
Pressure Effect on Humidity Diffusion 
through Polyester/Glass Fiber Composite in 

Sea Water

Mohamed Ounaies*and Hachmi Ben Daly
Laboratory of Mechanics of Sousse, National Engineering School of Sousse, University of 
Sousse, Tunisia

Introduction  
Composite material has been more and more utilized in the industrial fields, due to the 

advantages that offers like high resistance and light weight. However, when it is utilized, 
composite material is exposed to extreme environmental conditions like temperature and 
humidity, which have negative effects on the material proprieties. It causes a decrease of the 
material proprieties and its life durations, which can be fatal in the safety side. Therefore, the 
utility of studying the hygrothrermal behavior of a composite material.

Humidity absorption is explained by two theories: the molecular approach linked to the 
hydrophilic character of the material. The hydrophilic sites linked to the diffusing molecules 
through hydrogen bonds [1]. Also, it is explained by the free volume theory, related to the 
number and size of the free volumes existing in the material. It determines the amount of 
absorbed humidity [1,2]. The humidity diffusion through composite material causes a 
swelling and a plasticization of the matrix [2]. Moreover, it induces a decrease of the fibers 
resistances, a debonding of the matrix/fiber interface [3,4] and a decrease of the transition 
temperature (Tg) [3,5].

The humidity diffusion is influenced by different parameters like the temperature; 
[6,7] proved that the augmentation of the temperature induces an increase of the diffusion 
coefficient and the amount of absorbed humidity, as it provides more agitation to the diffusing 
molecules [8]. Likewise, the pressure effect in the hygrothermal behavior of a composite 
material is investigated: [9] demonstrated that the rise of the hydrostatic pressure accelerates 
the diffusion phenomena, as a result the diffusion parameters increases. These results are 
confirmed in the case of a polyester/glass fiber composite [10,11] showed that the elevation 
of the pressure generates an augmentation of the diffusion coefficient and the amount of 
absorbed humidity.

Furthermore, the humidity absorption kinetics is analyzed: [12] showed that humidity 
diffusion through the polyester/glass fiber composite follows the Fick’s Law. Likewise, [13] 
proved that that humidity diffusion through a glass fiber-reinforced plastic composite presents 
a Fickian behavior at low temperature. Also, [4,13] affirmed that humidity absorption follows 
the Fick’s law.
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Abstract
The hygrothermal behavior of the polyester/glass fiber composite is studied under the effect of the pres-
sure in sea water. Fillers additives Aluminum Silicate Pigments are inserted to the composite material. 
Humidity absorption is made through one lateral side, under different temperature. The humidity con-
centration is higher on the surface and it continuously decreases toward the core of the material. At high 
temperature, the humidity absorption curve falls. It is caused by the coalescence of cracks propagating 
through the composite material, which are created by the stress concentration at a point of the free vol-
ume existing in the material. The rise of the percentage of the fillers additives and the pressure induces 
an augmentation of the diffusion coefficient and the amount of absorbed humidity. The finite element 
method is utilized to present a numerical model of the humidity absorption process. The comparison 
between numerical and experimental results confirms that the hygrithermal behavior of the polyester/
glass fiber composite could be numericallypredicted.
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Theoretical aspects on absorption in composite material
The humidity diffusion parameters are the diffusion coefficient 

(D) and the amount of absorbed humidity (M
m

). These parameters 
are influenced by the temperature [14,15]. The diffusion coefficient 
is calculated using the following formula [16]:
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 Where h: the thickness, Mm: the amount of absorbed humidity 
at saturation and M1,M2 are the amount of absorbed humidity at t1,t2 
respectively.

