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Abstract 

In this paper, an analysis of the hygroscopic and hygroelastic behaviours of unidirectional flax 

fibre-reinforced epoxy composite is presented. Samples of this composite material were 

elaborated by the vacuum infusion process, then cut and prepared to be aged in tap water until 

saturation. To describe their hygroscopic behaviour, Fick’s model is considered and an 

optimisation procedure is developed to identify their macroscopic water diffusion parameters. 

After that, a plane finite element modelling of the hygroscopic behaviour of the aged flax-

epoxy samples is conducted to identify the flax fibre radial and longitudinal water diffusion 

parameters using an inverse approach. Finally, a plane finite element analysis of their 

hygroelastic behaviour is proposed allowing the estimation of the hygroscopic internal stress 

in flax fibres and epoxy matrix. In particular, the hygroscopic analysis reveals that water 

diffusion is more pronounced in the direction of flax fibres compared to the transverse and 

thickness directions. In addition, the hygroelastic finite element modelling highlights the high 

compressive and tensile stress subjected to flax fibres and epoxy matrix, respectively, due to 

water absorption.  

Keywords: Flax-epoxy composite; water ageing; Fick’s model; hygroscopic and hygroelastic 

finite element analysis; internal stress. 

1. Introduction 

Natural fibre reinforced polymer composites gain ground in several sectors such as 

automotive and construction. This increased use of these materials is motivated by the 

interesting specific mechanical properties of natural fibres as well as their several advantages 

related particularly to the environmental impacts [1–7]. Indeed, natural fibres are renewable 

resources, biodegradable, neutral in terms of CO2 emissions and require relatively low energy 

to be produced [2]. However, the anisotropic nature of natural fibres and their high sensitivity 

to the surrounding environment conditions, especially humidity (a natural fibre swells and 

shrinks in presence of moisture) and temperature, constitute a major barrier to their wide 

development. Accordingly, many works have investigated the effect of humidity on the 
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mechanical and dynamic characteristics of natural fibre-reinforced polymer composites  [8–

19]. They have principally shown that the elastic and failure properties of these materials 

significantly vary with the surrounding environment, which consequently reduces their 

durability. 

In order to promote the use of natural fibre-reinforced polymer materials in environmental 

conditions, it is essential to understand their moisture diffusion kinetics. Some physical 

models that can describe this phenomenon, particularly Fick’s and Langmuir’s models 

[20,21], have been considered in the literature. For natural fibre-reinforced composites, the 

one-dimensional (1D) Fick’s model has been mainly used to identify their moisture diffusion 

parameters [6,11,14,18,22–26]. For example, in the work by Christian and Billington [22], the 

approximation of Shen and Springer has been considered to calculate the 1D diffusion 

parameters of hemp/cellulose acetate (hemp-cellulose) and hemp/poly (β-hydroxybutyrate) 

composites (hemp-PHB) under various moisture and temperature conditions. In particular, 

these authors have found that the moisture diffusion parameters of hemp-cellulose and hemp-

PHB composites, hygrothermal aged at 30°C and 100% relative humidity (RH), are 

respectively 20 and 10 times that of glass-polyester composite. Recently, Cheour et al. [26] 

have analysed the impact of water ageing on the free vibration behaviour of flax-glass hybrid 

composites. The authors have supposed that water diffusion is carried out exclusively along 

the thickness direction of the composite samples and used Fick’s 1D model to identify their 

diffusion parameters. They have found that the position of the flax layers in the hybrid 

laminates directly affects the values of the flexural modulus, the loss factor and the mass gain 

at saturation. In addition, the flexural modulus of the aged flax-glass hybrid composite is 

found 4.5 times higher than that of the aged flax composite.  

Moisture diffusion in natural fibre-reinforced composite materials depends on various 

parameters among others the temperature [22,27,28], the type of natural fibres and their 

morphology [29,30] . These parameters indicate that moisture diffusion is a rather complex 

phenomenon which could not be only described by 1D Fick’s model. For this purpose, it is 

necessary to consider a three-dimensional (3D) analysis that allows describing moisture 

diffusion in the three directions. 3D moisture diffusion analyses have been mainly considered 

in synthetic fibre-reinforced polymer composites [31–37]. However, only a few works have 

studied moisture diffusion in natural fibre-reinforced composites by considering 3D diffusion 

models. For example, Saidane et al. [8] have shown that 3D Fick’s model accurately describes 

water diffusion kinetics in flax-epoxy composite. Their results have also shown that water 
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diffusion mainly occurs in the direction of the flax fibres and their morphology has an impact 

on the composite behaviour. Recently, Chilali et al. [30] have assessed the main 3D water 

diffusion parameters of twill flax fabric-reinforced thermoplastic and thermoset composites, 

aged in tap water until saturation, by considering Fick’s and Langmuir’s 3D models. In 

particular, they have found that the mass at saturation of the aged composite specimens 

increases linearly with fibre orientation and decreases with thickness.  

