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Abstract
The aim of this work is to study the relevance of the diffusion parameters identified on kinetics whose saturation levels are unknown. Two types of diffusion kinetics have been considered: a Fickian and a non-Fickian kinetics. Numerical experiments, based on the generation of noisy data corresponding to reference values of diffusion parameters, have been carried out. The two models used in this study are Fick’s model and the « Dual-Fick » model. An identification procedure was then applied on these data sets, truncated at different critical times. The identified parameters may deviate significantly from the expected reference values when the truncation threshold of the data set precedes the steady-state. Also, these inaccurate parameters impact the predictions of global water uptake, water concentration profiles and stresses gradients through the thickness of the sample. 
1.
Introduction
Nowadays, polymer matrix composites materials (PMCs) are widely used for many industrial applications. Nevertheless, these structures are sometimes subjected to hygro-thermo-mechanical conditions that can affect their durability [1]. Indeed, the absorption of water by the hydrophilic organic matrix can induce a loss of stiffness of the polymer network and also internal mechanical stresses caused by a hygroscopic swelling. This swelling of the matrix can lead to considerable internal mechanical stresses that can be detrimental to the structure [2].
In the literature, there are several models which aim to predict the water uptake of a composite material, subjected to constant temperature and humidity [3]. These models are in fact used to determine the diffusion kinetics of the material, i.e. the evolution of the overall water content of the material, denoted C(t), as a function of the square root of time.
The aim of this work is to investigate the consequences of applying identification procedures to a kinetic which doesn’t reach saturation. A numerical identification method will be applied to truncated experimental data sets. First, Fickian kinetics will be studied, then non-Fickian kinetics. The models that will be used to identify the parameters of these kinetics are the Fick model and the « Dual-Fick » model. We will also show the impact of the identification of different sets of diffusion parameters on the corresponding mechanical stresses induced by the hygroscopic swelling. 
2.
Problem formulation
2.1. 
Fick’s diffusion model
The Fick diffusion model [4] is the most commonly used model to predict water diffusion within a polymer matrix. For a one-dimensional diffusion study case, with a constant diffusion coefficient D, the second Fick's law is written such that 
	
[image: image1.wmf]2

2

x

c

D

t

c

¶

¶

=

¶

¶


	(1)


where the water concentration c is a function of space x and time t.
If the sample studied is a thin plate of thickness e, the initial and boundary conditions are
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with c0 the initial water content and cL the water content at the boundaries.
An analytical solution to this problem has been given by Crank [5] for a Fickian diffusion in a thin plate characterized by a constant diffusion coefficient 
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If at the initial state the plate doesn’t contain any moisture c0 = 0 and with cL = CS, after integration through the thickness, we obtain
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where C(t) is the total water content at time t and CS is the maximum moisture absorption capacity, attained at saturation.
2.2. 
Dual-Fick diffusion model

This model is based on the assumption that two diffusion processes occur simultaneously, but with different velocities and maximum moisture contents. This two-phase moisture diffusion model has been used successfully to interpret water aging tests in the case of an anomalous water uptake, [6, 7, 8]. In this case, two Fick processes are assumed to occur in parallel with different diffusion coefficients D1, D2 through the thickness and concentrations of water c1, c2 such that c = c1 + c2 and the second Fick's law now writes:
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Considering the analytical solution given by Crank [6] for a Fickian diffusion in a thin plate of thickness e, equation (Eq.4) becomes
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where CS1 and CS2 are the maximum moisture absorption capacities that correspond to each individual diffusion process. The sum of these contents gives the total saturation content CS reached by the material, driven by the two corresponding physical mechanisms. 
The initial condition is similar to the Fick’s problem and the boundary conditions are ci(x,t) = CSi (i = {1,2}), for x = {0, e} and t > 0.
2.3. 
Mechanical stress formulation

Water sorption generates a swelling of the polymer matrices. It induces internal stresses that are more important during the transient state. Indeed, they strongly depend on the gradient of local water content c. A good estimation of the internal mechanical state therefore requires a correct forecast of the local water content.
These internal stresses induced by swelling are calculated using the Hook’s law formula, as shown below:
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where L is the elasticity tensor, Ɛ the total strains (sum of the elastic and hygroscopic strains) and β the hygroscopic expansion tensor.
In this work, some internal stresses gradients will be determined by using the finite element commercial software Virtual Performance Solution (VPS) of ESI [9].
3.
Referential values

We will study in this work the identification of two resins samples which present either a Fickian or a non-Fickian moisture diffusion behavior. 

3.1. 
Fickian kinetics
The first material studied is a PA6 resin that presents a typical Fickian diffusion. The material and diffusive parameters are taken from the literature [2] and referenced in the Table 1 below. 
Table 1. Fickian identification - Material and diffusion parameters, taken from the literature
	Fickian model parameters [2]
	
	Material parameters [2]

	D

(mm²/s)
	CS

(%)
	
	E

(MPa)
	ν


	ρ

(kg/m3)
	β



	1.04E-7
	3.95
	
	3500
	0.35
	1140
	0.3


Where (D, CS) are the Fick parameters identified from an experimental kinetics of a 2 mm thick sample of PA-6. E is the young modulus, ν the Poisson’s ratio, ρ the density and β is the isotropic coefficient of moisture expansion. 

