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Nonempirical Kinetic Modeling
of Non-fickian Water Absorption Induced
by a Chemical Reaction in Epoxy-Amine
Networks

Xavier Colin

Abstract In the last two decades, several studies made in our laboratory have
shown that hydrolytic reactions may occur during water absorption and may be
responsible for behavioral deviations from the classical Fick’s law in epoxy-amine
networks. On one hand, water is chemically consumed by specific groups initially
present in the repetitive structural unit (e.g., unreacted epoxies and amides) or
formed by oxidation under operating conditions. On the other hand, water estab-
lishes strong molecular interactions (hydrogen bonds) with new highly polar groups
resulting from hydrolysis (alcohols and acids). Due to both contributions, the
kinetic curves of water absorption no longer tend towards an equilibrium value, i.e.,
a final saturation plateau, but display a slow and continuous increase over time in
the water mass uptake. On this basis, a diffusion/reaction model has been developed
for predicting such a peculiar water sorption behavior. In addition, the classical
Henry’s law has been modified for describing the changes in boundary conditions
during the course of the hydrolytic reaction. This chapter provides an overview of
the recent theoretical advances made in this field and demonstrates, through two
case studies, the good predictive value of the kinetic modeling approach set up in
our laboratory.

Keywords Epoxy-amine networks � Water absorption � Hydrolysis � Fick’s law
deviation � Kinetic modeling

1 Introduction

Epoxy-amine networks are widely used in many industrial fields, such as aero-
nautics and space, automotive industry, nuclear energy, building and civil engi-
neering, as matrices of fiber reinforced composite materials, structural adhesives of
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bonded assemblies, but also protective coatings, in particular paintings, varnishes
and lacquers. Many studies have been conducted for tentatively elucidating their
physical and chemical aging mechanisms and for evaluating their long-term dura-
bility under the combined effects of various environmental stresses such as tem-
perature, UV and ionizing radiations, oxygen, water, etc. [1–3].

These polymers are known to be very sensitive to moisture. First of all, they can
absorb large amounts of water due to the presence of highly polar groups (hy-
droxyls for example) in their repetitive structural unit, which establish strong
molecular interactions (hydrogen bonds) with water molecules. That is the reason
why they undergo an important external plasticization when they are initially in the
glassy state. As an example, an ideal DGEBA-DDM network absorbs more than 2
wt% of water in 100% RH at 25 °C, which reduces its glass transition temperature
Tg by about 36 °C [4].

In addition, epoxy-amine networks can undergo a hydrolysis reaction when they
contain specific chemical groups known to be reactive with water. These latter can
be initially present in the repetitive structural unit as, for instance, amides in net-
works based on amidoamine hardeners [5] or unreacted epoxies in non-ideal net-
works [6]. But, they may also be formed by a radical chain oxidation reaction
activated by external factors (e.g., increase in temperature, UV or ionizing radiation,
or chemical reagent acting as a radical initiator) under operating conditions. These
chemical groups are then amides and esters resulting from the oxidation of amino-
and oxy-methylenes respectively [7]. In both cases, hydrolysis will lead to the
formation and accumulation of new hydroxyl groups (alcohols and acids) and
consequently, to significant changes in water transport properties in epoxy-amine
networks.

This chapter proposes to review all these physico-chemical mechanisms and to
derive, from these latter, a general kinetic model capable of predicting two
examples of behavioral deviations from the classical Fick’s law reported in the
literature for epoxy-amine networks.

2 Water Absorption in the Absence of Hydrolysable
Groups

In the absence of hydrolysable groups in epoxy-amine networks, water absorption
obeys the classical Fick’s second law [6, 8, 9]. A typical kinetic curve of water
absorption is plotted versus the square root of time in Fig. 1a. Two time domains
can be clearly distinguished:

I. The transient regime during which the water mass uptake m (expressed in wt
%) increases linearly with the square root of time. The slope of this straight
line allows the coefficient D of water diffusion to be determined. During this
period, water is heterogeneously distributed in the sample thickness as
schematized in Fig. 1b.



