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Abstract

The water absorption behavior of the DGEBA/TETA epoxy system was evaluated as a function of the epoxy monomer 
to amine hardener ratio. Weight gain versus immersion time curves were obtained and the experimental points were 
fitted using Fickian and Non-Fickian diffusion models. The results obtained showed that for all epoxy monomer to 
hardener ratios analyzed water diffusion followed non-Fickian behavior. It was possible to correlate the water absorption 
behavior to the macromolecular structure developed when the epoxy/ hardener ratio was varied. All epoxy/hardener 
ratios present a two-phase macromolecular structure, composed of regions with high crosslink density and regions with 
lower crosslinking. Epoxy rich systems have a more open macromolecular structure with a lower fraction of the dense 
phase than the amine rich systems, which present a more compact two-phase structure.

Keywords: water absorption, epoxy resins, hardener to epoxy monomer ratio.

1. Introduction

Epoxy resins show high reactivity with many different 
chemical compounds, like aliphatic and aromatic amines, 
anhydrides and polyamides[1]. This characteristic is due 
to the presence of the very strained ethoxyline ring 
structure[1,2]. Therefore, given a specific epoxy monomer, 
the mechanical properties of the epoxy system can be varied 
over fairly high bounds by changing the curing agent. 
Therefore, the observed variations on properties reflect 
differences on the macromolecular network developed. 
Besides the chemical nature of the hardener, other variables 
like the time and temperature of cure[3,4] and the hardener 
to epoxy monomer ratio[5] could produce very different 
macromolecular structures. For the epoxy system formed 
by the difunctional epoxy monomer, diglycidyl ether of 
bisphenol-A (DGEBA), and the hexafunctional aliphatic 
amine, triethylenetetramine (TETA), the hardener to 
epoxy ratio was shown to strongly affect mechanical[6,7] 
and thermal properties[8].

However, non-stoichiometric hardener/epoxy ratios 
could produce unstable macromolecular networks that 
could age more readily, due to temperature changes or 
even moisture absorption. The modifications induced by 
both temperature and/or moisture are directly linked to 
the presence of unreacted sites, maintained latent during 
the gelation and setting of the resin. Moisture absorption, 
in particular, could also promote undesirable dimensional 
changes on finished parts. It has to be noted that even for 
a completely cured epoxy system, many hydrophilic sites 
could be present on the final network developed. In fact, for 
this epoxy system the cure reactions scenarios are leaded 
by the primary amino addition reaction, occurring between 

primary amines (–NH2) and the epoxy group, resulting on 
hydrophilic hydroxyl groups (–OH)[1].

For non-stoichiometric formulations with excess of 
epoxy monomer the epoxy rings could, in principle react 
with these hydroxyls groups forming ether groups[1,4]. 
But this secondary reaction will not contribute to reduce 
the number of hydrophilic OH groups and its effect is 
very restricted for reactions taking place below 150 °C[9]. 
Besides, amines are also strongly hydrophilic groups, and 
when in excess could contribute to moisture up-take and 
to resin plasticization[10].

Earlier studies on the DGEBA/TETA system showed 
that the degree of cure, and therefore the presence of latent 
unreacted sites, is greatly affected by the hardener to epoxy 
ratio and that, for room temperature cured resins without 
post-curing, the consume of epoxy rings go to completion 
only for off-stoichiometric hardener rich mixtures[7]. 
Also, thermo-gravimetric analysis showed that some 
off-stoichiometric mixtures could have a two phase like 
microstructure, where very crosslinked domains could be 
embedded on a less crosslinked matrix[8]. These structural 
characteristics can strongly affect the moisture up-take 
behavior and contribute to a faster decrease of the mechanical 
performance of the material.

