Polymer Degradation and Stability

November 2016, Volume 133 Pages 404-412
http://dx.doi.org/10.1016/j.polymdegradstab.2016.09.001
http://archimer.ifremer.fr/doc/00350/46158/

© 2016 Published by Elsevier Ltd.

Modelling the non Fickian water absorption in polyamide 6

Arhant Mael %", Le Gac Pierre-Yves *, Le Gall Maelenn *, Burtin Christian , Briangon Christophe °,
Davies Peter

! IFREMER, Marine Structures Laboratory, Centre de Bretagne, F-29280, France

% Ecole Centrale de Nantes, Institut de Recherche en Génie Civil et Mécanique (GeM), F-44321,
Nantes, France

3 CETIM, Technocampus EMC2, F-44340, Bouguenais, France

* Corresponding author : Mael Arhant, email address : mael.arhant@ifremer.fr

Abstract :

This paper investigates the water absorption of polyamide 6. The high amount of absorbed water in the
polymer and the large resulting decrease in the glass transition temperature (Tg) leads to a non Fickian
water diffusion when samples are immersed, which is a significant difficulty when trying to model the
water profile in thick specimens. The aim of this study is to be able to model this particular behaviour
based on physical considerations. First, it is shown that the non Fickian water diffusion is caused by an
increase in the diffusivity during water absorption. Two cases are then identified; one below Tg where
the diffusivity is described using an Arrhenius law and one above Tg based on the free volume theory.
Then, these two laws are implemented in a specific model that is able to describe the non Fickian water
diffusion over a wide range of temperatures.
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L.Introduction

Polyamides (PAs) are widely used in many engineering applications due to their very
interesting mechanical properties and ease of processing, as they allow the injection of thick
components with complex geometries. Moreover, they are candidates for lightweight and low-
cost high performance structures when reinforced with fillers such as clay [1] or fibres [2],
[3]. Reinforced polyamides are excellent candidates for underwater applications, as they can
be easily repaired or reused. However, in such harsh environments, PA will undergo ageing

during service that may limit its use.

The ageing mechanisms in PA are mainly induced by either a reaction of the polymer
with oxygen (i.e. oxidation) [4], [5] or interaction with water. The latter has been widely
studied in the past, and it has been shown that PA6 absorbs a large amount of water when
immersed, up to 10% at 20°C [6]. This behaviour is related to the presence of polar groups
(NH) coupled with the formation of clusters at high water activities. The presence of water
within the polymer leads to an increase in mobility of the macromolecular chains that is
characterised by a decrease in the glass transition temperajuter(Tet al. [7] showed that
the Ty decreases from 60°C to —10°C when 10% of water is absorbed. This phenomenon,
plasticisation, induces large changes in the mechanical behaviour. For example,
Reimschuessel [8] showed that the Young's Modulus decreases by a factor of 5 when 9% of
water is absorbed. Moreover, the presence of water in PA6 can lead to a significant chemical
degradation of the polymer. Amide groups react with water through a hydrolysis process [9]
when immersed in water at high temperatures and/or for a long duration [10]. The latter leads
to chain scissions that induce an embrittlement of the polymer and so lead to a large decrease
in the mechanical properties. This irreversible reaction will not be considered in the present

study, as exposure times were short enough to avoid this kind of degradation [11].



Despite the fact that the water absorption in PA6 has been widely studied in the
literature in terms of mechanisms and consequences, there are still several open questions, and
one concerns the modelling of the water diffusion process in the polymer. This modelling
stage is absolutely necessary to evaluate the lifetime of thick structural parts. If it is not
possible to predict the water diffusion and therefore the local water content throughout the
thickness, it is not possible to predict accurately the loss in mechanical properties induced by
water. In some studies, water absorption in PA6 immersed in water has been modelled using
Fickian behaviour [12]-[14]. However, this description is clearly not accurate, as the Fickian
behaviour is not conservative compared to experimental data. Thus, it should not be used
when accurate predictions are required. This non-Fickian behaviour is explained by an
increase in the water diffusion coefficient with the water content [15], [16] that occurs when
the polymer is in the rubbery state [17]. Whereas the origin of the non Fickian behaviour is
known, there is no accurate model based on physical considerations to describe the water

absorption in PA6 when immersed in water. This is the aim of the present study.