Usually, the analytical models can only describe moisture diffusion in composite materials at 

the macroscopic scale. In addition, these analytical models can’t predict the diffusion 

behaviour of composite constituents such as the moisture diffusion properties of natural 

fibres, which are relatively difficult to measure experimentally. The use of a numerical finite 

element model can be considered as an alternative to overcome the experimental difficulties, 

but the literature reveals a limited number of contributions dealing with the numerical 

modelling of moisture diffusion in natural fibre-reinforced composites. Among these 

contributions, Regazzi et al. [28] have modelled water diffusion in Polylactic acid (PLA) 

composite specimens reinforced with dog bone-shaped short flax fibres. The numerical model 

has considered the PLA-flax composite samples as homogeneous materials. Homogeneous 

numerical modelling has also been considered by Péron et al. [38] to describe moisture 

diffusion and hygroscopic swelling in flax-polypropylene composite. Contrary to these 

homogeneous finite element models, Chilali et al. [39] have considered the heterogeneity of 

twill flax fabric-reinforced epoxy composites by using two geometric [0/90] and elliptical 

models to describe the waviness of the flax fabrics. The authors have estimated the radial 

water diffusion coefficient of the flax fibre by modelling the hygroscopic behaviour of the 

aged flax-epoxy samples. In another study, Zouari et al. [40] have developed a three-node 

triangular plane finite element to analyse the hygroscopic behaviour of 2/2 twill flax fabric-

reinforced epoxy composite aged in tap water at room temperature. To take account of the 

heterogeneity of the flax-epoxy composite in the finite element model, they have considered a 

sinusoidal description of the flax fabric undulation. They have shown that water diffusion 

coefficients of the epoxy matrix and the flax fibre follow an exponential evolution as a 

function of the composite thickness.  

In addition to the hygroscopic behaviour, the finite element analysis has been also considered 

to estimate the internal stress induced by moisture absorption especially in synthetic fibre-

reinforced composites  [41–47]. The number of contributions dealing with the estimation of 

internal hygroscopic stress in natural fibre-reinforced composite remains limited in the 
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literature [38,39]. Péron et al. [38] have developed a hydromechanical model based on the 

finite difference method, where the diffusion problem is first solved, which allows 

determining the distribution of water content in unidirectional flax-polypropylene laminate 

samples. Then, the mechanical problem is solved by taking into account the hygroscopic 

swelling due to the previously calculated water content. They have found that most of the 

plies (about 75% of the entire laminate) are subjected to compressive stress across the 

transverse direction of the flax fibres. Chilali et al. [39] have considered the temperature-

displacement analogy in their finite element model to estimate the internal stress induced by 

hygroscopic swelling in flax-epoxy samples. In particular, they have shown the high stress 

concentration at the fibre/matrix interface induced by the dissimilar swelling between the flax 

fibres and the epoxy matrix. Stress concentration peaks reaching 300 MPa have been 

estimated which greatly exceed the ultimate tensile strength of the flax-epoxy specimens. 

Most of the above-cited works have been interested only in the estimation of the flax fibre 

radial moisture diffusion coefficient. Moreover, some of these studies have considered the 

temperature-displacement analogy to estimate the hygroscopic internal stress. In the 

continuation of these works, an estimation of the flax fibre radial and longitudinal moisture 

diffusion coefficients is given in this contribution by combining numerical and experimental 

results of water aged flax-epoxy specimens. In addition to that, a three-node triangular 

hygroelastic membrane finite element is proposed to analyse the hygroelastic behaviour of the 

studied materials. This finite element development allows avoiding the use of the 

temperature-displacement analogy which overestimates the hygroscopic internal stress.  

2. Materials and methods 

2.1. Materials and manufacturing process 

This study is devoted to the study of the hygroscopic behaviour of a unidirectional (UD) flax 

fibre-reinforced epoxy composite. The UD flax fibres are commercialised by Lineo Company 

under the commercial name FlaxTapeTM 200. They present an aerial weight of 
2200 g/m  and 

a mass density of 
31450 kg/m . 

The epoxy resin is the SR8100 and was provided with its associated hardener SD 8823 by 

Sicomin. The mass ratio between the hardener and the resin is 26:100 g. Several flax-epoxy 

composite plates composed of six layers of UD flax fibres were prepared by the vacuum 

infusion process as shown in Figure 1. The vacuum pressure used in the manufacturing 

process was fixed to 0.7 bar. The infused plates were first cured for 24 hours at room 
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temperature and then polymerised at 60°C and 10% of RH in a climate chamber for 24 hours 

as recommended by the purveyor. 

 

Figure 1 . Schematic of the vacuum infusion process. 

2.2. Conditioning of the flax-epoxy samples 

The flax-epoxy composite plates were cut to obtain square samples with 25 mm side length. 

These samples were then polished to have planar and even surfaces. All samples were dried at 

60 °C for five days to remove any trace of water.  

The thickness and mass of the flax-epoxy samples were measured in the dry state and are 

equal to 2.68 ± 0.10 mm and 1.99 ±0.10 g respectively. Their fibre volume fraction and their 

porosity rate are equal to 33.05 ± 1.78% and 4.64 ± 1.76%, respectively. 

The ageing of the square flax-epoxy samples consisted in totally immersing them in tap water 

at room temperature until saturation. As shown in Figure 2 some of the composite samples 

were sealed with a waterproof paint to force water diffusion along the principal directions x, y 

and z where x is the direction of flax fibres, y is the transverse (or width) direction and z is the 

thickness direction.  

The main objective is to assess the principal water diffusion parameters Dx, Dy and Dz as well 

as the saturation mass gains Mx, My and Mz.  

