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Abstract: The exposition of thermoplastic composites reinforced with natural fibres to moisture and heat is likely to 

lower their mechanical properties and restrain their use in the design of parts. The present work is focussed on 

investigating the effects of hygrothermal aging on the mechanical behaviour of injected polypropylene reinforced 

with short hemp fibres. Moreover, the kinetic of isothermal moisture absorption has been studied for four immersion 

temperatures. The experimental results show that the time taken to reach saturation decreases significantly with 

increase in immersion temperature. These tests also reveal that moisture absorption in this type of materials does not 

follow Fick’s law. Thus, a new model is proposed to predict this behaviour by the use of a variable coefficient of 

diffusion. This model is implemented using both analytical and finite element analysis (FEA) approaches. The results 

obtained with this new model show a very good correlation between experimental, analytical and FEA absorption 

curves. 
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1 Introduction 

In addition to be recyclable, natural fiber reinforced polymer composites (NFCs) feature interesting 

mechanical properties and can be successfully used to replace conventional non-degradable materials for 

many applications. However, the most important obstacle to a wider development and use of NFCs is the 

fact that their exposure to some environments, especially heat, ultraviolet radiation and moisture, may 

cause their premature deterioration and make them inadequate to fulfill their function. Heterogeneity of 

composite materials in general makes the study of their aging and damage processes more complex, 

especially in the case of injected thermoplastic matrixes reinforced with vegetable fibers. Indeed, the 

hydrophilic behavior of fiber reinforcements opposes hydrophobicity of the matrix, thereby inducing 

different absorption mechanisms and behaviors. Moisture absorption leads to fiber degradation, to 

swelling and plastic deformation of the matrix and to degradation of the fiber-matrix interface. Thus, 

discontinuities are induced inside the material, which results in its weakening and in the decrease of its 

mechanical properties [1-7]. Assessing the initial mechanical properties of these composite materials has 

been done by several authors, which is not the case for assessing the evolution of these properties along 

moisture absorption. Moreover, the kinetics of moisture diffusion in NFCs itself depends on several 

parameters i.e. fibers nature (chemical composition, geometry, volume fraction, variability), matrix 

properties, presence of porosities and quality of fiber/matrix adhesion. Also, the time required for a 

sample to reach moisture saturation strongly depends on the environment to which it is exposed (moisture 

percentage or immersion, temperature, water purity, etc.).  

Significant research work has been done towards studying and modelling the diffusion of moisture in 

composite materials. It appears that kinetics of moisture absorption in some of these materials can be 

modelled using Fick’s equation (1) [2, 4, 8-10]. 
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In this equation, ),,,( tzyxC  represents the transient distribution of moisture concentration across the 

material and xD , yD  and zD are diffusion coefficients along x, y and z axes respectively. Considering the 

material as homogeneous and isotropic, it can be assumed that DDDD zyx   and equation (1) 

simplifies to:  

 
































2

2

2

2

2

2

z
C

y
C

x
CD

t
C

       (Eq. 2) 

Panthapulakkal and Sain [4], along with other authors [8, 9], have used this model with a constant 

diffusion coefficient D . Similarly, Kushwaha and Kumar [3] found that water diffusion in bamboo-

polyester composites is also fickian. However, other materials exhibit different types of non-fickian 
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behaviors as synthesized by Weitsman [11]. Indeed, it is commonly considered that kinetics of diffusion 

cannot be considered as fickian if the initial trend (i.e. when moisture absorption is less than 60% of 

saturation) of the absorption curve as a function of the square root of time is not linear [12]. Among non 

fickian models, Alamri et al. [1] presented two saturation stages. Weitsman [13] proposed a model with a 

varying diffusion coefficient. In Weitsman’s work, the diffusion coefficient D is a function of time and 

immersion temperature. A similar approach, considering a time-dependent diffusivity, can be found in 

[14]. Also, Yeh et al. [15] showed that diffusion in a cyanate ester resin features two stages. Authors have 

shown that, for this material, the first stage of absorption is fickian followed by a second stage that is 

characterized by a decreasing diffusion coefficient with time. 

In the present work, the influence of hygrothermal aging on the mechanical behavior of injected 

polypropylene (PP) reinforced with short hemp fibers is studied at different stages of water absorption. 

Correlations between experimental, analytical and FEA water absorption results are presented for 

specimens that have been immersed in water at 4 different temperatures.  