2.Materialsand methods

2.1. Material

The material of interest here is a polyamide 6 supplied by Goodfellow with a density
of 1.13g.cr?. It was received in the form of 2mm thick panels processed by compression
moulding. Polymer films of 70um thickness were obtained from the latter with a Leica
RM2245 microtome. Both thicknesses were used in this study. Polydispersity index and
average molecular weight were measured by SEC and their values are respectively 2.5 and

48.1 kg/mol with a degree of crystallinigyof 38% (measured by DSC).

2.2. Water absorption



First, the water absorption in thick samples (2mm) was determined from the weight
changes of square samples (50 x 50 x 2) inmmersed at several temperatures. The different
samples have been immersed in either natural renewed sea water from the Brest estuary or in
deionised water. The mass gain was followed by periodic weighing of the different specimens
on a Sartorius LA310 S balance having a precision of 0.1 mg. Before each measurement in
immersion, the water on the surface of the specimen was wiped off with a paper towel. For

each measurement, three samples were used at each time and the results averaged.

Dynamic Vapour Sorption (DVS) measurements were performed on Q5000 SA
equipment from TA Instruments. The weight evolution of a 70um polymer film contained
within a humidity chamber (ranging from 0 to 0.9 water activity) was followed using a
microbalance of 0.1ug resolution at various temperatures (from 15 to 80°C). Again, for each

condition, three samples were used.

For all conditions, the weight M(t) in % of a sample is defined as follows, Eq. 1:

W@ -W,
M(t) = ——=.100 Eq. 1
0

Where W(t) is the mass of the sample at a time t apth@/dry mass of the sample. It
can be noted that prior to water exposure, all the samples were dried at 0% relative humidity

at 40°C until their weight stabilised.

The relative mass ratioy;,, and the relative volume ratig,,, are used to take into

account the degree of crystallinjtyrespectively presented in Eq. 2 and Eq. 3):

w _ M(t) Eq. 2
20 = M) + (1 — 1)-Wo &

v _ Wh,0Pa Eq. 3
Ha0 Wi,0Pa + (1 — Wy, 0) 0w 9



Wherep, andp,, are respectively the densities of the amorphous phase of the polymer
and water. Their values are taken to be equal to 1080?<tprrpa and 1000 kg i for Pw

[18].
2.2. Ty measurement

After water absorption, dynamic mechanical analyses were performed ori THON
equipment from Metravib to obtain the glass transition temperatures of the polymer.
Measurements were made in tensile mode on samples of dimensions (30 x 15 %t&3teun
at 2°C/min over the temperature range from -100°C to 150°C. The static strain amplitude was
8 x 10*. The chosen frequency was 10Hz and the dynamic strain amplitude was'2Thé0
glass transition temperature was taken to be thé pmak. For each condition of interest, the
samples were fully saturated in a thermo-hygrometric chamber (Servathin B204 3235) at

different water activities at 80°C for 48 hours.
2.3. Modelling

The 2D model used in this study was developed using COMSOL Multiphysics 5.1
software. The square geometry considered was of 25mm edge length and 1mm thick with
symmetry in all directions in order to simulate a (50 x 50 x 2) immersion coupon. A
rectangular finite element mesh was used, with 50 elements in each direction, i.e. a mesh size
of 0.5 mm by 0.02 mm. Mesh size dependence was examined, and increasing or decreasing

mesh size by a factor of 2 gave the same results.
3.Results

3.1. Water absorption in 2mm thick samples
Immersion of thick specimens (2mm) in water baths is considered here. First, the

effect of temperature on the water absorption in sea water was investigated, Figure 1.a.



Second, the effect of medium was examined, Figure 1.b. For both figures, the water content is

plotted as a function of the square root of time divided by the sample thickness.

