrelevant in this analysis as

shown later in Sect. The constant environment model.

Thus, from Eqs. 26 and 27, the chemical degradation rate

is expressed as function of material rheology as follows:

oLd

ot
¼ k14kch

C0

l

T

C

� �
Ld

þ T

C

� �
moist

þ T

C

� �
T

( )
e
�ED
RT

þ a3

UT

DHr
ð28Þ

Physical degradation rate as a function of material

rheology

This analysis is based on the fact that variation in the

material rheology resulting from the change in temperature

and moisture is proportional to the cohesive force:

Fcf ¼ k15 Cð Þmoist;T ð29Þ

According to the definition given in Sect. Degradation

index of the cohesive force: Cf, Cf increases when the

cohesive force is reduced. This means that a positive

variation in Cf corresponds to a negative variation in the

cohesive force as expressed in the following equation:

dCf ¼ d �Fcfð Þ ¼ k15d �Cð Þ ð30Þ

The physical degradation rate as a function of the

material rheology is obtained by differentiation of Eq. 30

as follows:

dCf

dt
¼ k15

d �Cð Þ
dt

¼ k15

o �Cð Þ
o Dmð Þ

d Dmð Þ
dt
þ o �Cð Þ

oT

dT

dt

� �

ð31Þ

Degradation rate as a function of environmental factors

Chemical degradation rate as a function

of environmental factors

The chemical degradation rate can be expressed as a

function of environmental factors by substituting Eqs. 6, 7

and 10 into Eq. 28. This leads to

dLd

dt
¼ a0C0Ld þ a1C0 Dmð Þbþa2C0Tc
h i

Te
� EchþEDð Þ

RT

þ a3

UT

DHr
ð32Þ

In the above equation, a0 = k1k12/l; a1 = k2k12/lqb; and

a2 = k7A0/l. These three parameters a1, a2, a3, and

generally the symbol ai in the rest of the paper, are

positive constants depending on the material type and

environmental conditions. All terms of Eq. 32 are positive

and increasing functions of environmental factors. This

shows that the chemical degradation rate is an increasing

monotonic function of the environment.

Physical degradation rate as a function

of environmental factors

In order to determine the physical degradation rate as a

function of environmental factors, Eqs. 7 and 10 are

substituted into Eq. 30 which gives

dCf

dt
¼ k15

d �Cð Þ
dt

� �
¼ k15

d q
�Dm

� �b

dt

 !
þ k15

d �T�cð Þ
dt

� �

ð33Þ

By applying the chain rule of differentiation to the terms

on the right side of Eq. 33, one obtains

dCf

dt
¼ a4

qb

Dmð Þbþ1

d Dmð Þ
dt
þ a5

1

Tcþ1

dT

dt
ð34Þ

where a4 and a5 represent constants.

Chemical and physical degradation rate as a function

of environmental factors

The chemical and physical degradation rate of the material

is expressed as a function of environmental factors by

substituting Eqs. 32 and 34 in Eq. 5.

dEd

dt
¼ a0C0Ld þ a1C0 Dmð Þbþa2C0Tc
h i

Te
� EchþEDð Þ

RT

þ a3

UT

DHr
þ a4

qb

Dmð Þbþ1

d Dmð Þ
dt
þ a5

1

Tcþ1

dT

dt
ð35Þ

In the above equation, the environmental factors C0, T

and Dm vary with time in a way that is not always
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controllable. The exact solution of Eq. 35 requires the

determination of the time dependence function of each of

the environmental factors. It is not obvious that such a task

may be achieved successfully and the solution of the

equation would be quite complex. Nevertheless, the

problem can be resolved by treating the environmental

history as sequence of constant environments as explained

in the next section.

The constant environment model

In order to define the method of constant environment, an

environmental function defined as below is introduced.

Let fj be an environmental factor. j is an integer such

that 1 � j � n. The environmental function, denoted by

envt(fj) or envt, represents an environmental state deter-

mined by the values fj of environmental variables at time t.

In addition, the environmental function is such that:

1. envt2 [ envt1 only if there exists q 2 1; n½ � such that

for j ¼ q, fq2 [ fq1 and 8j 6¼ q; fj2 � fj1. This means

that when the environment changes from state envt1 to

the state envt2, at least one of the environmental factors

increases while all the remaining factors increase or

stay constant.