2 Specimens and testing procedure 

2.1 Material 

The specimens tested were made of hemp/PP granules with a 30% reinforcement weight fraction, supplied 

by AFT Plasturgie. (Figure 1a). Compounds were injected at the temperature of 200°C with a 

thermoplastic injection machine, with a 100 tons capacity in the mold closing force (Figure 1b). Dumbbell 

shaped tensile specimens were molded in conformity with ISO 294 standard (Figure 1c). Specimen central 

zone dimensions are 150mm (length), 10mm (width) and 4 mm (thickness). For comparison, specimens 

made of pure polypropylene were also fabricated in the same conditions and with the same dimensions. 

 

Figure 1: (a) Hemp/polypropylene granules, (b) Electric injection machine, (c) Injected tensile specimens 

 

2.2 Tensile strength tests 
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All quasi-static tests were performed according to the ASTM D 3039 standard, with a crosshead speed of 

2 mm/minute on a 4206 Instron machine with a load sensor calibrated in the range of 0 to 10 kN. The 

strains were measured by a mechanical extensometer and recorded with a frequency of 10 Hz.  

2.3 Wettability tests 

The ability of water to spread on a material is referred to as wettability, which has been source of interest 

for a long time [16].  Wettability of a surface is associated with the contact angle that results from the 

equilibrium of a drop resting on it under the action of surface tensions as illustrated in Figure 2.  

 

Figure 2: The contact angle (a) Measuring system (b) Zoom on a drop (c) Definition. 

The contact angle θ is defined as the angle between the tangent to the profile of the drop and the surface 

around the contact circle. Analyzing the nature of the interaction between the liquid and the solid, either 

for polar and non-polar liquids, allows assessing if the surface of a given material is more or less 

hydrophilic or hydrophobic [16, 17]. Indeed, for θ between 0° and 180°, it appears that: 

 If θ = 0°, wettability of the surface is maximum, which means that the liquid wets the solid 
completely. 

 If  θ < 90°, the liquid partially wets the solid. In this case the liquid mostly wets the solid (mostly 
wetting).  
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 If 180° > θ >90°, wettability is low and the liquid mostly non-wets the solid (mostly non-wetting). 

 If θ = 180°, wettability of the surface is null (complete non-wetting). 

Thus, when the contact angle θ < 90°, the solid surface is considered hydrophilic and when θ >90°, the 

solid surface is considered hydrophobic.In order to assess the hydrophilic behavior of the studied material, 

we made contact angle measurements on both raw and polished surfaces of 5 samples. 

2.4 Moisture absorption tests 

Absorption tests were done in thermostated distilled water baths in accordance with the ASTM D570-98 

standard test method. At first, all specimens were oven dried at 75°C to remove any residual moisture that 

may be present in the material. Drying has been applied until the mass of specimens remained constant. 

Then the specimens were immersed in baths at 20°C, 40°C, 60°C and 80°C in order to study the water 

uptake with time. The samples were weighed daily with a mg precision balance. For each temperature, a 

batch of ten specimens were aged in order to measure the evolution of moisture content as a function of 

time t . The effects of moisture content on the degradation of the composite mechanical properties have 

been measured through regular tensile tests on pairs of specimens, from the beginning of moisture 

absorption until saturation.    

3 Experimental results 

3.1 Effect of moisture on tensile strength  

Figure 3 shows sets of stress-strain plots of specimens previously immersed at 20°C, 40°C, 60°C and 

80°C at different stages of along moisture absorption.  
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Figure 3: Typical stress-strain curves for different mass gains at (a) 20°C, (a) 40°C, (a) 60°C, (a) 80°C. 

For each immersion temperature, the corresponding relative weight gain, in percentage, until saturation is 

evaluated. The relative weight gain with time  tM  is calculated using relation (3), in which )(tm  and 

0m  represent the specimen’s mass along moisture absorption and the specimen’s mass before immersion 

respectively. 










 


0

0)()(
m

mtmtM                   (Eq. 3) 

Of course,  tM  globally increases and its highest value is reached at saturation. Once saturation is 

achieved,  tM  remains constant (around 8% for all immersion temperatures as shown in Table 1). 