The humidity diffusion process is described the one dimensional 
Fick’s second law [17]:
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Where t is the time, D is the diffusion coefficient, C is the 
concentration of the diffusing and x is the distance through the 
sample thickness. The diffusion absorption should respect the 
boundary conditions expressed in equation (3):

 

                 
;0 ; 0iC C x h t= < < ≤

            (3)

                 
; 0, , 0mC C x x h t= = = >

Where C
i
: the initial concentration, h: the sample thickness 

and C
m

: the concentration at the saturation. Jost [18] presents the 
solution of equation (2) :
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Where C
i
: the initial concentration, h: the sample thickness and 

C
m

: the concentration at the saturation. The concentration gradient 
from each side of the material surface generates a proportional flow. 
The flow can be expressed by equation (5) [19]:
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Where D: the diffusion coefficient, C: the concentration, Ɵ: 
the temperature, s: the solubility, P: the pressure, K

p
: the pressure 

stress factor and K
s
: the soret effect.

Material and Experimental Methods

Material
The polyester/glass fiber composite is composed of an 

unsaturated polyester resin reinforced by unidirectional E-glass 
fiber. The glass fibers are provided by the Owens Corning Fiberglass 
Company and the polyester is supplied by the Reichold Chemicals 
Inc Company. Fillers additives, Aluminum Silicate Pigments 

(ASP400), are inserted to the composite material. It is a clay powder 
with an average size of 4.8 µm. It is added in order to increase 
the productivity and decrease the formation of rich resin zones 
[20]. The composite material is manufactured by the pultrusion 
technique. It is a continuous composite material manufacturing 
process [21]. The samples present a dimension of 20*8*6.3mm. 
(Table 1) exposes the volume percentage of the components of the 
polyester/glass fiber composite. The composition of two varieties 
(A and B) is presented in (Table 1).

Table 1: Composition of two variants (A, B) of the polyes-
ter/glass fiber material [12].

Material % ASP400 % Fiber

A 20% 51.5

B 40% 51.6

Experimental methods

Water absorption test: The experimental device is presented in 
(Figure 1), the sample is fixed in the experimental assembly, and the 
container is filled with sea water, heated to the desired temperature 
thanks to a heating resistance. The humidity diffuses through one 
lateral side of the sample, the exposed pressure is fixed by the 
handle and is displayed on the manometer. Periodically, the sample 
is removed from the experimental device, dried with an absorbent 
paper and weighted with a Gibertini E-42-B electronic scale with 
an accuracy of 0.1mg. After that, the sample is put back in the 
experimental device. The humidity diffusion process is examined 
under 2,3,5,9,20,30,40 and 50 bars.

Figure 1:Designed device for absorption process.

Equation (7) presents the humidity content:
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Where Mt is the material weight at instant t and M0 is the initial 
material weight.

Simulation of the water absorption: The Fick’s law described the 
humidity absorption process [19]:
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Where D is the diffusion coefficient, x is the direction of 
diffusion and C is the humidity concentration in the material. The 
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diffusion coefficient (D) is expressed at each temperature through 
the Arrhenius law [22]:

                                          0

E
R TD D e ∗= ∗        (9)

where D0 is the Arrhenius constant, T is the temperature, R 
is the perfect gas constant and E is the activation energy. In order 
to simulate the hygrothermal behavior of the polyester glass fiber 
composite, the finite element method is employed. The humidity 
diffusion in made through one lateral side and the initial humidity 
concentration inside the material is equal to zero. A DC3D8, a three-

dimensional solid contained in the heat transfer/mass diffusion 
element library [23], is used. The UTEMP subroutine ensured the 
thermo-diffusion coupling. The results are normalized as regards 
to the thickness.

Discussion
In this section, we present a comparison of the experimental and 

numerical results of the humidity diffusion through the polyester/
glass fiber composite. (Figures 2-7) present a comparison between 
experimental and numerical results of the humidity diffusion 
through the material (A) and material (B), respectively.
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Figure 2:Humidity absorption curve over the time, normalized to the thickness of the materialsample (A)at 
25°C:
a.	 2/20 bar,
b.	 3/30 bar,
c.	 5/40 bar,
d.	 9/50bar.
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Figure 3:Humidity absorption curve over the time, normalized to the thickness of the materialsample (A)at 
45°C:

a.	 2/20 bar,

b.	 3/30 bar,

c.	 5/40 bar,

d.	 9/50bar.
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Figure 4:Humidity absorption curve over the time, normalized to the thickness of the materialsample (A)at 
65°C:

a.	 2/20 bar,

b.	 3/30 bar,

c.	 5/40 bar,

d.	 9/50bar.