3.2. Dual-Fickian kinetics
For the study of non-Fickian kinetics, we will use the parameters of an epoxy resin presented in the Table 2. 
Table 2. Dual-Fickian identification - Material and diffusion parameters, taken from the literature

	Dual-Fickian model parameters [6]
	
	Material parameters [10]

	D1
(mm²/s)
	CS1

(%)
	D2 (mm²/s)
	CS2

(%)
	
	E

(MPa)
	ν


	ρ

(kg/m3)
	β



	3.42E-6
	0.19
	1.56E-7
	0.30
	
	4500
	0.40
	1200
	0.6


The diffusive parameters were obtained by applying a Dual-Fickian identification method on partial experimental kinetics of an epoxy sample [6]. The material parameters are also taken from the literature [10] and corresponds to an epoxy resin. This time, the sample thickness is equal to 1 mm [6].
3.2. Adding noise to the data

Also, to study the identification procedure on realistic references curves (from an experimental point of view), the Fickian and non-Fickian kinetics data sets studied are obtained randomly, in a way to satisfy a 99 % criterion of a normal distribution:
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To obtain an experimental looking kinetic [15], the standard deviation was fixed such as 
[image: image9.wmf]s

 = CS/100.

4.
Identification method

Let us consider a Fickian kinetic. The identification of the diffusion parameters is done by comparing the experimental values with the solution of the one-dimensional Fick’s problem (Eq.4). An optimization algorithm is used to find the set of parameters (D, CS) that minimizes the following quantity q
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where Ct(ti) is the total water content calculated at time ti, using the equation (Eq.4) and Cref(ti) is the water content of reference at time ti (the experimental one, usually).
In the case where the curve of reference studied is characteristic of a non-Fickian diffusion behavior, the set of parameters to be optimized is then (D1, D2, CS1, CS2) and the values Ct(ti) are calculated using the equation of the solution to the Dual-Fick problem (Eq.6).
The numerical results, presented hereafter, were obtained using Matlab© software.
5.
Results and discussion

5.1. Fickian diffusion

Let us consider a thin plate of PA6 resin of thickness e = 2 mm, whose diffusive behavior is assumed to be Fickian and one-dimensional. The values of the diffusion coefficient D and the saturation content CS, are known, cf. Table 1. This data make it possible to simulate the 1D diffusion kinetics corresponding to Fick’s model, from equation (Eq.4). To generate a more realistic curve (from an experimental point of view), we added some random noise to the curve obtained from the model using the (Eq.8).The discretized and noisy reference curve, denoted Cref(t), will be used as an experimental curve for this study. It is indeed from this data set that will be made the identification study thereafter. Thus, the target values to find at the end of the identification study are known, which makes it possible to evaluate the robustness of the numerical method implemented (see Table 1).
In order to observe the identification results dependence on the available data and the progress of the diffusion kinetics, in particular, with a possible stationary state (if this one exists in practice, which is the case here), the identification procedure is applied to truncated data sets. At a given calculation time tc, the reference curve is truncated (i.e. the data corresponding to times beyond tc are not accounted for), then the identification procedure is applied to the portion Cref (t), such that max(t) = tc. This method is applied, including for values of tc corresponding to times occurring before the saturation plateau. Thus, at all calculation times tc, we obtain identified curves Ct(t), t = (0…tc) that correspond well to the interpolated « experimental » curve, see Fig. 1 - Left. 

[image: image11]
Figure 1. Fick identification – (Left) Ct(t) curves calculated at several tc such that t = (0...tc). (Right) Ct(t) curves calculated by extrapolations of the kinetics predicted from identified diffusion parameters using several truncation time tc of the data set.

The results obtained after the identifications are presented, according to some values of tc, in Table 3. From this table it can be seen that the smaller tc is, the lower the value of q is. This result is logical because the optimization algorithm then has fewer points to confront. It is possible to observe that for a time tc < t12 (such that C(t12) = 0,77.CS) the values of the identified parameters (D, CS)tc do not correspond to the target values. The saturation content is then underestimated or overestimated. If the identified parameters at a given maximum time tc are used to predict the continuation of the curve beyond this time, it’s then possible to observe that the extrapolations carried out with sets of parameters which differ from the target values don’t give the expected macroscopic diffusion kinetics curve, see Fig. 1 - Right.