II. The final saturation plateau for which m has reached its maximum value m∞

throughout the sample thickness (for the exposure conditions under study).
Thenceforth, water is homogeneously distributed throughout the sample
thickness.

The equilibrium mass uptake m∞, mass fraction µ∞ and concentration C∞ of
absorbed water in the polymer sample are linked by the following relationships:

l1 ¼ m1
1þm1

and C1 ¼ m1
18

ðexpressed inmol g�1Þ ð2:1Þ

2.1 Equilibrium Properties

Since water is far below its critical point (TC = 647 K), the pertinent environmental
parameter is the water activity a. Let us remember that for humid atmospheres:

a ¼ pV
pVS

¼ RH
100

; ð2:2Þ

where pV and pVS are respectively the water partial pressure in the atmosphere and
the saturated vapor pressure of water.

In the absence of hydrolysable groups in epoxy-amine networks, C∞ varies
linearly with a over the whole activity range (Fig. 2). In other words, C∞ obeys the
classical Henry’s law [10]:

C1 ¼ Ha, ð2:3Þ

where H is almost independent of temperature.
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Fig. 1 a Typical kinetic curve of water absorption for a Fick’s diffusion process. bWater gradient
in the sample thickness at two different times of exposure



2.2 Origin of Hydrophilicity

In the 1980s, many authors have tried to relate the polymer hydrophilicity to the
available free volume [11–14], but such theory fails in explaining why
free-volume-rich organic substances, such as liquid hydrocarbons and silicone
rubbers, are hydrophobic. Today, it seems clear that hydrophilicity is essentially
linked to the molecular interactions between water molecules and polar groups in
the polymer matrix. In a first approach, m∞ can be roughly estimated from
Hildebrandt’s solubility parameter d. Indeed this latter, which is directly related to
the chemical structure of the polymer, gives access to polymer-solvent interactions.
It can be written:

d ¼ F
V

ð2:4Þ

with F the molar attraction constant and V the molar volume of the polymer.
According to Van Krevelen’s theory [15], both quantities are molar additive

functions, i.e., they can be calculated by summing the molar contributions of the
different chemical groups composing the repetitive structural unit:

F ¼
X

Fi and V ¼
X

Vi ð2:5Þ

Table 1 summarizes the values of Fi and Vi proposed by Small [16], Van
Krevelen [17], Hoy [18] and Fedors [19] for usual chemical groups.

The literature values of m∞ in 100% RH at 25 °C of different polymers have
been compiled and plotted versus d (calculated from Eqs. 2.4 and 2.5) in the log–
log diagram of Fig. 3.

A correlation is clearly observed between both quantities. It can be written:

m1 ¼ 7:1� 10�10 d6:86 ð2:6Þ

C

a
0 1

Fig. 2 Typical sorption
isotherm of Henry’s type



Table 1 Molar contributions to F [16–18] and V [19] of usual chemical groups. Ph designates an
aromatic ring

Group Fi (J
1/2 cm3/2 mol−1) Vi (cm

3 mol−1)

–CH3 370 33.5

–CH2– 275 16.1

>CH– 115 −1

>C< 15 −19.5

–Ph– 1680 89.4

–O– 200 3.8

>N– 125 −9

–NH2 490 19.2

–CO– 560 10.8

–O–CO– 590 18

–O–CO–O– 760 22

–CO–O–CO– 960 30

–NH–CO– 1110 9.5

–CO–OH 825 28.5

–OH 610 10

–SO2– 845 19.6
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Fig. 3 Equilibrium water mass uptake (in 100% RH at 25 °C) versus solubility parameter for 24
polymers



Epoxy-amine networks are moderately polar polymers (22 < d < 25 MPa1/2).
They absorb typically between 1 and 4 wt% of water in 100% RH at 25 °C.