Figure 1 : (a) Water absorption in PA 6 immersed in sea water at several temperature (b)

Effect of water type on 2mm thick specimens at 25°C

Figure 1.a shows that the polymer absorbs a significant amount of water when
immersed in sea water, more than 10% at 15°C at saturation. This large water absorption is in
accordance with existing results [6] and attributed to the high polarity of NH groups in the
polymer. It also appears that the maximal water uptake decreases when the temperature
increases due to a negative activation energy of the solubility. Temperature affects the water
absorption kinetics; as expected the higher the temperature, the faster the water diffusion. This

behaviour will be discussed in detail later.

Figure 1.b compares the water absorption in two different media: sea and deionised
water. It clearly shows that the nature of the water affects both the maximal water uptake and
water absorption rate, this can be explained by the fact that water activity in seawater is about

0.98 [20] i.e. lower than in deionised water. However, the overall trend is not affected.

In most polymers, water sorption follows a Fickian behaviour, the water diffusion can
be described as follows using a diffusion coefficient D and a mass at saturatj@dt]Veq.

4.

M@ _ 8 Z 1 D(2i + 1)?m2t
M, = m2lii+102P hZ Eq. 4
L

Where h is the sample thickness in mm and t the immersion time in s.

The diffusion coefficient can be calculated from the initial linear part of the sorption

curve whereﬂl/;(—t) < 0.5, Eq. 5.
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The diffusion coefficient D and the mass at saturatioraké identified on the experimental
water sorption plot of 2mm thick samples immersed at 15°C in sea water. These two values
are then used to model a theoretical Fickian diffusion to be compared with the experimental

data. Results are presented in Figure 2.

Figure 2 : Comparison between experimental results at 15°C in sea water and a Fickian
behaviour with a D equal to 1.6 x 10m?%'s (identified on the experimental data in the linear

part of the sorption curve)

Figure 2 clearly shows that it is not possible to describe the water absorption in these
polyamide polymers using the Fickian law. In fact, an increase in water content at the end of
the sorption curve is observed compared to the Fick plot. This behaviour can be explained by
an increase in the diffusion coefficient across the thickness of the specimen when the latter is

in the rubbery state.

In order to investigate this particular behaviour over a wide range of temperatures and
water activities, it was chosen to work with polymer films (70um) using the DVS. The latter
is very useful since saturating thick specimens at more than 15 different water activities per

temperature would take years.

3.2. Water absorption in thin films using DVS

In the DVS, the sample is exposed to an environment at a given water activity and for
a certain time until it reaches a plateau. After complete saturation, the water activity is
increased by 0.05 and the same cycle is repeated again and again until an activity of a=0.9 is
reached. An example of a DVS test conducted at 40°C is presented in Figure 3. Working with
a small increase in the water activity allows samples to be obtained in which the water content

varies slightly in the polymer.



Figure 3 : Typical water absorption at 40°C as a function of water activity

At a=0.9, the polyamide matrix absorbs more than 8% of water (at 40°C). From this
test, each condition provides a mass at saturation that is plotted as a function of the water

activity in Figure 4.

Figure 4 : Changes in the amount of absorbed water as a function of water activity at 25°C

From this figure, it is clear that the water content increases linearly from a=0.05 to
approximately a=0.5. Beyond this level, it deviates from linearity, which indicates that
Henry’s law is no longer verified. The deviation from Henry’s behaviour is related to the
formation of water clusters in the polymer at high water activities that can be described using
a power law. This behaviour has been highlighted in the literature [22], [23]. It is possible to
describe the amount of water absorbed in the polymer with Eq. 6 [23] that uses Henry’s law in
the linear part (at low water activities) and another part that is related to the formation of

water clusters in the polymer at high water activities.

My, =H.a+b.a™ Eq. 6
Where a is the water activity, H, b and m are polymer characteristics. Broudin [24]
showed that this equation was able to describe the maximal water sorption in Polyamide 6.6.
It was shown that H could be represented by a typical Arrhenius law; here, the pre exponential
factor H is equal to 0.38 and the activation energyskequal to 7kJ/mol. b and m were
found to be respectively equal to 4 and 3 and independent of the testing temperature. Now that
the maximal water absorption for each humidity step has been considered, it is interesting to

focus on the water absorption rate.