2. envt is constant only if 8j;Dfj ¼ 0 (all environmental

factors are constant).

The environmental factor fj is a continuous function of

time (except for special cases, such as explosion or fire).

According to the theorem of mean value for integration, the

cumulative effect of fj over a time interval Dt ¼ t2 � t1, is

equivalent to the cumulative effect of a constant value fjc
over the same time interval:

9fjc = constant, such that fj t1ð Þ\ fjc \ fj t2ð Þ andRt2
t1

fj tð Þdt ¼ fjcDt

This implies that the environmental factor fj can be

represented by a continuous succession of constant values.

Therefore, the environment can be modelled as a contin-

uous succession of constant environmental states envt. The

variation of envt with time can be statistically described by

a control chart.

Corollary 1 When envt = constant, Eq. 35 can be rewrit-

ten in a simple form as

dEd

dt
¼ a0kTC0Ed þ a ð36Þ

where k and a are constants defined by the following

equations:

k ¼ 1

p1

e
� EDþEchð Þ

RT ð37Þ

a ¼ a1C0 Dmð Þbþa2C0TC
h i

Te
� EchþEDð Þ

RT þ a3

UT

DHr

þ a4

qb

Dmð Þbþ1

d Dmð Þ
dt
þ a5

1

TCþ1

dT

dt
l

� Ta0kC0p2 a6

q
Dm

� �b

þa7

1

Tc

� �
ð38Þ

Equation 36 was obtained by rewriting Eq. 4 as:

Ld ¼
1

p1

ðEd � p2CfÞ ð39Þ

and then by substituting Eq. 39 in Eq. 35, taking into

account that envt is constant.

The rate of change of Ed can be obtained from the

solution of Eq. 36. The former is given by the exponential

function below, correlating the chemical and physical

degradation to time t:

dEd

dt
¼ aea0kTC0t ð40Þ

Corollary 2 For envt = constant, according to Eqs. 5 and

34, the chemical and physical degradation rate of the

material stiffness is linearly related to the degradation of

the chemical link density as shown below:

dEd

dt
¼ p1

dLd

dt
ð41Þ

This implies that the index Ld is equivalent to index Ed.

Practically, this means that in a constant environment, the

chemical and physical degradation rate of the material

stiffness is determined by the degradation rate of the

chemical link density.

Corollary 3 Since the chemical link degradation rate is a

monotonic ascending function of the environment (see

Sect. Chemical degradation rate as a function of environ-

mental factors), Eq. 41 implies that the degradation rate of

the material stiffness is also a monotonic ascending func-

tion of the environment:

envt1 � envt2ð Þ ) dEd

dt
envt1ð Þ� dEd

dt
envt2ð Þ

� �
ð42Þ

Since the environment is made of a continuous

succession of constant environmental states envt, the

chemical and physical degradation rate can be represented

by a corresponding succession of exponential functions of

the kind represented by Eq. 40. This succession is a

monotonic increasing function of envt.

Prediction method

The above approach provides a method to manage the

complexity resulting from the variability of real service
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environmental conditions. This constitutes a solution to

issues relating to the translatability of laboratory test results

to the real service conditions [3].

From all the above, it can be concluded that the real

service environmental history can always be determined as

a succession of constant environmental states on the basis

of the theorem of the mean value:

Zt2

t1

fj tð Þdt ¼ fjcDt ð43Þ

Numerical solution of Eq. 43 can always be determined

for suitably chosen time intervals. Consequently, the

degradation rate history in a real service environment can

be exactly determined from laboratory tests conducted in

constant environments determined by the real service

environmental history. The cumulative degradation over a

period can then also be exactly predicted.

Alternatively, the environmental history can be deter-

mined as a statistical control chart. Since the degradation

rate is a monotonic function of the environmental state, the

upper and lower limits on the control chart provide the

constant environmental conditions to be used in laboratory

to determine the maximum and minimum degradation rates

over a period:

dEd

dt
envt;min

� �
� dEd

dt
envt;real

� �
� dEd

dt
envt;max

� �
ð44Þ

In the same way, the average value of the control chart

can also be used to determine the average degradation rate

over a given period.

Laboratory tests in a constant environment are to be

conducted in the following way:

1. The material should be exposed to a constant envi-

ronment and the constant values of T, C0, Dm, are

provided by the real service environmental history.