 Specimen type 

T  
(°C) 

Dmean 

(10-12m2/s) 

M(t) 
(%) 

E 
(GPa) 

σmax  
(MPa) 

σult  
(MPa) 

εult  
(%) 

Unaged PP 20 -- 0 0,99 -- -- -- 
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Unaged hemp/PP 20 -- 0 3,13 32,9 31,6 3,96 

Aged hemp/PP 

20 

 

 

0.13 

2,03 2,68 30,1 29,2 3,88 

4,01 2,16 25,9 25,0 4,44 

6,98 1,45 26,0 25,0 8,58 

8,12 1,61 26,8 25,7 8,22 

40 

 

 

0.24 

2,10 2,50 28,9 28,0 5,05 

4,11 2,04 25,5 24,6 4,89 

6,06 1,61 25,3 23,9 6,98 

7,82 1,37 23,7 21,8 8,14 

60 

 

 

1.56 

2,07 2,47 29,2 28,4 4,94 

4,01 1,99 27,7 26,6 5,80 

6,16 1,46 25,0 23,5 7,77 

7,98 1,44 24,1 23,0 8,27 

80 

 

 

4.32 

2,58 2,20 29,3 28,2 6,03 

4,57 1,80 25,4 23,8 7,10 

6,45 1,37 22,7 21,3 9,35 

7,58 1,32 23,8 22,5 7,93 

Table 1. Average mechanical properties of specimens at different moisture absorption levels and 

temperatures. 

Tensile tests on unaged (after oven drying and before immersion) bio-based and pure PP specimens at 

23°C after being warmed at 75°C for 48 hours, were also performed as reference to assess the influence of 

moisture absorption on specimens Young’s modulus E , maximum tensile stress  max , ultimate tensile 

stress ult  and ultimate strain ult .  

The materials mechanical properties measured at each stage of moisture absorption and for each 

immersion temperature T  are listed in Table 1. It is important to note in Table 1 that unaged specimens 

added with 30% fibers in weight show a Young’s modulus that is over three times higher than Young’s 

modulus of unaged pure PP ones (3.13 Gpa compared to 0.99 Gpa).  

Overall, the evolution of plots in Figure 3 illustrates and quantifies the degradation of mechanical 

properties as the moisture absorption increases. It also shows that the behavior of specimens converges to 

that of the pure PP ones. These curves show a decrease of specimens Young’s modulus, maximum stress 

and ultimate tensile stress along moisture absorption. Conversely, ultimate strain increases with the 

moisture content, which is not surprising. Absorption of moisture by the material caused by the hydrophily 
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of vegetal fibers results in the degradation of the hemp/PP interface, which leads to discontinuity in the 

load transfer. This phenomenon justifies the tendency shown by hemp/PP specimens, as the water uptake 

increases, towards getting closer to the behavior of pure PP specimens. Furthermore, the curves clearly 

show that temperature has a significant effect on the decrease of mechanical properties. The higher 

immersion temperature is, the closer to the behavior of non-reinforced thermoplastic samples is that of 

bio-based composites.  

Interpolated surfaces showing the evolution of E , max , ult  and ult  as functions of bath temperature 

and moisture absorption are plotted in Figure 4. The test results on unaged hemp/PP specimens are taken 

as reference (Table 1) and the decrease of mechanical properties (in %) is evaluated with respect to these 

unaged hemp/PP specimens. Overall, as mentioned above, these surfaces exhibit a relative loss for E , 

max and ult and a relative increase for ult . 

The surfaces are relatively smooth due to a low dependency to immersion temperature. The trends are 

monotonic until the peak is reached. However, maximum values do not necessarily correspond to the 

saturation point, especially for ult . The decrease of Young’s modulus E  reaches 49% and 58% at 

saturation for specimens that have been aged at 20°C and 80°C, respectively. For max and ult , this 

decreasing trends are similar since they respectively attain 31% and 33% at saturation. For both tensile 

strength and tensile modulus, these results very similar to those measured in [4, 6] for a 

hemp/polypropylene composite with a 40% hemp reinforcement weight fraction (if compared with 30 % 

in our case). Besides, ult  increases until 136% of the strain of unaged hemp/PP. As shown in Table 1, the 

ultimate strain ult for pure PP specimens could not be measured due to the limited stroke of the testing 

machine. 
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Figure 4: Surface graphs of relative a) tensile modulus loss, b) maximum stress loss, c) ultimate stress 

loss and d) ultimate strain gain as a function of mass uptake and immersion temperature. 