For each water sorption at a given water activity, a Fickian diffusion coefficient D was
identified from the experimental data and the the Fickian equivalent was plotted at different

water activities (0.2, 0.4, 0.6 and 0.8), presented in Figure 5.



Figure 5 : Normalized water absorption at 25°C as a function of water activity (a) a=0.2 (b)

a=0.4 (c) a=0.6 (d) a=0.8

Figure 5 shows that in this case, the water absorption can be described based on
Fickian behaviour for all the water activities at 25°C. It has to be noted that the results in
Figure 5 are not in contradiction with the results in Figure 2. In fact, as noted previously, a
non Fickian behaviour is observed when dried thick samples are immersed in water. However,
when very slight increases in water are used (DVS), it is possible to model the water uptake
using the Fickian law with a given diffusion coefficient that changes with the water content
(Figure 5 and Figure 6). The dependence of diffusivity on the water content can be neglected
when very slight differences in water contents are considered. However, when large water
content differences exist, the diffusion coefficient changes through the thickness, and this

results in an overall non Fickian behaviour.

Showing that the water diffusion follows a Fickian diffusion at every water activity
allows the diffusion coefficient D identified for each condition to be plotted as a function of

the water activity. An example at 25°C is presented in Figure 6.
Figure 6 : Change in diffusivity as function of water activity in PA 6 (example at 25°C)

Results from Figure 6 show that the diffusion coefficient is stable (around 1.8°x 10
m?2/s) at low activities and then increases up to a value of 6.5%nis for higher activities.
This behaviour is in agreement with the literature [15], [17], [21] and can be explained by the
decrease in the glass transition temperature induced by plasticisation during water absorption.

The changes inglwith water content will be considered in the next section.

3.3. Changesin Ty with water absorption
It is well known that the water absorption leads to an increase in the chain mobility of

the polymer and so to a decrease in the glass transitpnT{is decrease inglhas many



consequences for both diffusivity and the mechanical properties. Thus, it is necessary to be

able to evaluate and describe theciianges induced by the presence of water.

Glass transition temperatures values from DMA performed on thick specimens with
homogeneous water contents following saturation at different water amounts are presented in
Figure 7. It should be remembered that each specimen was saturated at a given water activity
for a maximum time of 48 hours. To prevent hydrolysis at this temperature, the samples were
tested as soon as saturation was reached. Also, Bernstein [10] showed that a longer time of

exposure is needed for hydrolysis to occur.
Figure 7 : Changes ingWith water content measured (points) and predicted (dotted line)

From this result, it is clear that there is a very significant decreasgfiont 66 + 1 °C
in the dry state to -9 £ 1 °C when the specimen is fully saturated with 9% of water. As water
enters the material, the glassy amorphous phase of the polymer goes into the rubbery state
because of the increase in chain mobility (plasticisation). This result is in agreement with the
literature [8] and can be described using the Simha-Boyer equation, which is a simplified
version of the Kelley-Bueche equation [25]. This equation establishes a relationship, based on
the free volume theory that relates the decrease, iwith the water content as described

hereafter in Eq. 7 and Eq. 8.

! ! +A
T VH Eq. 7
T, Ty 20 q
1 1
A=r—7— Eq. 8

WhereTj is the glass transition temperature of the polymer (K,iS the polymer
glass transition temperature in the dry state (measured to be 333K by DM#)tHe glass
transition of the solvent (here water) that is taken equal to 110 K [17},gpds the volume

fraction of water in the polymer previously described in Eq. 4. The comparison between
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experimental results (points) and the Simha-Boyer equation (continuous line) in Figure 7
clearly shows that the decrease ipifiduced by the presence of water can be accurately

described, which is very useful for modelling.