2. Following corollary 2, only the change in chemical

structure or any other material property linearly related

to the material chemical structure needs to be

monitored.

3. Then according to corollary 1, the degradation rate

function is determined by numerical regression of

experimental Ld values using an exponential function.

Discussion

The above analysis has provided a theoretical demonstra-

tion of the assertion that, in a constant environment, the

chemical and physical degradation of a polymeric material

follows an exponential law. Experimental evidence given

in Sect. Experimentation provides further validation. The

analytical method consists of developing relations between

environmental variables and the material lifetime. Theo-

retical demonstration is also given of the assertion that the

physical and chemical degradation rate is a monotonic

function of the environment. Consequently, the evaluation

of environmental degradation in a laboratory can be con-

ducted in a constant environment and laboratory test results

can be directly translated to the real service environment.

This provides a solution to issues relating to the transfer of

laboratory test results to the real service environment. The

prediction method suggested is rigorous and logical con-

sequence of the above assertions.

Experimentation

Experiments were designed in such a way as to simulate

storage tank or pipe exposure conditions. The material used

was a polyester laminate formulated as presented in

Table 1.

Experiment 1

Experimental procedure

Ten sets of five material samples were exposed to a cor-

rosive environment as presented in Table 2. Operating

conditions were determined from a table of chemical

resistance (Crystic resin) in such a way as to obtain notable

degradation in relatively short time.

The experimental procedure was as follows:

1. The samples were initially post-cured for 3 h at 80 �C

according to the manufacturer’s recommendations for

optimal mechanical strength. The samples were then

carefully checked for voids or cracks prior to being

mounted in the cells of exposure chamber.

2. A fixed volume of 5% sodium hydroxide solution was

injected into each cell.

3. All the cells were then immediately mounted on the

tray in the exposure chamber where the temperature

was already set at 40 �C.

4. Five samples were simultaneously exposed to UV rays,

in order to assess the effects of post-curing due to UV

rays only. Five others were put into an entirely closed

aluminium container which stopped UV rays and the

container was then placed in the exposure chamber at

the same time in order to determine the post-curing

effects due to temperature only.

5. Samples were unloaded one by one from the chamber

at 24 h intervals. Unloaded samples were immediately

tested for tensile strength and moisture content.
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6. All the samples were then scanned using a Raman

spectrometer for changes in chemical structure.

Experimental results and discussion

Chemical structure change Raman spectrometry shows

the change in chemical structure resulting from the

hydrolysis of ester groups. The spectrum shows increasing

peaks at 1001 cm-1 after an earlier decreasing period

(Fig. 2) and a shift of peaks from 1040 to 1032 cm-1 over

the course of the degradation (Fig. 3). The peaks at 1001

and at 1040 cm-1 represent the mono-substituted and the

ortho-substituted aromatic rings, respectively. These peaks

are usually strong in Raman and are normally expected to

arise at 1000 ; 5 and 1033; 11 cm-1 bands, respectively

[43]. Therefore, the observed decrease and shift may

denote the modification of the initial structure (substituents

sensitive bands) resulting from environmental attack fol-

lowed by the production of alcohol structures that normally

absorb between 1075 and 1000 cm-1 for aromatic sec-

ondary alcohol, and between 1036 and 970 cm-1 for axial

cyclic secondary alcohol [43]. Figure 4 shows the gradual

hydrolysis of ester groups that absorb at 1729 cm-1. The

peaks decrease according to an exponential law.

Moisture curve Figure 5 shows that the moisture

percentage increases during degradation, denoting that

the more the material structure is degraded the more the

moisture penetrates inside the laminate. This explains the

dramatic increase in absorbed moisture from the sixth day

where the laminate has reached a high disintegration level

corresponding to the lowest value of tensile strength

recorded in Fig. 6. This shows that the moisture recorded

inside the laminate is related to material disintegration

from chemical attack and not due to Fickian diffusion. The

curve shows an exponential trend corresponding to the

suggested theoretical degradation model.

Post-curing effects The tensile strength was measured for

samples subjected only to the temperature, for samples

exposed to UV rays and temperature only, and for samples

exposed to UV rays, temperature and chemical attack.

Results are presented in Fig. 6. The plot shows that the

laminate strength is not affected by the post-cure.