2.3 Effect of Structure on Hydrophilicity

According to Van Krevelen [15], C∞ would be a molar additive function, i.e., each
chemical group of the repetitive structural unit would be characterized by a molar
contribution to hydrophilicity Hi (in mole of water per mole of group) independent
of its chemical neighbors:

C1 ¼ 18
MRSU

X
Hi

� �
� HR
100

; ð2:7Þ

where MRSU is the molar mass of the repetitive structural unit. Table 2 summarizes
the values of Hi determined by Barrie [20] for usual chemical groups in 100% RH
at 25 °C. On this basis, three main categories of chemical groups can be defined:

• Apolar groups, such as aromatic and aliphatic hydrocarbon structures, which
have a negligible contribution to hydrophilicity: Hi � 0 mol/mol;

• Moderately polar groups, for instance ethers, ketones and esters, which have a
relatively low contribution to hydrophilicity: Hi = 0.1−0.3 mol/mol;

• And highly polar groups, for instance acids, amides, and alcohols, which
establish intense molecular interactions with water molecules (hydrogen bonds)
and absorb typically Hi = 1–2 mol/mol.

Equation 2.7 can be used for estimating the orders of magnitude of C∞ for the
main polymer families. In contrast, this approach fails in predicting the
hydrophilicity variations within a same polymer family which displays large con-
centration differences in polar groups, such as epoxy-amine networks [6] and
polysulfones [21]. Indeed in these two latter, it has been found that C∞ does not

Table 2 Molar contributions
to hydrophilicity (in moles of
water per mole of group) of
usual chemical groups in
100% RH at 25 °C [20]. Ph
designates an aromatic ring

Polarity Group Hi (mol/mol)

− − –CH3 0.00005

–CH2–

>CH–

–Ph–

+ –O– 0.1

–CO– 0.2

–O–CO– 0.3

+++ –CO–OH 1.3

–CO–NH– 2

–OH 2



increase linearly but exponentially with the concentration of polar groups (i.e.,
hydroxyls and sulfones, respectively).

Gaudichet-Maurin et al. [21] have proposed a theory for tentatively explaining
such a behavior. According to these authors, an hydrophilic site would not be a
single but a pair of polar groups having to satisfy some geometric requirements (in
particular an optimal distance between them) in order to establish a double
hydrogen bond with a water molecule. As schematized in Fig. 4, the probability of
finding two polar groups at this optimal distance would increase exponentially with
their concentration, which could effectively explain the mathematical shape
observed experimentally for the curve: C∞ = f ([Polar group]).

More recently, Courvoisier [22] has compiled the literature values of C∞ in
100% RH at 25 °C of different polymers and plotted them versus the concentration
of the most polar group in the repetitive structural unit (Fig. 5). It can be seen that
all the points are placed around only three master curves, which allows to distin-
guish three main categories of polar groups: slightly (esters and carbonates),
moderately (aryl ketones, amides and imides), and highly polar groups (hydroxyls
and sulfones). Thus, it appears clearly that all carbonyl groups do not display the
same behavior. The lower contribution to hydrophilicity of esters and carbonates
had been already reported in the literature by several other authors, for instance in
reference [23].

Since these three curves display an exponential shape, it can be assumed that the
previous theory can be generalized to all polymers. A general semi-empirical
structure/C∞ relationship can be proposed:

C1 ¼ AExp B Polar group½ �f g � HR
100

; ð2:8Þ

where A is almost independent of the chemical structure: A = (1.23 ± 0.41) 10−1

mol.L−1 for all polymers. In contrast, B is an increasing function of the group
polarity.