To conclude on the experimental section, we have shown that Henry's law is not
verified here, as at high water activities the formation of clusters is observed. This behaviour
can be described using a simple mathematical equation (Eq. 6). In the meantime, using the
DVS measurements with small humidity steps, it is possible to show that the water absorption
in PA6 follows a Fickian behaviour for all the water activities. This also allows us to
determine the diffusion coefficients for all these conditions. It appears that the diffusivity
depends strongly on the water activity for a given temperature. At low activities, the diffusion
coefficient is constant whereas at high activities, a large increase is observed. This behaviour
is explained by the change from the glassy to the rubbery state of the amorphous phase of the
PA6. The water absorption leads to a large decreasg tihal can be accurately described
using the simple Simha-Boyer relationship. The description of these changes in water

diffusivity with both temperature and water activity will considered in the next section.

4. Discussion and Modelling
In this section a new model is proposed that describes water absorption in thick
polyamide 6 when used in a humid environment and more especially in sea water over a wide

range of temperatures.

From the previous results, it is now possible to describe the water content at saturation
when a specimen evolves at a given water activity (Eg.6). Then, it has been shown that from
the latter, we can evaluate thgfdr a given water content (Eq.7 and Eq.8). Above a certain
water activity, the polymer goes into the rubbery state and we have seen that the behaviour is

very different between the glassy and the rubbery state (Figure 4 and Figure 6). The current
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section will focus on predicting the diffusion coefficient below and above the glass transition
of the polymer. First, the prediction of the diffusion coefficient belgwsTmade using an
Arrhenius equation. Second, the free volume theory is used to describe the behaviour above
T, Finally, these two laws are combined and used in a model to predict the water diffusion in
a thick sample immersed in water at a given temperature and the prediction is compared to

experimental data.
A schematic representation of the model is presented in
Figure 8.
Figure 8 : Schematic representation of the model

The dry specimen is exposed to a given temperature and water activity (0) and water
sorption starts. As water enters the polymer, the model is used to calculate the water content
at a given position across the thickness of the polymer (1). Then, equation 7 is used to predict
the local glass transition of the amorphous phase of the polymer (2). In the case where the
predicted glass transition is higher than the test temperature, the diffusion coefficient is
calculated using the Arrhenius law because the polymer is in its glassy state (3). However,
when the latter is in the rubbery state (3’), i.e. when the glass transition is lower than the test
temperature, the model uses the free volume theory to obtain D (4). Then, the model follows
an iteration loop for all positions across the thickness and for every immersion time t until

complete saturation.

The following sections will present the experimental validations for the calculation of

D both below and aboveyT

4.1. Behaviour in the glassy state
It was shown in Figure 6 and also in the literature [15], [17] that the water diffusivity

does not depends on the water activity when the polymer is in glassy state. However the

12



diffusion coefficient depends on the temperature. This temperature effect can be described

using the Arrhenius law (Eg. 9) as shown in Figure 9.

Eq
D(r<r,) = Do.exp (_ —) Eq. 9

RT
Where DOr<rg is the diffusion coefficient in the glassy state in m?/s, the pre
exponential diffusion coefficient in m#/s, Ehe activation energy in the glassy state, R the gas

constant equal to 8.31 J.ritdk*and T the temperature in K.
Figure 9 : Measured diffusion coefficient D as a function of 1/RT

The activation energy in the glassy state is 72kJ/mol. For comparaison, Abacha et al.
[12] measured an activation energy of 54kJ/mol, which lies in the same range. Silva et al. [6]
also found comparable values of 64kJ/mol. Therefore, it is now possible to describe the
diffusion coefficient below the grof the polymer. The next section will focus on the

prediction of the diffusion coefficient above thg T

4.2. Behaviour in the rubbery state

When the polyamide is in the rubbery state, the diffusivity increases strongly with the
water activity as shown in Figure 6 and [17]. This section aims to describe the changes in
diffusivity with water activity based on the free volume thetitgt basically considers an
increase of the polymer volume due to hole formation when the polymer is aboyeltis T
presence of these holes changes the diffusivity of water considerably. In this case, it has been
shown by Vrentas [26] that the water diffusion coefficient can be described using the

following equations (Eq.10 and Eq.11).