Therefore, in this work, the water absorption behavior of 
the DGEBA/TETA epoxy system was studied as a function 
of the hardener to epoxy ratio. Besides the stoichiometric 
formulation, epoxy rich as well as hardener rich mixtures 
were analyzed. The results obtained were correlated with 
former proposed networks developed due to the change 
on the hardener/epoxy ratio[8], and with the presence of 
unreacted sites.
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 v2. Theoretical Background

2.1 Fickian behavior

Several models are used to describe diffusion on polymers. 
The most common one uses the theoretical background of 
the 2nd Fick equation, namely[11]

c cD
t x x

∂ ∂ ∂ =  ∂ ∂ ∂ 
 	 (1)

In Equation 1 c is the water concentration at time t, D 
the diffusion coefficient and x the space coordinate measured 
normal to the cross section. For infinity large plates of 
thickness h and considering that diffusion occurs only 
perpendicularly to the specimens’ thickness, the solution 
of Equation 1 is given by[11]:
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where M% is the mass of water absorbed at a time t, and M∞ 
is the mass absorbed at saturation. Equation 2 converges fast 
as t increases, and, therefore, one can use the first term of the 
series as a good approximation. An analytical simplification 
of Equation 2 for values of M%/M∞> 0.5 is given by[12]:
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where S = h if both sides of the test specimen are exposed 
to the absorption medium and S = 2h if only one side is 
exposed. For short times of exposure, when M%/M∞< 0.5 
Equation 2 can be approximated by[12]:

% 4M Dt
M h∞

=
π

 	 (4)

A general equation based on the same approach of the 
Fick law but covering the entire range of absorption was 
proposed by McKague et al.[13], namely:

% 4tanhM Dt
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=   π 

 	 (5)

2.2 Non-fickian behavior

Several authors consider that the Fickian model is not 
able to describe the complete water absorption behavior of 
several polymers and/or polymer composites[14-17]. In fact, 
in many instances it was found that the Fickian behavior 
can fit the experimental data points only at the early stages 
of the absorption process, failing, however, to describe the 
behavior when the absorption time increases.

Other models have appeared to overcome the inadequacy 
of the Fickian model to describe the experimental behavior of 
certain polymers and polymer composites models. These models 
take new assumptions such as water molecules acting both 
as a bound and unbound phase[18-20]. or considering that 
polymers can have phases with different macromolecular 
structures (for example, regions heavily crosslinked and 

regions with light crosslinking)[21,22]. Some of these models 
also include a term considering that stress relaxation can 
occur due to swelling after water uptake[23,24].

2.2.1 Jacobs-Jones model

This model hypothesizes that certain polymers present a 
two-phase structure, where regions with different crosslinking 
densities coexist, namely: a heavily crosslinked structure, 
here named as the dense phase, and a lightly crosslinked 
structure. For such materials the absorption curve shows 
two main regions as depicted at Figure 1.

The first stage of the water absorption curve (region I) 
is characterized by a fast water uptake. This region is 
associated to diffusion of water at both phases – i.e., at 
the dense and at the less dense macromolecular structure. 
At region II, diffusion occurs more slowly, and the water 
uptake is attributed only to diffusion at the dense phase, 
since saturation has already occurred at the less crosslinked 
phase[21]. To model the behavior of this two-phase polymer, 
the equation developed by Jacobs and Jones assumed 
that diffusion is governed by a Fickian behavior at both 
phases[21,22]. The resultant equation is as follow:
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where Dd and Dl are the diffusion coefficients at the dense 
and at the less dense phase, respectively. Vd is the volume 
fraction associated to the dense phase, and its value depends 
on both Dd and Dl values.

The nominal diffusion coefficient, Dx, can be calculated 
from the initial slope of the absorption curve (mx) at region 
I using the following equation[21]:
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 	 (7)

Figure 1. Schematic water absorption curve for resins showing a 
two phase structure.
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2.2.2 Modified Jacobs-Jones model

The modified Jacobs-Jones model[25] considers that 
the polymer structure consists of a phase where the major 
amount of water is absorbed (phase 1) and another phase with 
a different density and/or hydrophilic character (phase 2). 
The equation of this model is as follow:
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where D1 and D2 represent the diffusion coefficients of phase 1 
and of phase 2, respectively, and M1 and M2 are the saturation 
values of water absorbed at each phase. The maximum 
absorption value at saturation, M∞, equals M1 + M2.