During the ageing tests, the flax-epoxy samples were regularly weighed using a 1 mg±  

precision balance. Before each mass measurement, each sample was dried with a dry wipe to 

remove water from its surfaces. The amount of water absorbed after an immersion time t was 

calculated with the following expression:  

0

0

-
(%) 100t

t

W W
M

W
= ×          (1) 

where 0W  is the mass of the dry sample and t
W  is its mass at time t. 
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Figure 2.  Conditioning of the flax-epoxy samples: (a) unsealed and (b)-(d) sealed samples. 

2.3. Scanning electronic microscopy observations 

Scanning electron microscopy (SEM) observations were performed on the flax-epoxy samples 

in the dry state and at saturation using a "JEOL JSM-7900F" scanning electron microscope 

operating at 1 kV. The flax-epoxy samples were cut and embedded in a thermoplastic resin 

and all the observed surfaces were polished using a double disc polishing machine. Before the 

microscopic observations, the flax-epoxy samples were dried in an oven at 40°C to remove 

water molecules and facilitate SEM observations.  

2.4. Fick’s analytical model 

Several research works have shown that moisture uptake curves of natural fibre-reinforced 

polymer composites generally exhibit Fickian behaviour [1,8,19,26,30,38]. Fick's law is 

described by the following differential equation which allows to predict water diffusion as a 

function of time and space [20]: 

div( . )
t

c
D c

∂ = ∇
∂

          (2) 

where c is the moisture concentration and D is the diffusion tensor which is supposed 

symmetric in this work. 

In our case, x, y and z are the principal directions and Fick's law can be rewritten as follows if 

water diffusion parameters are supposed constant: 

2 2 2

2 2 2x y z

c c c c
D D D

t x y z

∂ ∂ ∂ ∂= + +
∂ ∂ ∂ ∂

        (3) 

The solution of Equation (3) reads [48,49]: 

( )( ) ( )( )

2 2 2

2

3

22
0 0 0

2 1 2 1 2 1
exp

8
1

2 1 2 1 2 1

x y z

t

i j k

i j k
t D D D

L L hM

M i j k

π

π

∞ ∞ ∞

= = =∞

  + + +     − + +                  = −  
  + + +

∑∑∑   (4) 
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where t
M  is the mass gain at time t, M∞ is the saturation mass, and Land h are the flax-

epoxy sample side and thickness. 

In the case of sealed samples, water diffusion mainly occurs perpendicularly to the unsealed 

faces. Accordingly, the solution of Equation (3) reads for the three principal directions: 

( )( )

2

2

22
0

2 1
exp

8
1

2 1

l

t

i

i
tD

lM

M i

π

π

∞

=∞

 + −       = − 
  +

∑        (5) 

where , ,l x y zD D D D=  and ,  l L h= . 

In order to determine the water diffusion parameters of the sealed and unsealed flax-epoxy 

samples, an optimisation algorithm was developed using the fminsearch function of Matlab. 

This program allows minimising the quadratic error q between the analytical solution of 

Fick’s model and the experimental points: 

( )
2

exp
1

( ) ( )
n

a k k

i

q M t M t
=

= −∑          (6) 

where ( )
a k

M t  is the moisture rate at time �� evaluated from the analytical solution of Fick’s 

model (Equations (4) and (5)) and exp( )kM t  the experimental moisture content at time k
t . 

3. Finite element analysis 

In this section, the geometric plane modelling of flax-epoxy samples is firstly presented 

before developing the hygroscopic and hygroelastic finite element approximations. To 

account for their heterogeneity, three plane geometric models of the flax-epoxy specimens are 

considered in which the UD flax fibres and the epoxy matrix are modelled separately as 

described in section 3.1. 

3.1. Description of the plane modelling 

To simplify, a plane modelling of water diffusion in the flax-epoxy samples is considered as 

depicted in Figure 3. To model water diffusion along the direction of flax fibres and the 

thickness direction, three plane models are considered as depicted in Figure 3b, 3c and 3d. It 

is worthy to recall that the flax-epoxy samples are composed of six layers of UD flax fibres 

which explains the geometric models adopted in Figure 3b and 3d. Owing to symmetry, only 

a quarter of each plane surface is modelled as shown in Figure 3.  
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Figure 3. (a) A square flax-epoxy specimen. (b)–(c) Plane modelling of water diffusion in the 

yz plane using (b) regular and (c) random distributions of flax fibres. (d) Plane modelling of 

water diffusion in the xz plane. 

Besides, the UD flax fibres bundles are supposed to present a circular cross section with 

diameter of  250  μm and their number and distribution were chosen so as to respect the fibre 

volume fraction of the flax-epoxy composite ( 3 3 .0 5 %fV = ).  

3.2. Hygroscopic and hygroelastic finite element approximations 

To model the hygroscopic behaviour of the aged flax-epoxy specimens, the three-node 

hygroscopic membrane finite element developed by Zouari et al. [40] is considered.  

For a 2D composite domain 0B  subjected to moisture boundary conditions applied at c
S as 

shown in Figure 4a, the weak form of Fick’s differential equation reads:  

0

* *
1( , ) ( ( )) 0

B
w c c c div D c c dV= − ⋅∇ =∫

�

 *
c∀  with 

c
c

t

∂=
∂

�

    (7) 

where c* is a test function that verifies * 0c = on c
S  

The weak form of Fick's diffusion equation can be rewritten as: 

0 0 0

* * * *
1( , ) 0

n
B B B

w c c cc dV c D cdV c dVφ
∂

= + ∇ ⋅ ⋅∇ + =∫ ∫ ∫
�

  
*

c∀     (8) 

where n
φ is the normal diffusion flux and 0B∂  is the boundary of the 2D composite domain 0B

. 