Table 1 Material formulation

Experiment 1 Experiment 2 Experiment 3

Resin formulation

Material Orthophtalic polyester Crystic 196 Orthophtalic polyester NCS 901 PA Orthophtalic polyester NCS 901 PA

Resin phr 100 100 100

Catalyst phr 2 2 2

Accelerator phr 0.6 – –

Curing cycle 24 h/25 �C, 3 h/80 �C 24 h/25 �C, 3 h/80 �C 24 h/25 �C, 3 h/80 �C

Laminate

Composition Resin/fibre/resin Res/fib/res/fib/res/fib/res Res/fib/res/fib/res

Glass fibre WR 27.4 g/m2 CSM 300 g/m2 CSM 300 g/m2

Vf (%)

AVG 14 41 14

SD 1.16 1.52 3.1

Thickness (mm)

AVG 0.21 2.89 2.00

SD 0.02 0.06 –

Void No voids No voids No voids

Table 2 Exposure conditions

Temperature Constant at 40 �C

UV rays from outside cell 450 lW/cm2

Humidity from inside cell 100% sample entirely wet

Chemical reagent from inside 5% sodium hydroxide

Maximal duration 10 days

Fig. 2 Variation of Raman peaks at 1001 cm-1
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Micrograph The Raman spectroscopy did not show any

changes relative to glass fibre. SEM pictures, however,

showed broken fibres following resin depletion (Fig. 7).

Experiment 2: shear strength variation

Ten sets of 5 material samples were exposed to 10%

sodium hydroxide aqueous solution for a maximum of 8 h

at 80 �C. Sets were unloaded consecutively at 60 min

intervals. Unloaded samples were immediately rinsed in

abundant distilled water, in order to stop further reaction.

Samples were then dried in desiccators for 24 h and then

tested. Test results are presented in Fig. 8. The figure

shows that the variation of shear strength resulting from the

degradation follows an exponential trend.

Experiment 3: variation of storage modulus

The same procedure as for experiment 2 was followed with

10 sets of 3 samples of polyester composite laminates (see

Table 1) over 9 h. The samples were then tested for shear

modulus on an Anton Paar Physica MCR rheometer.

Fig. 3 Raman peaks shifting

from 1040 to 1032 cm-1 during

degradation

Fig. 4 Decrease of esters peaks (1729 cm-1) during degradation

Fig. 5 Moisturization during degradation
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Fig. 6 Variation of tensile strength during degradation
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Figure 9 presents the storage modulus variation for

attacked samples at several temperatures below TG.

Correlation between the model and experimental results

According to the model suggested in this analysis, in a

constant environment the degradation of the material

stiffness is linearly correlated to the variation in chemical

link density and this variation rate is an exponential func-

tion of time. In order to experimentally assess the validity

of this theoretical assertion, the degree of correlation

between the index Ld and the material strength was

numerically measured. Values of Ld were obtained from

the Raman peaks of ester groups. The numerical regression

of Raman peaks provided the degradation model (Figs. 4

and 10). The material strength was taken as the tensile

strength (Table 3 and Fig. 6). The correlation coefficient

R2 is 0.97 (Fig. 11) indicating very good correlation

between the model and experimental values.

The good linear correlation also provides the experi-

mental verification of Eq. 6 showing a linear relationship

between the material stiffness and the degree of chemical

link degradation.

Comparing calculated and experimental material

lifetimes based on tensile strength evolution

In order to perform the experimental comparison, the

problem was set as follows: ‘‘What is the material lifetime

if the minimal admissible value for its tensile strength is

determined as a given percentage of the initial value?’’

Fig 7 Micrograph of the

specimen before and during the

degradation a unexposed area,

b progressive depletion of resin

and fibre denudation, c exposed

area showing pits and resin

depletion, d inside of pits

showing broken fibres

Fig. 8 Variation in shear strength due to chemical degradation
Fig. 9 Variation of storage modulus during degradation
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From the degradation model of chemical structure in

Fig. 4, the theoretical degradation rate for the material

strength was determined by derivation:

dEd

dt
¼ �511:9e�0:2569t ð440Þ

Based on Eq. 440, the lifetimes were predicted for a

range of different property retention values. The predicted

values are compared to experimental values determined

from Table 3. The comparison is presented in Fig. 12.