Following the same theoretical approach of the 
Jacobs‑Jones model where D2 is the diffusion coefficient of 
the dense phase, here D2 refers to the diffusion coefficient of 
the polar, hydrophilic phase whereas D1 is associated to the 
less dense phase or to the non-polar phase at the modified 
model. In both models D2 will be an order of magnitude 
smaller than D1, since water diffusion will be hindered 
by the high crosslinking density or by attraction of water 
molecules by hydrophilic polar groups[25].

2.2.3 Berens-Hopfenberg model

The Berens and Hopfenberg model[23] includes relaxation 
effects due to swelling into the diffusion process. This model 
was successfully used to describe the behavior of polymers 
as well as composites[16]. Its basic equation considers that 
the amount of absorbed water (M%) can be represented by 
adding a term related to Fickian diffusion process (M%, F) 
and a term related to relaxation (M%, R), namely:

% %, %,F RM M M= +  	 (9)

The term representing the Fickian diffusion behavior 
equals Equation 3, namely:
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 	 (10)

where here M∞, F is the water saturation level disregarding 
any stress relaxation. The term related to the relaxation 
effect is given by:

( )( )2
, , 1 expt R RM M kt∞= − −  	 (11)

where k is a constant related to the relaxation rate of the 
material and M∞, R is the water saturation value related to the 
relaxation event. This term does not depend on the size of 
the diffusing molecules, and is only related to stress relief 
due to swelling caused by water absorption[23]. Therefore, 
water absorption at a time t can be written as:
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2.2.4 Carter-Kibler model

Trying to solve problems associated to materials failing 
to follow the usual Fickian models, Carter and Kibler[18] 
proposed a model based on two hypothesis, namely: 
i) the diffusion coefficient does not depend on the water 
concentration inside the material, and ii) the water molecules 
coming from the diffusion process itself and/or present at 
the material can be divided into two phases. This model 
adds two new parameters, a and b These new parameters 
are related to the probability by unit of time that a water 
molecule at the free phase transforms into a bound molecule 
(α) or the probability by unit of time that a bound molecule 
becomes a free one (β)[26].

Taking into account the following boundary conditions[19]:

2 2
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It can be written[20]:
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3. Materials and Methods

The samples were prepared by mixing proper quantities 
of DGEBA epoxy monomer and TETA hardener, which 
were weighed within ± 0.002 g. These chemicals, from 
Dow Chemical (Brazil), were used as received, without any 
further purification. Eight different hardener/resin ratios 
were prepared, covering the range of epoxy rich to amine 
rich compositions, and including the stoichiometric one. 
The different hardener/resin ratios used in this work were 
labeled according to the amount of hardener per hundred 
parts of resin, in weight, denoted henceforth as phr. The ratios 
used are referred to in Tables 1-3, and phr 13 corresponds 
to the stoichiometric composition.

The samples were cast in plate-shaped open silicone 
molds, with dimensions appropriate to water absorption 
measurements (n = 25 mm, l = 105 mm and h = 4 mm), and 
were cured at room temperature, 25 ± 3 °C. The samples 
obtained were dried to constant weight at 60 °C and were, 
then, soaked in distilled water. Care was taken in order 
to avoid contact of the specimens with the walls of the 
containers. Therefore, all surfaces of the specimens were 
in close contact with the soaking medium.

The weight gain vs. time of immersion curve was obtained 
following the procedures described by the ASTM D570 
standard for plastics. The experimental data obtained were 
modeled using the theoretical models described at Section 2.

4. Experimental Results and Discussion

The results obtained by fitting the models described in 
item 2 to the experimental points are listed in Tables 1-3. 
Table 1 shows the fitted values using the Fickian models 
described in item 2.1. Tables 2, 3 are devoted to list the 
adjusted values when a non-Fickian behavior was used, 
item 2.2. The fitted curves were obtained using non-linear 
regression, and the least squares method to obtain the best 
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fit between the experimental data points and the theoretical 
equations.