In the following, the formulation of the hygroscopic triangular element developed by Zouari 

et al. [40] is extended to the hygroelastic problem. The main objective is to predict the 
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mechanical stress that appears in the flax-epoxy samples when they are subjected to water 

ageing. To simplify, an uncoupled hygroelastic model is used and the term "uncoupled" is 

employed here to indicate that the mechanical variables have no influence on the hygroscopic 

parameters. 

In addition to the hygroscopic equilibrium Equation (2), the quasi-static mechanical 

equilibrium is considered which, in the absence of body force, is written locally for a plane 

composite solid B0 as: 

, ,

, ,

( , ) ( , ) 0

( , ) ( , ) 0

xx x xy y

xy x yy y

x t x t

x t x t

σ τ
τ σ

+ =
 + =

x∀ ∈ 0B         (9) 

whereσxx, σ y y
and 

xyτ   are the plane components of the mechanical stress tensor 

,

σ
(σ ).xx

xx x
x

∂=
∂

 

The weak form of the static mechanical equilibrium Equation (9) is obtained by introducing a 

test function *
u that verifies * 0u = on u

S  the part of 0B∂  on which displacement boundary 

conditions are applied:  

0 0

* * *
2 ( , ) 0

B B

w u u dV u TdSε σ
∂

= − =∫ ∫� �  *
u∀       (10) 

where σ  is the vector of plane stresses, *ε  is the vector of virtual plane strains and T is the 

vector of external surface forces applied on 0B∂ . It is worthy to note that a vectorial notation 

of the stress and strain tensors is used in Equation (10) instead of tensorial notation to 

simplify the construction of the finite element approximation. 

The stress vector  σ  can be written in the following form: 

( )el h
H Hσ ε σ ε ε= ⋅ → = ⋅ −         (11) 

where H  is the elasticity matrix and hε  is the vector of hygroscopic strains induced by 

moisture diffusion within the flax-epoxy samples. This vector is written as a function of the 

moisture content ( , )c x t   using the following linear expression:  

( , ) ( , ) ( , )h h
x t x t c x tε β=          (12) 
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where
hβ  is the hygroscopic expansion vector which is considered independent of the ageing 

time in this study. 

 

Figure 4 . (a) 2D composite solid with moisture and displacement boundary conditions. (b) 

The three-node hygroelastic membrane finite element. 

By combining Equations (8) and (10), the weak form of the hygroelastic equilibrium of the 

composite medium 0B is obtained:  

0 0 0 0 0

* * * * * * * * *( , , , ) 0    ,
n

B B B B B

w c c u u c c dV c D cdV c dS dV u TdS u cφ ε σ
∂ ∂

= + ∇ ⋅ ⋅∇ + + − = ∀∫ ∫ ∫ ∫ ∫
�

� � � �  

(13) 

The resolution of the weak form (13) requires spatial and time discretization. For the spatial 

discretization, the triangular hygroscopic membrane element of Zouari et al. [40] is 

considered  and  displacement degrees of freedom are added to estimate the mechanical 

strains. The three-node triangular hygroelastic element is shown in Figure 4b. The three shape 

functions associated with the three-node triangular membrane element allow us to 

approximate the displacements along x and y, denoted u and v, as well as the moisture 

concentration: 

3

1

( , )i i

i

u N uζ η
=

=∑  ; 

3

1

( , )i i

i

v N vζ η
=

=∑  ; 

3

1

( , )i i

i

c N cζ η
=

=∑      (14) 

By using the approximations (14), it is possible to show that c , c∇ , u  and ε  are related to 

{ }        1,3
t

n i i iu u v c i= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ = , the nodal degrees of freedom vector of the hygroelastic 

element, as follows: 

  ;     ;     ;   t

c n u n c n m n
c N u u N u c B u B uε= ⋅ = ⋅ ∇ = ⋅ = ⋅      (15) 

At the element level, the finite element approximation of the weak form (13) is written: 
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0 0 0 0

* *( , )e t t t t t t

n n n c c n c c m m m m c n c n u

B B B B Sc Sc

w u u u N N dV u B D B dV B H B dV B H N dV u N dS N TdSβ φ
  
 = ⋅ ⋅ + + − + − 

    
∫ ∫ ∫ ∫ ∫ ∫

�

� � � � � � � � � � �

*
n

u∀  (16) 

After simplification, the finite element equation is written at the elementary level: 

0
eq n n eq

K u C u F⋅ + ⋅ − =
�

         (17) 

where
0

t

c c

B

C N N dV= ∫ � ,
eq c n u

Sc Sc

F N dS N TdSφ= −∫ ∫� � and
e q c m m cK K K K= + − with

0

t

c c c

B

K B D B dV= ∫ � � ,

0

 t

m m m

B

K B H B dV= ∫ � � and
0

t t

mc m m c

B

K B H N dVβ= ∫ � � � . 

For the time integration of Equation (17), the loading interval [ ],t t t+∆  is considered. The 

backward Euler integration of Equation (17) gives the elementary residual vector at t t+ ∆ : 

t t t t
t t n

eq n eq

u
R K u C F

t

+∆ +∆+ ∆ ∆= ⋅ + ⋅ −
∆

 with 
t t t

n n nu u u
+∆

∆ = −       (18) 

The elementary tangent stiffness matrix 
t t

TK
+∆

 of the three-node hygroelastic membrane 

element is obtained by differentiating the residual vector t t
R

+ ∆
 with respect to :

n
u∆

 
 

t t
t t

T eq

R C
K K

u t

+∆
+∆∂= − = − −

∂∆ ∆
         (19) 

The triangular hygroelastic finite element has been implemented in the commercial finite 

element code ABAQUS using a user element subroutine. 