In fact, B is found to be proportional to the “elemental” solubility parameter of
the polar group under consideration:

B ¼ 6:7� 1:0ð Þ 10�3 � d ð2:9Þ

Fig. 4 Schematization of the
probability increase of finding
two polar groups at an
optimal distance for
establishing a double
hydrogen bond with a water
molecule o: polar group. ^:
water molecule



Table 3 summarizes the values of d calculated for usual chemical groups from
the values of cohesive energy Ecoh and molar volume V, reported respectively by
Fedors [19] and Hoy [18], and applying the well-known relationship:

y = 0,151e0,4085x

y = 0,1319e0,2462x

y = 0,0832e0,1582x
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Fig. 5 Equilibrium water concentration (in 100% RH at 25 °C) versus polar group concentration
for 40 polymers

Table 3 Solubility
parameters of common
chemical groups. Ph
designates an aromatic ring

Polarity Group d (MPa1/2)

− − –CH3 16.8 ± 2.1

–CH2–

>CH–

–Ph–

+ –O– 22.8

–O–CO– 27.4 ± 0.1

–CO–O–CO–

++ –CO– 32.6 ± 2.3

–CO–H

–CO–NH2

–CO–NH–

+++ –SO2 50.4 ± 2.5

–OH



d ¼ Ecoh

V

� �1=2

ð2:10Þ

2.4 Effect of Structure on Diffusivity

In contrast, the relationships between polymer structure and water diffusivity are far
from being totally elucidated. Thominette et al. [24] have observed that D is a
decreasing function of hydrophilicity in different polymer families, for instance in
epoxy-amine networks, aromatic polysulfones, and polyester-styrene networks, but
also in a series of polyethylenes differing by their initial concentration of oxy-
genated groups (pre-oxidation). This dependence shows that the diffusion rate is
slowed down by the molecular interactions between water molecules and polar
groups in the polymer matrix. A three-step scheme has been proposed [6] to
describe such a diffusion mechanism (Fig. 6). According to this scheme, water
diffusion is not highly influenced by the macromolecular mobility if the dissociation
of the water-polymer complex (I) is slower than the water migration between
neighboring hydrophilic sites (II).

Courvoisier [22] has compiled the literature values of water permeability P in
100% RH at 25 °C of different polymers and plotted them versus the concentration
of the most polar group in the repetitive structural unit (Fig. 7). It can be seen that
P is of the same order of magnitude for all polymers. The data scattering within a
same polymer family can be explained by the small effect on P of secondary
structural factors at higher scales, e.g., differences in crosslinking density in net-
works, differences in crystallinity ratio and crystalline lamellae thickness in
semi-crystalline polymers, etc., which modify the tortuosity of the water diffusion
path. In a first approximation, it can be written:

P ¼ C1 � D ¼ 10�9:7�0:7 ðexpressed inmolm�1 s�1Þ ð2:11Þ

In other words, D is inversely proportional to C∞.

[S1…H2O] → S1 + H2O (I)
H2O → migration until S2   (II)
S2 + H2O → [S2…H2O] (III)

Fig. 6 Three-step mechanism for water diffusion into polymer matrices [6]. S1 and S2 designate
two neighboring hydrophilic sites and [Si…H2O] a hydrogen bonded water-polymer complex



3 Water Absorption in the Presence of Hydrolysable
Groups

In the presence of hydrolysable groups in epoxy-amine networks, different
behavioral deviations from the classical Fick’s law have been reported in the lit-
erature. Some of them are clearly related to chemical modifications.

In the case of non-ideal networks containing unreacted epoxy groups, water
absorption displays a two-step behavior (Fig. 8) often classified in the categories of
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Fig. 7 Water permeability (in 100% RH at 25 °C) versus polar group concentration for 27
polymers

t

mFig. 8 Typical kinetic curves
of water absorption for a
Langmuir’s diffusion process



Langmuir processes [25, 26]. In this case, water diffusion coexists with a water
trapping–untrapping mechanism on particular sites. In fact, this mechanism is
simply the reversible hydrolysis of unreacted epoxies [6] as schematized in Fig. 9a.
During the second absorption stage characterizing the Langmuir process, the con-
version of epoxies into much more polar groups (diols) consumes water molecules,
but also increases significantly the polymer hydrophilicity. Of course, both addi-
tional contributions have to be considered in any approach of nonempirical kinetic
modeling.