All models except the one from Carter and Kibler[18] could 
be fitted to the experimental results. The lack of consistence 
of the Carter and Kibler model can be explained regarding 
that the boundary conditions stablished by Equation 13 were 
not satisfied – i.e., the values obtained to both a and b are 

greater than 
2

2
D
h
π . Therefore, the results obtained when this 

model was applied are not included at the present topic.
The values of Vd listed at Table 2 (Jacob-Jones model) 

were obtained taking into account the best correlation 
coefficient between the experimental points and the fitted 
theoretical curve when Vd was varied between its boundary 
values – from 0 to 1 – at steps of 0.1. This procedure was 
used because Vd depends on the values of both Dd and Dl, 
and, therefore, its value is a necessary condition to apply 
Equation 6.

To verify the results listed at Table 2 for Vd, the graphical 
methodology described at the work of Jacobs and Jones[21,22] 
was also used. The complete description of the graphical 
approach can be found at the works of Jacobs and Jones[21,22], 
and is not reproduced here for the sake of shortness.

As presented on several papers water absorption and 
diffusion on polymers are related to different factors, but 
are mainly affected by the free volume existent at the 
macromolecular structure and by the affinity of the specific 
polymer to water[17,27].

The amount of free volume is considered as the main 
driving force to water absorption, and is related to several 
different physical characteristics of the polymer[15,16,28-31]. 
These physical characteristics are intimately linked to 
the degree of cure, the stoichiometric ratio and with the 
stiffness of the molecular bonds[29-31]. The chemical affinity 
of a polymer to water, by the other side, is attributed to the 

Table 3. Non-Fickian models – Equation 12.

PHR
Berens and Hopfenberg Model

r2
M∞,F (%) M∞,R (%) M∞* (%) k × 10–12 (s–2) D × 10–7 (mm2/s)

7 2.47 0.60 3.07 5.69 1.64 0.96
9 3.01 0.53 3.54 1.06 1.52 0.95
11 3.06 0.74 3.80 1.18 1.49 0.96
13 3.81 0.90 4.71 0.29 1.13 0.96
15 4.49 0.87 5.37 0.11 1.11 0.95
17 4.79 0.92 5.71 0.24 1.09 0.94
19 5.27 1.00 6.27 0.20 1.15 0.96
21 5.56 1.25 6.81 0.12 1.10 0.96

*M∞ = M∞,F + M∞,R
[24].

Table 2. Non-Fickian models – Equations 6 and 8.

PHR
Jacobs-Jones Model Modified Jacobs-Jones Model

M∞ (%) Vd
D × 10–7 

(mm2/s)
Dd × 10–8 

(mm2/s)
Dl × 10–5 

(mm2/s) r2 M1 
(%)

M2 
(%)

M∞ 
(%)

D1 × 10–7 
(mm2/s)

D2 × 10–9 
(mm2/s) r2

7 5.05 0.8 2.39 3.03 0.50 0.98 0.98 3.57 4.55 0.53 39.60 0.98
9 4.97 0.8 1.28 4.54 0.27 0.98 1.00 10.49 11.49 0.32 9.20 0.98
11 6.37 0.8 0.90 2.65 0.26 0.97 1.45 16.03 17.48 0.21 3.90 0.97
13 4.82 0.9 2.17 12.24 18.08 0.98 0.69 4.40 5.10 7.57 92.00 0.98
15 7.74 0.9 0.98 4.23 6.09 0.99 0.77 7.82 8.60 6.16 34.29 0.98
17 12.04 0.9 0.49 1.82 0.59 0.98 1.40 124.10 125.50 0.41 0.51 0.98
19 8.13 0.9 0.81 6.05 13.23 0.99 0.86 7.02 7.88 11.36 63.61 0.99
21 8.91 0.9 0.83 5.66 10.01 0.99 0.86 8.35 9.21 11.10 53.31 0.99

Table 1. Fickian models – Equations 3 and 5.