E y.(w.\//\*+E.w.\7*\)
D(r>rgy = Do2.€xp (_ﬁ) . exp <— ! 117;1{ 2 Eqg. 10
Vet K K
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Where D 1.1, is the diffusion coefficient aboveyTh m?/s, D,, is a pre-exponential
factor in m#/s,v," is the critical local hole free volume required for a molecule of species 1
(water) to jump to a new positior\Zz* is the critical local hole free volume per gram of
polymer required for the displacement of a jumping uni, is the mass fraction of

component 1 (i.e. water)y, is the mass fraction of component&is the ratio of the critical

molar volume of the solvent jumping unit to the critical molar volume of the polymer jumping

unit, y is an overlap factor (which should be between 0.5 and 1) introduced because the same
free volume is available to more than one molecule. E is the energy per mole that a molecule

needs to overcome attractive forces holding it to its neighbwyysis the average hole free
volume per gram of mixture and can be calculated with Equation 11 whernd K,, are
free volume parameters for the solvent, here water, Bpdand K,, are free volume
parameters for the polymer,, is glass transition temperature of watgy, is glass transition
temperature of polyamide 6.

At the temperatures of the study, the specific hole free volume is relatively small and
the diffusion is free volume dominated. Therefore, the energy E in Eq. 9 can be included in

the pre exponential factorop27]. This leads to Eq. 12 which states that the diffusion above

Ty is mainly dominated by free volume effects.

D(r>1g) = Doz €xp <— o
FH

This equation can now be used to determine the diffusion coefficient akove T
However, several parameters inside the exponential term still need to be determined. First, the

parameters associated with the solvent, which is water here, are presented in Table 1. These

values are taken from the literature [28].
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Table 1 : Values for Water, from [28]

Second, the parameters associated with the polymer must be determined as well.
The quantity is defined as follows, Eq. 13:
_(0)

V2 ()

Where \{%(0) is the molar volume of water andj) is the molar volume of the

£ Eq. 13

polymer. To calculate the latter, Hong [28] showed that fap>@95K, Eq. 14 can be used.

V5 (j) = 0.6224.T,(K) — 86.95 Eq. 14
In our case, J(K) is equal to 333K. The determination of, {f) allows us to
determine several other parameters of interest, Eq. 15 :

v-Vz
K12

= 2.303.C;.C, Eq. 15
The parameter ¥ is defined in Eq.16:

Ky = G Eq. 16

The parameters,;@nd G are taken from the literature [18] and are summarised in Table 2.

Table 2 : Values for the polymer, from [18]

Once all the parameters in the exponential term of Eg.12 are obtained, it is possible to

plot in Figure 1Qahe diffusion coefficient of the polymer at a given temperature abgeas &

function of the exponential term.
Figure 10 : Experimental values of D as a function of the exponential term

Figure 10 shows that the diffusion coefficient abovg (Whatever the testing

temperature) as a function of the exponential in the rubbery state can be represented to a first

approximation by a linear relationship. Therefore, the diffusion in polyamide 6 can be

described using the free volume theory withea\2lue of 5 x 13°m2/s.
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Let us now compare the experimental values of D with the different expressions

presented earlier (above and beloyy. The results are presented in Figure 11.
Figure 11 : Predicted diffusion coefficient versus the measured values of D.

Figure 11 shows that the free volume theory can be used to describe the evolution of
Ty and D during water absorption. Therefore, now that all the expressions required to model
the water absorption have been validated (maximal water absorption, glass transition,
diffusion coefficient), a prediction of the diffusion can be made for thick specimens immersed

in sea water at different temperatures.

4.3. Comparison modelling/experiments
As a reminder, the model presented schematically in Figure 8 describes the diffusion
behaviour for all positions across the thickness and for every immersion time until complete

saturation for a given medium and a given temperature.