More recently, the same type of behavioral deviation has been reported for an
ideal epoxy-amidoamine network [27]. However, in contrast to unreacted epoxies,
amide groups are not located at dangling chain extremities, but within elastically
active chains. As a result, their hydrolysis (Fig. 9b) leads also to a chain scission
and, when two hydrolysis events take place on the same elastically active chain
(i.e., at high conversion ratios), to the liberation of short macromolecular fragments
(diacids) from the epoxy network. The superimposition of the resulting mass loss to
the water mass uptake generates a complex sorption behavior [27]. Such behavior
was already shown for aliphatic polyamides, in particular for PA 11 [28].

Let us note that hydrolysable groups are not necessarily initially present in
epoxy-amine networks. Indeed, it cannot be excluded that they are formed and
accumulated by a radical chain oxidation reaction activated by external factors (e.g.,
increase in temperature, UV or ionizing radiation, or chemical reagent acting as a
radical initiator) under operating conditions. In that case, they may be esters and
amides resulting from the oxidation of oxy- and amino-methylenes, respectively
[7].

4 Proposal of Kinetic Model

On this basis, a general diffusion/reaction model has been developed for tentatively
predicting the resulting kinetic curves of water absorption in epoxy-amine net-
works. Schematically, the water gradient in the thickness L of a semi-infinite plate is

CH CH2

O

+   H2O CH CH2

OH

OH(a)

C NH

O

+   H2O H2NC
O

OH
+(b)

Fig. 9 Hydrolysis of epoxy (a) and amide groups (b). The double arrows indicate that the reaction
is reversible, i.e. equilibrated by the reverse reaction of condensation



calculated from a balanced equation, expressing that the change over time t in water
concentration C in an elementary sublayer located at the depth z beneath the sample
surface is the difference between the water supply by diffusion (according to the
Fick’s second law) and the water consumption by the chemical reaction:

@C
@t

¼ D
@2C
@z2

� r Cð Þ ð4:1Þ

The mathematical expression of the water consumption rate is deduced from a
kinetic analysis of the reversible hydrolysis scheme:

EþW ! A1 þA2 khð Þ
A1 þA2 ! EþW kcð Þ ;

where E, W, A1, and A2 account respectively for hydrolysable groups, water, and
hydrolysis products. kh and kc are the respective rate constants of the hydrolysis and
condensation reactions. The water consumption rate can be written as:

r Cð Þ ¼ � dC
dt

¼ kh E½ �C� kc A1½ � A2½ � ð4:2Þ

The corresponding gradients in the sample thickness of hydrolysable groups and
hydrolysis products are determined from complementary equations:

d E½ �
dt

¼ �kh E½ �Cþ kc A1½ � A2½ � ð4:3Þ

d A1½ �
dt

¼ d A2½ �
dt

¼ kh E½ �C� kc A1½ � A2½ � ð4:4Þ

The system of Eqs. 4.1–4.4 has been solved simultaneously in space (z) and time
(t) using the numerical algorithms recommended for problems of chemical kinetics
in the literature. Let us note that these algorithms are already implemented in the
commercial MATLAB® software under the names of ODE23 s and ODE23 tb. The
initial (throughout the sample thickness) and boundary conditions (at the sample
surface) used for this resolution are recalled below:

• At t = 0 and any z: C(z, 0) = 0, [E](z, 0) = [E]0 and [A1](z, 0) = [A2](z, 0) = 0.
• When t > 0, at z = 0 and L: C(0, t) = C(L, t) = CS(t).