PHR
Fick Model McKague Model

M∞ (%) D x 10–7 

(mm2/s) r2 M∞ (%) D x 10–7 

(mm2/s) r2

7 2.78 3.94 0.90 3.08 4.07 0.95
9 3.41 2.46 0.93 4.16 1.92 0.97
11 3.39 3.52 0.92 4.33 3.46 0.96
13 4.01 2.61 0.93 4.81 2.29 0.97
15 5.11 1.67 0.92 7.18 0.94 0.97
17 5.26 2.02 0.91 6.82 1.36 0.96
19 5.83 2.01 0.93 7.41 1.43 0.97
21 6.56 1.70 0.94 9.01 1.01 0.98
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polymer polarity – i.e., to the presence of sites with hydrogen 
bonds along the polymeric chain[26].

From the experimental results, in general, it is observed 
that higher values of M∞ were obtained with the increase 
of the hardener ratio. In fact, in a previous work Soles and 
Yee[31] found that the increase of the amine ratio resulted on 
an increase of the amount of absorbed water. The increase of 
the water up-take was attributed to the increase of the free 
volume of the epoxy system, what eases the water diffusion 
path and increases the number of sites to be occupied by 
water molecules[29]. Carfagna  et  al.[32], using differential 
scanning calorimetry, has observed also that if a large 
excess of hardener is used high levels of water uptake are 
observed, and this behavior can be linked to the formation 
of microcavities within the matrix in an exothermic process.

While the amount of water increased with the increase 
of the amount of hardener, diffusivity (D) showed little 
variation or decreased with the increase of the hardener 
content. Since the values of M∞ are primarely governed by 
an increase on the free volume of the polymer, the decrease 
of the diffusivity can be explained by the increase on the 
polarity of the system and by topological changes on the 
chains[16,29]. The increase in free volume promotes growth 
in the number of nanovoids throughout the network, which 
in turn act as routes of access of water molecules to the 
interaction sites. This will slow molecular motion due to 
water affinity to hydroxyl (-OH) groups present along the 
chain, slowing the diffusion process[28,29].

Comparing the results obtained between Fickian and 
non‑Fickian models, Tables 1-3, it is verified that the latter 
have a best fit to the experimental data for all tested proportions 
of hardener. In fact, the determination coefficient values ​​
(r2) for non-Fickian models were very close to 1, denoting 
very high correlation between the curve stipulated by the 
models and the experimental data. It is worth saying that 
the McKague model[13] also presented high correlation with 
experimental results. However, it is only a mathematical 
modification of the Fick’s approach, without including any 
new physical approach to the diffusion problem.

Based on this fitting, it can be said that for all tested 
hardener/epoxy ratios a macromolecular structure with 
two phases was formed. Namely, a dense phase with a 
large number of crosslinks and a less dense phase with 
fewer crosslinks, as predicted by the models of Jacobs and 
Jones[21,22]. For all formulations tested, the proportion of the 
dense phase present in the system was superior to that of 
the “less” dense phase, what is depicted by the high volume 
fraction obtained for the dense phase (Vd).

The variation found in the proportion of the dense phase 
is closely related to the topology of the chains along the 
material. The different ways the crosslinking reactions can 
occur due to the variation of the hardener to epoxy monomer 
ratio can lead to the formation of a more open structure, 
contributing to the diffusion of small molecules such as 
water, or a more compact structure, acting as barriers to 
the movement of molecules[29]. For the epoxy rich systems 
(phr 7, 9 and 11) the formation of a more open structure is 
likely, because after depletion of amine groups, secondary 
reactions such as homopolimerization and ether formation 
can occur[4,9]. This structure will favor higher diffusion 
rates (D) and will have smaller proportion of dense phase 
(Vd). Amine rich systems, by contrary, have a more closed 
structure, since excess of amine hardener in these systems 
will promote opening of all available epoxy rings, and will 
result on a highly crosslinked structure, leading to a decrease 
in diffusivity (D) and an increase in the volume fraction of 
the dense phase (Vd).