3.2 Wettability of the material 

As introduced in section 2.3, hydrophilic behavior of the studied material is assessed through the 

measurement of the contact angle for 5 raw and polished samples. Wettability results are listed in Table 2 

for the 5 samples. It appears that the mean value of the contact angle for raw samples is 89.48° (θ ≈ 90°). 

This means that raw surfaces of the material show partial wetting. It can be noted that wettability is quite 

lower for the two first samples. The mean value of the contact angle for polished samples is 73.71° (θ < 

90°). Consequently, wettability is higher for polished surfaces and the mean decrease of the contact angle 

is around 16° if compared with raw samples. This means that, as expected, polishing increases the surface 

wettability for this material. The surface is more hydrophilic after polishing because more hemp fibers are 

in contact with the exterior, which makes that the surface is more likely to diffuse liquid to the interior of 

the material. Overall, these results show that wettability of raw samples is quite low. This suggests that 

moisture absorption tests should take a long time, especially at room temperature. 
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Sample # 
Contact angle (°) 

Raw surface Polished surface 

1 96,05 74,37 

2 92,35 64,16 

3 86,35 79,34 

4 86,99 74,19 

5 85,64 76,48 

Mean value 89,48 73,71 

STD DEV 4,05 5,12 

Ratio 0,05 0,07 

Table.2. Contact angle measurements. 

3.3 Moisture absorption 

The evolution of moisture absorption as a function of the square root of time (expressed in days) for the 

immersed specimens at 20°C, 40°C, 60°C and 80°C is presented in Figure 5. 

 

Figure 5: Typical relative moisture uptake as a function of the square root of time for aged samples. 

It clearly appears that water diffusion depends on time and on water temperature. The curves slopes are 

inversely proportional to bath temperatures. The higher the immersion temperature, the steeper the slope 

is, which means a faster diffusion of water inside the material, which is consistent with results presented in 

[4]. This can be explained by the outbreak of several types of diffusion with increasing temperature that 
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accompanies the rapid degradation of fibers and of the fiber-matrix interface [2]. Slopes of these 

absorption curves clearly highlight a non-linear initial trend of the absorption curve as a function of the 

square root of time. This trend confirms results that are presented in [6] for   hemp/glass fiber hybrid 

polypropylene composites with different glass fiber content. Thus the behavior associated to moisture 

absorption in this material is not fickian and it suggests that the actual uptake could be modeled using a 

variable diffusion coefficient D  as proposed in [1, 13, 15]. The mean values of diffusion coefficients are 

presented in Table 1 for the 4 immersion temperatures. These values are between 0.13 10-12 to 4.32  10-12 

m2/s, which can be compared with results presented in [4] for a hemp/polypropylene composite with a 

40% hemp reinforcement weight fraction (if compared with 30 % in our case). The values measured in [4] 

are higher, which is consistent with the fact that the reinforcement fraction is higher. The equilibrium 

moisture content at saturation is around 8%. It is also consistent with the equilibrium moisture content at 

saturation (around 8.5%) presented in [4, 6], since in our case the reinforcement weight fraction is lower. 

Also, the saturation level depends on water temperature and it seems globally higher at lower temperatures 

(Table 1). The difference for minimum and maximum temperatures (20°C and 80°C) is around 7%. This 

trend is again very similar to that presented in [4].  

For information, the reach of specimen saturation is time consuming, especially for low immersion 

temperatures. For example, more than one year was needed to reach saturation for samples immersed at 

20°C.  

3.4 Comparison test/model 

The experimental results obtained for moisture absorption with time have been compared to simulation 

models derived from Fick’s equation (Eq. 2).  

3.4.1 Analytical solution of Fick’s equation 

A first model is considered by assuming that, due to the specimen dimensions, the moisture diffusion 

mainly occurs along specimen’s thickness h (4 mm in our case). This allows the use of a one-dimensional 

form of Fick’s equation, which can be solved analytically [8, 18]. Thus the analytical solution gives the 

evolution of the relative weight gain as a function of time )(tM  
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In this solution, sM is the relative weight gain at saturation (when t ). 

Relation (4) can be considered as a first approximation for thin specimens. In the present study, this 

analytical solution is first used for comparison with experimental data and FEA results. However, its 
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principal interest is for setting up of the parameters of a new model that features a variation of the 

diffusion coefficient D , as presented in section 4.  

The experimental and analytical evolutions of water absorption with time for a specimen immersed in 

20°C, 40°C, 60°C and 80°C water as a function of the square root of time are compared in Figure 6. 