4. Results and discussion 

4.1. Water diffusion parameters of the sealed samples 

In this part, the water diffusion parameters of the sealed flax-epoxy samples are identified 

using the optimisation procedure described in section 2.4. Figure 5 shows the water uptake 

curves of the sealed flax-epoxy samples and Table 1 summarises their principal water 

diffusion parameters identified from the optimisation procedure.  

In fact, x
D  is found 100 times larger than z

D and approximately 2.3 times greater than 
yD . 

This difference is related to the composition of the flax fibre which promotes water transport 

along its stem particularly through the lumen [31,50–52]. In fact, the hydrophilic components 
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of the flax fibre (cellulose, hemicellulose and pectin) promote water diffusion along its 

longitudinal direction [4,8,30,53].  

 

Figure 5 .  Experimental water uptake curves of the sealed flax-epoxy samples compared with 

1D Fick’s model solution. 

Table 1 : Water diffusion parameters of the sealed flax-epoxy sample. 

7 2
10 /( )

x
D

mm s
−

  
7 2
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y
D
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z
D
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Weight gains at saturation (%)M∞  
x

x

z

D
R

D
=

 
y

D
R

D
=
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x

M∞  
(%)

y
M∞  

(%)
z

M∞  

648.65± 0.64 285.79±0.01 6.45±0.01 9.14±0.13 7.55±0.12 8.01±0.07 100.56 44.30 

Besides, the weight gain at saturation in the direction of the flax fibres is found greater than 

those in the transverse and thickness directions. Indeed, this could be explained by the 

increase of diffusion rate (defined as the slope of the absorption curve) which further 

promotes the swelling of flax fibres and leads to more matrix swelling and propagation of 

micro-cracks at the fibre-matrix interface. This process further weakens the aged flax-epoxy 

samples and thus increases their water absorption capacity. These explanations are supported 

by the SEM observations of Figure 6 on sealed flax-epoxy samples at saturation. 

In particular, Figure 6a shows micro-cracks at the fibre-matrix interface which can be induced 

by the formation of hydrogen bonds between the hydrophilic components of the flax fibre 

primary wall (pectin, hemicellulose) and water molecules [54]. Figure 6b shows micro-cracks 

in the bundle of flax fibres mainly caused by the differential hygroscopic swelling between 

the fibre-fibre and fibre-matrix interfaces. The presence of these micro-cracks increases by 

capillarity water diffusion in these composite samples. Figure 6c shows the formation of 
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micro-porosities with an average size of 0.2 µm which is smaller than the lumen size ( lumen
D = 

5-10 µm) [55]. 

  

(a) (b) 

  

(c) (d) 

Figure 6 .  SEM micrographs of cross sections of 60-day aged flax-epoxy samples with water 

diffusion in the direction of flax fibres. 

This can be explained by the dissolution in water of some flax fibre components such as 

pectins. These voids increase the weight gain at saturation of the flax-epoxy samples. Figure 

6d shows a partial pull-out of a flax fibre and this can be explained by a possible failure due to 

the differential hygroscopic swelling of the flax fibres. 

For water diffusion along the transverse and thickness directions (y and z directions), the 

weight gain at saturation yM ∞   is found lower than zM ∞  while 
yD  is 44.30 times z

D
 
(Table 

1). These variations are mainly related to the sample’s dimensions where the width (y 

direction) is almost 10 times the thickness (z direction). In fact, when the dimensions increase 

the weight gain at saturation decrease and the water diffusion coefficients increase. The 
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decrease of the saturation weight with sample dimensions has been also reported in the case of 

other composite materials and some explanations have been proposed [30,31,56]. Bunsell et 

al. [56] have attributed this variation to a molecular rearrangement of the polymeric network 

when samples are thicker which would slow down the water diffusion in the composite. For 

the flax-epoxy samples studied in this work, the variation of the saturation weight with the 

dimensions could also be accentuated by the increase of moisture diffusion kinetics, which 

causes more swelling of the flax fibres and the epoxy matrix as previously explained.  

4.2. 3D water diffusion parameters of the flax-epoxy specimens 

Most of the moisture diffusion analyses of the literature show that water diffusion in bio-

composites is complex and the diffusion parameters identified from the sealed samples do not 

allow describing the 3D water diffusion behaviour. This is also confirmed by Figure 7a which 

represents a comparison between the experimental water uptake curve of the unsealed flax-

epoxy samples and the 3D Fick’s model solution obtained with water diffusion parameters of 

the sealed specimens (Table 1).  

Accordingly, the principal water diffusion parameters ,x yD D  and z
D  of the unsealed flax-

epoxy samples should be identified at the same time by the optimization procedure with two 

additional constraints on the principal diffusion parameters: 
y xD D<  and .z yD D<  These two 

constraints are deduced from the identification of water diffusion parameters of the sealed 

flax-epoxy samples (Table 1). 

To this end, a penalty function is added to the quadratic error q and the new objective function 

is written as follows: 

max(0, , )obj x y y zf q D D D Dρ= + − −         (20) 

where � is a penalty factor. 
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Figure 7. Experimental water uptake curve of the unsealed flax-epoxy samples compared with 

3D Fick’s model solution obtained with: (a) the diffusion parameters of the sealed samples 

(red curve) (b) the diffusion parameters of Table 2 (black curve). 