The curves obtained by applying the Jacobs-Jones 
models, Table 2, showed high convergence for all tested 
hardener to epoxy ratios. Examples of the curve fitting to 
the experimental points are shown in Figure 2. In some 
cases, however, the values for M∞ diverged and showed 
inconsistent results. This behavior was particularly observed 
for the phr 17 ratio at the Jacobs-Jones model and for phr 
9, 11 and 17 ratios at the modified Jacobs-Jones model 
(Figure 3). The results obtained were associated to the fact 
that the experimental curves showed a steady increase of 
the amount of water, without a clear plateau indicating 

Figure 2. Fitting of the experimental points to the Jacobs-Jones models. Characteristic curves for (a) phr 7, 9 and 11 (b) phr 13, 15, 17, 
19 and 21.
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saturation[31]. This abnormal behavior is related to polymer 
degradation caused by water absorption[15,33].

The degradation occurs by formation of hydrogen bonds 
between the water molecules and polar groups present in 
the polymer chain, causing rupture of the initial network[15]. 
The water absorption not only causes plasticization of the 
resin, but also causes a change in the stress state, what favors 
the formation of cracks by swelling. These phenomena 
contribute to an increase in the variation of the internal 
structure of the material and cause an increasing weight 
gain (M%) close to the equilibrium level, so that this level 
is never achieved[33].

The curves obtained with the Berens-Hopfenberg model, 
Table 3, showed similar results for all phr ratios, with little 
variation in the diffusivity (D) values and continued increase 
of the saturation values related to Fickian diffusion (M∞,F) 
and also due to polymer swelling (M∞,R). The final behavior 
was similar to the one obtained with the Jacobs‑Jones 
models (Table 2).

The good fit of the Berens-Hopfenberg model to 
the experimental points does not exclude the approach 
and discussion thus far made based on the results found 
by the Jacobs-Jones model, but rather complements and 
confirms the behavior of both D and M∞, using, however, 
the concept of stress relaxation. Clearly, it can be seen that 
the characteristic curve obtained for the different hardener 
ratios (Figure 4) can be divided into two regions: an initial 
absorption, following an almost Fickian behavior and a 
subsequent absorption with slower rates of weight gain. 
The second region reflects the changes that occur in the 
matrix resin as result of the stress relaxation[30].

Water molecules are generally linked to hydroxyl groups 
(OH) formed during the process of opening of the epoxy ring, 
contributing to swelling of the material and consequently 
to the relaxation process. Water molecules are divided into 
two phases: one phase bound to the polymer chain and a 
free phase occupying the empty spaces present within the 
structure of the material[17]. The higher the proportion of free 
phase in relation to the bonded phase, the greater the mass 
gain at equilibrium, since a large number of water molecules 
will be “loose” to fill an increased amount of free spaces.

Based on the results obtained by applying the 
Berens‑Hopfenberg model, it can be seen that the greater 
the amount of amine in the epoxy system, the greater the 
proportion of free phase is, since the free volume is proportional 
to the amount of hardener in the system, as observed by 
Soles and co-workers[29,31], Grave and co-workers[30], and 
Carfagna and co-workers[32].

5. Conclusions

The use of different diffusion models allowed characterizing 
the absorption behavior of the DGEBA/TETA system with 
different hardener/epoxy ratios. The models used showed 
excellent convergence, with the exception of the Carter 
and Kibler model.

Weight gain due to water absorption increased with 
increasing the hardener content, while diffusivity followed 
the opposite behavior. The trend observed for these two 
parameters could be explained by the increase of the free 
volume within the material, and by interactions caused by 
chain polarity and topology.

The behavior observed for all systems, i.e., for all 
hardener/epoxy monomer ratios, followed a non-Fickian 
trend. The best fit was obtained when the Jacobs-Jones 
models were used, characterizing the presence of two phases 
in the material. The denser phase, i.e., the one with a higher 
crosslink density, is present in major proportion, and a less 
dense phase, with a lesser number of crosslinks is present 
in a smaller proportion.

For some formulations, especially the one with phr 
17 when the Jacobs-Jones model was used, or the ones 
with phr 9, 11 and 17 when the modified Jacobs-Jones 
model is used, the data points evidenced the occurrence of 
degradation due to water absorption.
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