Conclusions

Throughout the literature, the environmental degradation of

FRP is described as a complex process. Modelling efforts are

limited to partial models, most of the time empirical. No

viable prediction method is yet available for the environ-

mental degradation of the material mechanical strength. The

analytical framework presented in this article relies on

resolving the degradation process into only three components

consisting of chemical degradation, physical degradation,

and mechanical degradation. Based on material science

theories, the analysis has demonstrated that, in a constant

environment, the chemical and physical degradation of a

polymeric matrix follows an exponential law. This results

from the effect of the material rheology transformation on the

diffusion process. The resulting mathematical model corre-

lates the degradation rate directly to the material lifetime.

Experiments have been conducted using a range of

measurement methods. These include Raman spectrometry

for chemical structure changes, rheometry for storage

modulus, and mechanical testing of tensile and shear

strength evolution during degradation. All experiments

confirm the validity of the suggested model. The degree of

correlation between the model and the experimental pro-

cess is very good.

The analysis also demonstrates that the chemical and

physical degradation rate of a polymeric matrix is an

ascending monotonic function of the environment. Con-

sequently, the evaluation of environmental degradation in a

laboratory can be conducted in a constant environment and

laboratory test results can be directly translated to the real

service environment. This is an important conclusion

because many authors [1–3] have difficulty relating labo-

ratory tests to actual service conditions.

Based on this mathematical model, a simple and practical

prediction method has been suggested. The environmental

degradation rate of a material in a real service environment

can be determined in a laboratory based on tests conducted

in a constant environment. This method requires monitoring

only of the chemical structure change or any other material

Fig. 10 Index of chemical links degradation deduced from ester

groups reduction

Table 3 Experimental values of tensile strength

Duration (days) 0 1 2 3 4 5 6 7

Tensile strength

(MPa)

AVG 89 68 – 36 39 19 17 19

STD 0.019 0.001 – 0.008 0.000 0.002 0.003 0.002

Fig. 11 Variation of tensile strength with chemical link density
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property linearly correlated to the chemical structure. For

the environmental conditions to be used in a laboratory, the

method requires only the availability of statistical informa-

tion such as the control chart of environmental variables

including moisture, temperature, chemical concentration

and UV ray intensity. Experiments conducted in a laboratory

show that predicted degradation of the tensile strength of

polyester fibreglass composite, based on this prediction

method, is in good agreement with experimentally measured

degradation.

The theoretical analysis presented in this article assumes

that the material undergoing the physical and chemical

degradation is not subject to any kind of mechanical load.

Results obtained in this paper apply only to the case where

mechanical stresses can be neglected. However, the sug-

gested model provides a useful tool for assessing the

chemical and physical degradation factors in cases

involving both mechanical stress effects and physical and

chemical degradation. This will be dealt with in a future

paper.
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Appendix 1

Discrete integration of Eq. 14

Let Fig. 13 represent a laminate. According to pipe or tank

model, the diffusion occurs in the direction perpendicular to

the laminate. It is admitted that in the direction perpendic-

ular to the diffusion, the material is homogeneous and

therefore the diffusion coefficient is constant throughout a

surface perpendicular to the diffusion direction.

The flux of the diffused material through Ds is given as

follows:

DJS ¼ �D
DC

Dxi
ð45Þ

Assuming that the total area is made of n unit areas, the

total flux through the area A is as follows:

Xn

S¼1

DJS ¼
Xn

S¼1

�D
DC

Dxi

� �
S

ð46Þ

As the diffusion coefficient is constant throughout A, the

Eq. 46 may be written as follows:

Xn

S¼1

DJS ¼ �nD
DC

Dxi
ð47Þ

The total flux through the laminate thickness l is given

by the sum of the individual flux crossing each single

surface layer as expressed below:

Xl

i¼0

Xn

S¼1

DJS;i ¼ �nD
Xl

i¼0

DC

Dxi
ð48Þ

Now the sum of all the partial concentration gradients

through the unit thickness Dxi is equal to the total

concentration gradient throughout the total thickness l:

Xl

i¼0

DC

Dxi
¼ Cl � C0

l
ð49Þ

The total diffused material content in the laminate, at

any instant, is exactly given by the total flux crossing the

laminate at this instant. This flux is given by Eq. 48. Then

taking into account Eq. 49:

Cch ¼ nD
C0 � Cl

l
ð50Þ

In practice as C0 � Cl, one can approximate the

difference C0-Cl to C0.

Cch ¼ nD
C0

l
ð51Þ
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