Table 2 : Water diffusion parameters of the unsealed flax-epoxy samples  

7 2
10 /( )

x
D

mm s
−  7 2

10 /( )

y
D

mm s
−  7 2

10 /( )

z
D

mm s
−  (%)

x
M∞  

x

x

z

D
R

D
=

 
y

y

z

D
R

D
=

 

213.09±0.01 107.38±0.08 3.55±0.01 9.15± 0,10 60,00 30,22 

Table 2 summarises the identified water diffusion coefficients of the unsealed flax-epoxy 

samples and Figure 7b shows that these optimal parameters allow correctly describing the 

hygroscopic behaviour of these samples. 

It is interesting to note that the water diffusion parameters of the unsealed flax-epoxy 

specimens (Table 2) are different from those of the sealed samples (Table 1). 

Besides, the ratios Rx and Ry of the unsealed samples show a decrease by 41% and 32% 

respectively compared with those of the sealed samples (Table 1). This decrease is probably 

related to the movement of water particles which are forced to follow one of the three main 

directions in the case of sealed samples, in particular in the direction of flax fibres which 

explains the important value of x
R  for sealed samples. For the unsealed specimens, the 

privileged direction is less pronounced than in the case of sealed samples, and a kind of 

hygroscopic balance between the three main directions is obtained, which could explain the 

relatively large decrease in x
R and 

yR .   

At the end of this study, by making the hypothesis that the moisture diffusion process is 

mainly controlled by the unidirectional flax fibres, a ratio between their longitudinal and 

radial water diffusion coefficients (denoted 
L

f
D  and 

R

f
D )  equivalent to that resulting from 

the optimization procedure on unsealed samples ( / 6 0 )x x yR D D= =  can be deduced. This 

ratio is considered in section 4.3 to estimate the longitudinal and radial moisture diffusion 

coefficients of the flax fibre with the hypothesis 60 L R

f f
D D= . 

4.3. Finite element analysis of the hygroscopic behaviour 

In this part, the hygroscopic behaviour of the flax-epoxy samples is modelled using the 

hygroscopic plane finite element of Zouari et al. [40] (three-node triangular membrane 

element with only moisture degrees of freedom). To this end, the water diffusion coefficients 

of the epoxy resin and those of the UD flax fibres are needed. The hygroscopic behaviour of 

the pure epoxy resin is supposed isotropic and characterised by the water diffusion coefficient 
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-7 2= 5.42×10 mm /smD  obtained from its experimental water uptake curve. This value is close 

to other epoxy moisture diffusion coefficients reported in the literature  [57,58].  

 

Figure 8 .  Finite element modelling of water diffusion in the unsealed flax-epoxy samples 

using 56,232 three-node hygroscopic elements. 

For the UD flax fibres, their water diffusion behaviour is anisotropic and should be principally 

described by a radial and a longitudinal coefficient denoted  and L R

f f
D D  [8,39,40,59,60]. 

Although some works in the literature have focused on the determination of the flax fibre 

radial diffusion coefficient as the work by Célino et al [61], the determination of its 

longitudinal diffusion parameter remains almost inexistent in the literature. Therefore, an 

estimation of the radial and longitudinal water diffusion parameters of the flax fibre is 

proposed in this section by considering an inverse approach. As explained at the end of 

section 4.2, a ratio of 60 between 
L

f
D and 

R

f
D is considered. 

To begin, a first approximation of the radial diffusion coefficient of the flax fibre was 

obtained by means of Halpin-Tsai homogenisation model [62] knowing the value of Dm and 

the water diffusion parameter across the thickness of the sealed flax-epoxy samples 

7 2( 6.45 10 mm /s).zD
−= × In this case, the first approximation of the radial diffusion parameter 

of the flax fibre is 
7 25.45 10 mm /sR

f
D −= ×  . The water diffusion coefficients ,R

f
D   

L

f
D  

( 60 )L R

f f
D D=  and m

D  are now used as inputs of the finite element model of Figure 3d to 

simulate water diffusion in the unsealed flax-epoxy specimens. It is worthy to note that the 

finite element modelling is conducted in the xz plane (Figure 3d) because it considers the 

radial and longitudinal diffusion coefficients of the UD flax fibres (  and ).L R

f f
D D   

In fact, the modelling in the yz plane (Figure 3b) allows considering only the radial diffusion 

parameter of the flax fibre which could bias its estimation. It is also important to recall that 

the aged flax-epoxy samples are constituted of six layers of UD flax fibres, which leads to a 
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total thickness of 2.68 mm. Owing to symmetry, one-quarter of the xz plane is modelled as 

shown in Figure 8. The three layers of UD flax fibres are modelled in this plane by three 

rectangles of thickness 0.147 mm to respect the fibre volume fraction of 33%. The refined 

mesh of Figure 8 constituted of 56232 elements was fixed after a mesh convergence study. 

The moisture boundary conditions are applied to the top and left edges of the 2D finite 

element model ( 9.15%c M
∞= = ). 