Let us remember that, due to the hydrolysis reaction, the water concentration CS

at the sample surface is no longer a constant but it is an increasing function of time.
It can be determined from Eq. 2.8 if the total concentration of highly polar groups
(i.e., hydroxyls) at any time t is known. The initial value of CS corresponds to the
equilibrium water concentration C∞ that should be found if the epoxy-amine net-
work under consideration did not contain hydrolysable groups. The increase in CS

against time of exposure can be determined by introducing the solution of Eq. 4.4



into Eq. 2.8. Indeed, for the two hydrolysis examples reported in Fig. 9, this latter
writes:

CS ¼ AExp B OH½ �f g ð4:5Þ

with A = 1.51 � 10−1 mol L−1 and B = 4.09 � 10−1 L mol−1. If considering the
definition of C∞, this equation can be rewritten:

CS ¼ C1 Exp B OH½ � � OH½ �0
� �� � ð4:6Þ

Since hydroxyl groups (OH) come from alcohols (Al) and acids (Ac), it comes
finally:

CS ¼ C1 Exp B Al½ � � Al½ �0
� �� �� Exp B Ac½ � � Ac½ �0

� �� � ð4:7Þ

In addition, always due to the hydrolysis reaction, the coefficient of water dif-
fusion D through the sample thickness is no longer a constant but a decreasing
function of time. It can be determined from Eq. 2.11 through replacing C∞ by CS.
The initial value of D corresponds to the coefficient of water diffusion D0 that
should be found if the epoxy-amine network under consideration did not contain
hydrolysable groups. Since the water permeability is independent of the concen-
tration of polar groups (Eq. 2.11), it can be written:

C1 � D0 ¼ CS � D ð4:8Þ

If considering Eq. 4.7, it comes finally:

D ¼ D0

Exp B Al½ � � Al½ �0
� �� �� Exp B Ac½ � � Ac½ �0

� �� � ð4:9Þ

As said before, the local value of the water mass uptake at the depth z beneath
the sample surface is the sum of two contributions: water diffusion and water
consumption:

dm z,tð Þ ¼ 18
q

Cþ
Z t

0
r Cð Þ dt

� �
ðexpressed in%Þ ð4:10Þ

where q is the initial polymer density. The global value of the water mass uptake is
simply deduced by summing the local values of dm throughout the thickness L of
the semi-infinite plate:

m tð Þ ¼ 1
L

Z L

0
dm z, tð Þ dz ðexpressed in%Þ ð4:11Þ



5 Application to Two Case Studies

The validity of the kinetic model described in the previous paragraph has been
checked for the two hydrolysis examples reported in Fig. 9. Experimental data have
been recovered from two distinct research studies [6, 27].

In the case of non-ideal networks containing unreacted epoxy groups, hydrolysis
products are diols, therefore [A1] = [A2] = [Al] and [Ac] = [Ac]0 = 0. As an
example, the simulations of the kinetic curves of water absorption in 100% RH at
50 °C of DGEBD-ETHA networks only differing by their initial concentrations of
unreacted epoxy groups are reported in Fig. 10. These networks were synthetized
from DGEBD/ETHA mixtures with different r = amine/epoxy functional ratios [6].

A satisfactory agreement can be observed between theory and experiment. The
values of the rate constants kh and kc and the coefficient of water diffusion D0 used
for these simulations are specified in Table 4.

On one hand, it is checked that the rate constants take almost the same values in
all simulations. At 50 °C, their average values are:

kh ¼ 3:4� 10�8 Lmol�1 s�1 and kc ¼ 1:5� 10�8 Lmol�1 s�1

Thus, it is found that: kh � 2 � kc. In other words, hydrolysis of epoxy groups is
favored over diols condensation for long periods of exposure.
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Fig. 10 Kinetic curves of water absorption in 100% RH at 50 °C of non-ideal DGEBD-ETHA
networks. Comparison between theory (solid curves) and experiments (symbols). The concentra-
tions of unreacted epoxies are mentioned next to the curves



On the other hand, as expected, the coefficient of water diffusion is a decreasing
function of the network polarity. Indeed, D0 is equal to 2.5 � 10−12 m2 s−1 for the
ideal network with an initial concentration of hydroxyl groups of [OH]0 =
8.0 mol L−1, whereas it increases up to 1.0� 10−11 m2 s−1 for the least ideal network
having an initial concentration of hydroxyl groups of [OH]0 = 6.2 mol L−1.