1593

Res Dev Material Sci       Copyright © Mohamed Ounaies

RDMS.000845. 14(4).2020

1 

 

0.8 

 

0.6 

Mat-B-2-Num 

Mat-B-2-Exp 
Mat-B-20-Num 
Mat-B-20-Exp 

M(%) 
0.4 

 

0.2 

 

0 

0 200 400 

√t/h (√s/mm) 

600 800 

 

M(%) 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

Mat-B-5-Num 

Mat-B-5-Exp 
Mat-B-40-Num 
Mat-B-40-Exp 

0 200 400 

√t/h (√s/mm) 

600 800 

1.2 

1 

0.8 

Mat-B-3-Num 

Mat-B-3-Exp 
Mat-B-30-Num 
Mat-B-30-Exp 

M(%) 0.6 

0.4 

0.2 

0 

0 200 400 

√t/h (√s/mm) 

600 800 

Figure 5: Humidity absorption curve over the time, normalized to the thickness of the materialsample(B)at 
25°C:

a.	 2/20 bar,

b.	 3/30 bar,

c.	 5/40 bar,

d.	 9/50bar.
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Figure 6:Humidity absorption curve over the time, normalized to the thickness of the materialsample(B)at 
45°C:

a.	 2/20 bar,

b.	 3/30 bar,

c.	 5/40 bar, 

d.	 9/50bar.
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Figure 7: Humidity absorption curve over the time, normalized to the thickness of the materialsample(B)at 
65°C:

a.	 2/20 bar,

b.	 3/30 bar,

c.	 5/40 bar,

d.	 9/50bar.
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The humidity absorption presents a two-parts behavior: a first 
linear part, during which an equilibration of the concentration 
gradient takes place on each side of the material surface. The second 
part is concave to the axis of the abscissas. It is a phase of physical 
and chemical equilibrium inside the material. At a temperature 
equal or superior to 65 °C, we note a fall of the absorption curve. 
In fact, when osmotic pressure exceeds a critical value, the stress 
concentration at a point of the free volume induces the propagation 
of cracks inside the material. When the cracks coalesce, certain 
molecular chains get loose. Therefore, the absorption curve falls 
[24].

The rise in the pressure improves the diffusion coefficient 
and the amount of absorbed humidity [25]. The pressure elevates 
the humidity flow diffusing inside the material. Consequently, 
the humidity diffuses rapidly [26]. Also, the augmentation of the 
temperature induces an increase of the diffusion parameters, as the 
temperature offers more agitation to the diffusing molecules [27].

Material (B), having a higher percentage of fillers additives, 
absorbs a higher amount of humidity than material (A). In fact, the 
fillers additives reduce the rigidity of the interface matrix/fiber, 
facilitating the absorption process.

Conclusion

This research presents an analysis of the humidity diffusion 
through polyester/glass fiber composite. The pressure effect on the 
hygrothermal behavior of the composite material was examined. At 
high temperature, the humidity absorption presents a fall; it is due 
to the coalescence of cracks, caused by the stress concentration at 
the free volume. As a result, some molecular chains get loose. The 
augmentation of the pressure increases the diffusion coefficient and 
the amount of absorbed humidity. Also, the rise of the temperature 
and the percentage of fillers additives induce a rise of the diffusion 
parameters.

The finite element method was used to numerically reproduce 
the experimental results of the diffusion process. The comparison 
between experimental and numerical results showed that the 
humidity diffusion behavior through the polyester glass fiber 
composite can be predicted. As a perspective, we are investigating 
the pressure direction on humidity absorption.
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