 Figure 9 shows a comparison between the experimental and the numerical water uptake 

curves of the unsealed flax-epoxy samples using the first set of diffusion parameters (the red 

curve). It is worthy to note that the numerical water uptake curve was calculated as the 

arithmetic average of all nodal moisture concentrations of the finite element model. The 

obtained results indicate that the numerical curve does not accurately describe the 

experimental curve. The difference between these two curves reflects the difficulty of 

predicting the hygroscopic behaviour of the flax-epoxy samples using a heterogeneous model. 

In the following a better approximation of the radial and longitudinal water diffusion 

coefficients of the flax fibre is proposed to correctly fit the experimental curve of the unsealed 

flax-epoxy samples. To this end, D
m  and D R

f  have been varied while always keeping 

60 L R

f f
D D=   until fitting the experimental curve (see Zouari et al. [40] for more details about 

this inverse procedure). Accordingly, the following optimal parameters

-7 216.32×10 mm /sR

f
D = ,

-7 2 979.21×10 mm /s L

f
D = and

-7 25.66×10 mm /smD = , have been 

obtained and  allow an accurate prediction of the experimental curve as shown in Figure 9 

(the black curve). 
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Figure 9 . Comparison between the experimental and the numerical water uptake curves of 

the unsealed flax-epoxy samples by considering the first set of parameters (red curve): 
7 25.45 10 mm /s R

f
D −= × and 

7 25.42 10 mm /s mD
−= × and the second set of parameters (black 

curve) :
7 216.32 10 mm /sR

f
D −= × ,and 

7 25.66 10 mm /smD
−= × . 

It is interesting to note that the water diffusion coefficient of the epoxy matrix in the flax-

epoxy samples (
7 25.66 10 mm /smD

−= × ) is slightly greater than that of the pure epoxy resin

7 2( 5.42 10 mm /smD
−= × ). 

 This behaviour has been already reported in the case of synthetic fibre [43,63] and also 

natural fibre reinforced composites [39,40,43]. It can be explained firstly by the presence of 

porosities in the flax-epoxy samples, compared to the epoxy pure resin specimens, and 

secondly the appearance of micro-cracks due to the dissimilar swelling between the flax 

fibres, very hydrophilic, and the epoxy matrix, rather hydrophobic compared to the 

reinforcement. These defects can make the epoxy matrix more brittle to moisture diffusion 

and partly explains the increase in its water diffusion coefficient. 

Concerning the longitudinal and radial moisture diffusion coefficients of the flax fibre 

-7 2( 16.32×10 mm /sR

f
D =  and 

-7 2979.21×10 mm /sL

f
D = ), they seem in good agreement with 

some experimental results of the literature [61,64]. For example, Stamboulis et al. [64] have 

reported a value of the flax fibre diffusion parameter equal to 
-4 21 10 mm /s×  for a flax fibre 

bundle of 1.5 mm of length aged at 100% of relative humidity at room temperature. This 

value of 
L

f
D  is very close to that estimated in this work. In another work, Célino et al. [61] 

have studied moisture diffusion kinetics in UD flax samples aged by total immersion in water 

at room temperature. They have assumed that moisture diffusion principally occurs across the 

radial direction of the flax fibres and have reported a radial diffusion parameter of 

-7 211.9 10 mm /s×  which is also close to the value estimated in this study. 

4.4. Finite element analysis of the hygroelastic behaviour  

In this section, the three-node triangular hygroelastic finite element presented in section 3.2 is 

considered to estimate the internal hygroscopic stress that appears in the aged flax-epoxy 

samples. To this end, the finite element model of Figure 10a with displacement and moisture 

boundary conditions is considered. It is worthy to note that this modelling is conducted in the 

yz plane where the sections of the UD flax fibres are modelled in a first approximation with 

circles of diameter 0.25 mm. 
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The main objective is to more accurately estimate the hygroscopic stress caused by water 

ageing compared to a modelling in the xz plane (Figure 3b and 3c). The influence of the 

distribution of the UD flax fibres in the flax-epoxy samples is also studied by considering the 

random distributions of Figure 10b, 10c and 10d in addition to the regular distribution of 

Figure 10a.  

 

 

Figure 10 . (a) Plane finite element modelling of the hygroelastic behaviour of the unsealed 

flax-epoxy samples with a mesh of 78,452 triangular elements. (b)-(d) Plane modelling with 

three random distributions of the flax fibres. 

For the hygroscopic and elastic material properties of the epoxy matrix and the UD flax fibres 

to be used with the finite element models of Figure 10, the water diffusion parameters 

estimated in section 4.3 in relation with the unsealed flax-epoxy samples

7 2( 5.66 10 mm /smD
−= ×   and 

7 216.32 10 mm /s)R

f
D −= ×  are firstly considered. For the 

hygroscopic expansion coefficients, the following epoxy matrix coefficient 0.24
m

β =  is used 

and constitutes an average of some coefficients reported in the literature [65–68]. In addition, 

the hygroscopic expansion of the epoxy matrix is assumed to be isotropic. For the UD flax 

fibres, their radial hygroscopic expansion coefficient is particularly considered based on the 

plane models of Figure 10.  
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Figure 11 . Distribution of the transverse displacement at saturation (after 66 days of 

immersion) of the unsealed flax-epoxy samples modelled with a regular distribution of the 

flax fibres. 

 

Figure 12 . Distribution of the internal stress across the thickness zz
σ  inside the unsealed 

flax-epoxy samples after 66 days of immersion: (a) regular distribution of the flax fibres, (b)-

(d) random distributions of the flax fibres. 