Results from the model are presented in Figure 12 together with the experimental data.
For each figure, the water content inside a 2mm thick specimen at a given temperature is
plotted as a function of the square root of time divided by the sample thickness. The Fickian
law identified on the experimental data is also presented to show the difference compared to

the model proposed here.

Figure 12 : Comparison between experimental results obtained on 2mm thick samples
immersed in sea water and the specific model developed in this study as well as the Fickian

equivalent for (a) 15°C (b) 25°C (c) 40°C (d) 60°C

The results show a good agreement between the model and the experimental data, and
are much closer than the Fickian approach. The proposed Tg-dependent model provides an
accurate description of the change of slope (acceleration in water diffusion rate). It should be

noted that the Fickian law that is presented in all these figures comes from an identification of

16



the experimental data, based on the diffusion coefficient D identified in the linear part of the
curve and the mass at saturation taken as the maximal water absorption. This is not the case
for the proposed model, where each property is predicted based on the temperature and water
activity of interest, providing a more accurate description of the water content at saturation in

the range from 15 to 40°C.

The water absorption in the amorphous phase of polyamide 6 follows a complex
behaviour. The large water absorption induced by the presence of polar groups leads to
significant plasticisation (decrease of more than 70°Cg)n The latter increases the chain
mobility inside the amorphous phase of the polymer and decreases the glass transition
temperature. When the; Tecreases to a value lower than the test temperature, the polymer
changes into the rubbery state, which increases the specific volume of the polymer. This
increase in volume results in an increase in diffusivity. Moreover, at high activities, the water
uptake results in the formation of clusters that increase the maximal water absorption at a
given water activity even more (deviation from Henry's law). Each of these complex
behaviours has been accurately described, leading to a prediction for the water diffusion in a

thick specimen exposed to a given temperature in the range from 15 to 40°C.

However, some limits for this model can be noted. For instance, Figure 12.d shows a
small difference concerning the predicted water content at saturation compared to the
experimental data at 60°C. The maximum water absorption is associated with the formation of
clusters during water absorption, as presented in equation 6. In this paper, b and m were taken
to be material parameters independent of the temperature, which may not be valid over a
wider range of temperature, in particular at high temperature and below 15°C. Additional
identification of these parameters would be needed to extend the range of application of the

model.
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5. Conclusion

Water absorption in polyamide 6 has been considered in this study. The aim was to be
able to model the water diffusion in thick specimens immersed in sea water. First, it has been
shown that when PAG6 is immersed either in seawater or in deionised water, it is not possible
to model the water uptake accurately using simple Fickian behaviour. This is explained by the
fact that the water diffusivity is not constant with the water content. Therefore, DVS
measurements have been performed with small humidity steps (5%) in order to characterise
both the water content and the water diffusion coefficient. Results were described with
mathematical equations related to physical processes (cluster formation, free volume theory)
in order to propose a new diffusion model. This new model considers first the local water
content in the polymer that depends on the surrounding environment. From this local water
content, it is possible to evaluate the locglThen, two cases are possible; if the polymer is
in the glassy state (T<g), the diffusion coefficient D only depends on the temperature and
can be described using an Arrhenius law. However, if the polymer is in the rubbery state
(T>Ty), D depends on both the temperature and the water content. It has been shown that the
latter can be accurately described in the temperature range from 15 to 40°C with the free
volume theory. This new model has been used to predict the water absorption in a thick
specimen immersed in sea water at different temperatures. Results show good agreement
between the model and the experimental data, the predictions are significantly better than
those based on Fickian behaviour. It is now possible to extend this study to evaluate the
changes in mechanical properties of thick samples used for applications in a marine

environment, and this work is underway.
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Table 1: Vauesfor Water, from [28]

Constant Vaue
Vi 1.071
K
= 2.18x 10°
Y
Ky1 — Ty | -152.3

Table 2 : Valuesfor the polymer, from [18]

Constant | Value

C 17

C, 51

; |0935
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Figure 1 : (a) Water absorption in PA 6 immersed in sea water at several temperature (b)

Effect of water type on 2mm thick specimens at 25°C
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