Table 3. Fick identification – Identified parameters sets for several truncated time tc of the experimental data set.
	tc


	√tc

(s1/2)
	D

(mm2/s)
	CS

(%)
	q



	t6
	1000
	5,48E-8
	5,60
	7,56E-3

	t8
	1400
	2,36E-7
	2,71
	9,20E-3

	t10
	1800
	1,28E-7
	3,60
	2,40E-2

	t12
	2200
	1,03E-7
	3,99
	2,50E-2

	target values
	1.04E-7
	3.95
	-


The misidentification raises a second problem. For a given time of truncation tc, without extrapolating beyond this time, the calculated kinetics curves fit correctly with the experimental dataset. However, from a local point of view, different couples of identified parameters correspond to water content fields in the sample thickness that varies significantly from each other, including at the early times. Water content profiles as a function of depth and time are shown in Fig. 2 - Left. These are calculated using the equation (Eq.3).
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Figure 2. Fick identification – (Left) Water content profiles, calculated at times t2, t3 and t4, from diffusive parameters obtained at the truncation time t8 and with the referential parameters. (Right) Internal stress profiles, calculated at times t2, t3 and t4, from diffusive parameters obtained at the truncation time t8 and with the referential parameters.
Diffusion parameters different from the target ones therefore give an inaccurate distribution of the water concentration in the thickness, from the very beginning of the diffusion process. This result is very important, in the context of durability of materials. Indeed, the water content gradients are at the origin of internal mechanical stresses. An erroneous estimate of the local moisture content field results in an unreliable mechanical stresses prediction. In case hygro-mechanical coupling phenomena occurs, it enforces to predict correctly water concentration gradients. 
To prove it, the stress profiles corresponding to the two previously studied local water content gradients were calculated using ESI’s Visual Performance Solution, see Fig. 2 - Right. The section of the sample studied was modeled, with 20 elements through the thickness. Even if the profiles have the same aspect, the predicted stress states can deviate strongly from one to another, depending on the material parameters taken into account to simulate the diffusion kinetics. Here, relative discrepancies of the order of 30 to 40% can be observed. Such deviations could have important consequences on the prediction of service life of structural parts subjected to hygro-mechanical aging conditions. 

5.2. 
Non-Fickian diffusion

An identification investigation is now presented for the case of a non-Fickian diffusion kinetics. Unlike the previous one, this study is based on the Dual-Fick model, presented in section 2.2. This time, the analytical solution used is the equation (Eq.6). Four parameters are thus identified (D1, D2, CS1, CS2). The approach followed for this study is similar to the prior one, and will therefore be presented more briefly.

Considering a thin sample of epoxy resin of thickness e = 1 mm, whose diffusive behavior is assumed to be non-Fickian and one-dimensional, the target values of the parameters are set such as indicated in Table 2. The evolution of Ct(t) calculated by truncating the results at different truncation times tc has also been studied, cf. Table 4. Again, the results obtained in the early stages do not match with the expected values. The study of identification is here more arduous than in the Fickian case. Indeed, although the results for the total saturation content (CS = CS1 + CS2) seem to converge towards the target value from the truncation time t24 (such that C(t24) = 0,88.CS), the values of the identified parameters (D1, D2, CS1, CS2) do not approximate properly the expected values. 
Table 4. Dual-Fick identification – Sets of identified parameters at several truncation times tc of the reference data set.
	tc


	√tc

(s1/2)
	D1
(mm2/s)
	CS1
(%)
	D1
(mm2/s)
	CS1
(%)
	CS   (%)

	t8
	210
	4.70E-06
	0.08
	8.00E-8
	1.10
	1.17

	t15
	500
	3.35e-6
	0.19
	5.89e-7
	0.16
	0.35

	t22
	850
	3.30e-6
	0.20
	2.57e-8
	0.69
	0.89

	t24
	950
	3.35e-6
	0.20
	1.56e-7
	0.29
	0.49


On the other hand, it is shown once again that, when the identified parameters lead to an incorrect value of CS, the extrapolation of the water content, beyond the times of truncation are unreliable. As a consequence the predicted moisture content and internal stresses, whatever the time at which they are calculated, deviate significantly from the expected target values, see Fig. 3. 

[image: image12]
Figure 3. Dual-Fick identification – Ct(t) evolutions (Left) calculated for several tc over t = (0..tc) and (Right) extrapolated
6.
Conclusions and perspectives

The conclusion of this work is that it is not possible to predict correctly the diffusive behavior of a material when the water content in the material is too far from the saturation water content. Indeed, according to the available experimental data, we can obtain a variability of the identified parameters. These parameters enable to correctly reproduce the macroscopic water uptake over the durations for which they were calculated. But, if we extrapolate beyond the truncation time, the prediction becomes wrong. Therefore, it is strongly recommended avoiding the use of parameters identified for an unsaturated diffusion kinetics, especially to estimate the water uptake beyond the times for which identification results have been obtained. Moreover, different sets of parameters result in a disparity of water content fields estimations, even in the early times. However, unequal moisture content gradients imply different diffusion-induced mechanical states, including the internal stresses. Hence, it is very important, in the case of a hygro-mechanical problem, to have identified the accurate diffusion parameters. 
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