To this end, the radial expansion coefficient reported by Péron et al. [69] ( 0.97R

f
β = ) is used 

which seems to be in agreement with that given by Le Duigou et al. [70] ( 1.14R

f
β = )  and the 

expansion parameter reported by Garat et al. [71] ( 1.07R

f
β = ).  For the longitudinal 

hygroscopic expansion coefficient of the UD flax fibres, Le Duigou et al. [72] have explained 

that it is very negligible with respect to 
R

f
β  and close to zero as for wood fibres.  

Figure 12 shows the distribution of the hygroscopic internal stress across to the thickness 

( )
zz

σ  at saturation within the aged flax-epoxy samples using regular and random distributions 
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of the flax fibres. It is important to note that the phenomenon of hygroscopic swelling mainly 

occurs across to the thickness of the aged samples which explains the particular study of zz
σ . 

Figure 13 also shows the evolution of the mean transverse stress during ageing in the matrix 

(Figure 13a), in the reinforcement (Figure 13b) and in the composite sample (Figure 13c). 

These results show that, overall, the flax fibres are subjected to hygroscopic compression 

stress while the epoxy matrix is subjected to tensile stress. The compression stress that 

appears in the reinforcement can be explained by the fact that the flax fibres and the epoxy 

matrix don’t swell in the same way, although they present the same moisture concentration at 

saturation ( )9.153%c = . This is due to the difference between their hygroscopic swelling 

parameters ( 4R

f m
β β≈ ). Thus, the flax fibres have tendency to swell more than the epoxy 

matrix and are therefore found constrained by the latter. In addition, it is worth noting that the 

flax fibres distribution can significantly influence the transverse internal stress distribution 

within the flax-epoxy sample as shown in Figure 12. Indeed, the stress peaks, which are 

mainly localized in the epoxy matrix, vary from 217.3 MPa (regular distribution) to 463.5 

MPa found with the third random finite element model (Figure 12d). Similar stress peaks have 

been already reported in the case of synthetic fibre-reinforced polymer composites where the 

synthetic fibres have been supposed hydrophobic (moisture diffusion and hygroscopic 

expansion parameters equal to zero) [41,46]. In the work by Ouled Ahmed et al. [46], stress 

peaks close to 300 MPa within glass-polyester composites aged in distilled water have been 

found.  
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(c) 

Figure 13 . Evolution of the transverse mean stress during ageing inside: (a) the matrix ,
m

zzσ  

(b) the reinforcement 
f

z zσ and (c) the flax-epoxy composite sample. 

The relatively high levels of internal stress found in this study, which are certainly 

overestimated by the current uncoupled hygroelastic model, exceed in particular the tensile 

strength of the epoxy matrix (around 40 MPa), which can lead to the initiation of damage by 

matrix cracking, delamination and degradation of the flax fibres without adding external 

loads.  

This could explain the micro-cracks in the matrix close to the fibre-matrix interface depicted 

in Figure 6a as well as cracks in the flax fibre bundle shown in Figure 6b. Despite the high 

difference in the transverse internal stress distribution between the regular and random finite 

element models, the mean value of this hygroscopic stress varies from 40 to 50 MPa in the 

matrix and from 80 to 100 MPa in the reinforcement (Figure 13) 

5. Conclusion  

In this paper, the transient hygroscopic behaviour of unidirectional (UD) flax fibre-reinforced 

epoxy composite aged by immersion in tap water at room temperature until saturation was 

firstly investigated. To this end, the absorption water uptake curves of sealed and unsealed 

flax-epoxy samples, which present Fickian behaviour, allowed identifying their macroscopic 

water diffusion parameters using an optimisation approach. The main conclusion drawn from 

this first part is that water diffusion is much more predominant in the direction of the flax 

fibres than the thickness and the width directions. Secondly, the results of the first part were 

considered to estimate the flax fibre radial and longitudinal water diffusion parameters using a 

numerical inverse procedure. This was conducted by a plane finite element model that takes 

into account the heterogeneity of the flax-epoxy samples. The obtained flax fibre diffusion 
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parameters seem in good accordance with other literature results. Finally, the estimation of the 

hygroscopic internal stress that appears in the flax-epoxy samples due to water ageing was 

investigated. To this end, a three-node triangular membrane finite element based on an 

uncoupled hygroelastic model was developed. Finite element simulations with regular and 

random distributions of the flax fibres were conducted and important stress peaks were 

obtained particularly in the matrix domain. These stress levels exceed in particular the tensile 

strength of the epoxy matrix (around 40 MPa), which can lead to the initiation of damage 

inside the flax-epoxy samples without external loads. 

As a future work, it would be interesting to consider another hygroscopic model to describe 

water diffusion kinetics within the aged samples. In fact, Fick’s model used in this study can’t 

take into account the maximum amount of water absorbed by the epoxy matrix since it makes 

the assumption that water molecules move freely within the aged composite samples. This is 

in contradiction with the water uptake curve of the pure epoxy resin showing a maximum 

water uptake of 1.1% while the moisture boundary conditions applied to the finite element 

models of this study largely exceed this value (∼ 10%). This may partly explain the 

overestimation of the internal hygroscopic stress in the matrix found by the hygroelastic finite 

element modelling. To this end, the use of a more general diffusion model like that of 

Langmuir could be considered. In addition to the hygroscopic model, the use of a fully 

coupled hygroelastic model between the mechanical and the hygroscopic variables leads to a 

more accurate estimation of the hygroscopic stress inside the flax-epoxy specimens.  
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