In the case of ideal networks containing amide groups, hydrolysis products are
acids and amines, therefore [A1] = [Ac], [A2] = [Am], and [Al] = [Al]0. As an
example, the simulations of the kinetic curves of water absorption in 50% RH at 30,
50, and 70 °C of a DGEBA-PAA network are reported in Fig. 11. PAA is a
complex amidoamine hardener resulting from the condensation of fatty acids with
polyamines (mostly triethylenetetramine) [27].

Table 4 Rate constants and coefficient of water diffusion used for simulating the kinetic curves of
Fig. 10

[E]0 (mol L−1) kh (L.mol−1 s−1) kc (L mol−1 s−1) D0 (m
2 s−1)

0.0 – – 2.5 � 10−12

0.8 3.0 � 10−8 1.9 � 10−8 3.0 � 10−12

1.7 3.8 � 10−8 1.1 � 10−8 5.0 � 10−12

2.7 3.3 � 10−8 1.5 � 10−8 1.0 � 10−11

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 50 100 150 200 250 300 350

m
(%

)

√t (s1/2)

50°C

30°C

70°C

Fig. 11 Kinetic curves of water absorption in 50% RH at 30, 50 and 70 °C of an ideal
DGEBA-PAA network. Comparison between theory (solid curves) and experiments (symbols).
The temperatures of exposure are mentioned next to the curves



Here also, a satisfactory agreement can be observed between theory and
experiment. The values of the rate constants kh and kc and the diffusion coefficient
D0 used for these simulations are specified in Table 5.

On one hand, it can be seen that the rate constants are almost independent of
temperature. In fact, kc displays the same order of magnitude as in aliphatic
polyamides, e.g., in PA66 [29]. In contrast, kh is about two decades higher in the
epoxy-amidoamine network under consideration than in PA 66. Unfortunately,
structure/rate constants relationships are not well known yet in this domain. It is
thus too premature to give an explanation.

On the other hand, the values of the coefficient of water diffusion are in very
good agreement with those usually reported in the literature for ideal epoxy-amine
networks [30]. It is found that D0 obeys an Arrhenius law with a pre-exponential
factor of 1.5 � 10−3 m2 s−1 and an activation energy of 54.9 kJ mol−1.

6 Conclusions

A nonempirical kinetic model has been elaborated for predicting the non-Fickian
water absorption induced by a reversible hydrolysis reaction in epoxy-amine net-
works. This model couples water diffusion and its consumption by the chemical
reaction in a system of three differential equations, and takes into account the
changes in network hydrophilicity due to the formation of new highly polar groups
(alcohols and acids). Its validity has been successfully checked from the experi-
mental results of two case studies conducted in the last two decades in our
laboratory.

This model gives access to kinetic parameters (rate constants of hydrolysis and
condensation, and coefficient of water diffusion) that are hardly accessible experi-
mentally. The values found for the coefficient of water diffusion are in very good
agreement with those already reported in the literature for ideal epoxy-amine net-
works. In contrast, the values obtained for the rate constants are still questionable.
No doubt, these latter have to be the object of a specific study devoted to the humid
aging of a large series of epoxy-amine networks containing a well-known con-
centration of hydrolysable groups after synthesis, but also after storage at room
temperature (in particular, in a completely dry atmosphere).

Table 5 Rate constants and
coefficient of water diffusion
used for simulating the kinetic
curves of Fig. 11

T (°C) kh (L mol−1 s−1) kc (L mol−1 s−1) D0 (m
2 s−1)

30 6.5 � 10−6 1.7 � 10−4 5.0 � 10−13

50 9.5 � 10−6 1.5 � 10−4 2.0 � 10−12

70 9.5 � 10−6 1.0 � 10−4 6.0 � 10−12
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