  

Figure 6: Experimental results of water isothermal diffusion compared with an analytical solution based 

on a purely fickian diffusion for temperatures 20 °C, 40 °C, 60 °C, and 80 °C. 

Overall, the analytical evolution of water absorption with time exhibits the same increase trend than the 

experimental data. Of course, analytical and experimental results tend to the same saturation level. 

However it can be noticed that analytical results do not correlate with experimental data all along the 

absorption. This difference can be explained by the fact that the actual behavior of moisture absorption in 

this material cannot be considered as purely fickian. Moreover, as introduced in the previous section, the 

shape of these experimental curves suggests that the actual diffusion coefficient D is not constant and that 

it increases during the absorption process. 

3.4.2 FEA solution of Fick’s equation 

FEA [19] has shown great capabilities in solving many problems, among witch mass (in this case 

moisture) diffusion. Even if a few FEA commercial packages allow solving the 3D version of Fick’s 

equation (equation 2) explicitly [18], a common way of doing it is using the analogy [8, 20] between 

Fick’s equation and the equation governing heat transfer [21]: 
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Practically, using a thermal-diffusion analogy is a very interesting option since the great majority of 

commercial and open source FEA solvers feature heat transfer modules. In this work, we used such an 

analogy and solved Fick’s equation using a commercial heat transfer FEA solver [22]. In this analogy, 

temperature T is thus equivalent to moisture concentration C and thermal diffusivity α is equivalent to the 

diffusion coefficient D. The only restriction in doing such an analogy is that both moisture and 

temperature diffusion cannot be solved together. In our case, due to the fact that moisture diffusion is 

extremely slow, the temperature can reasonably be considered as constant with space coordinates and 

time, for the specimens and also for the thermostated water used for immersion. Thus, heat transfer has no 

effect on our experiments and the thermal analogy can be used.  

3.4.3 FEA boundary conditions and elements  

The FEA model used (see Figure 7) takes advantage of the fact that the geometry of specimens features 3 

planes of symmetry, which allows only modelling and meshing one eight of specimens.   

In this FEA model, these planes of symmetry are modelled using zero-flux boundary conditions (BCs) as 

shown in Figure 7a. The initial distribution (at 0t ) of moisture concentration ),,,( tzyxC  inside the 

material is taken as 0)0,,,( zyxC (except for the faces that are in contact with immersion water as 

explained just below). This assumption states that the initial moisture concentration can be neglected with 

respect to moisture uptake after immersion. Since the geometry is very simple, 8 nodes linear hexahedrons 

can easily be used to mesh it automatically, as illustrated in Figure 7b. As introduced above, the mesh 

represents one eight of the specimens due to symmetry. It features 38 400 linear hexahedrons and 42 525 

nodes. Also, Figure 7b shows that the element size distribution has been adapted and optimized to obtain 

accurate FEA results in less CPU time. Indeed, refined layers of elements have been used close to the 

exterior faces, which means close to BCs representing the contact with immersion water. These BCs (see 

Figure 7a) are classically applied [18] as an imposed concentration satC that corresponds to the 

maximum concentration reached once saturation occurs. Refined layers of finite elements used close to 

these BCs actually contribute to improve the accuracy of FEA simulations because the maximum 

concentration gradient occurs close to the contact with water, as shown in Figure 8. Indeed, Figure 8 

shows the evolution of moisture concentration versus time across the full section of a specimen that has 

been immersed in water at temperature 20º C, as calculated with such a FEA simulation.  
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Figure 7: The FEA model, (a) BCs (b) mesh. 

 

Figure 8: FEA results for the concentration across a section of a specimen along immersion (20º C). 

3.4.4 Computing the weight uptake from FEA results  

Once taken into account the thermal-diffusion analogy, the raw result provided by the FEA solver is the 

transient evolution of moisture concentration ),,,( tzyxC  as an interpolation of nodal values calculated 
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on the FEA mesh. The comparison with experimental results and with the analytical model presented in 

section 3.4.1 requires calculating the relative weight gain at time t )(tM from the field ),,,( tzyxC .  

)(tM  is basically obtained by integrating ),,,( tzyxC  over the specimen volume V: 

 
V

dxdydztzyxC
m

tM .,,,.1)(
0

                      (Eq. 6) 

This integral is calculated from the interpolation of FEA nodal results across each finite element using a 

Gauss-Legendre quadrature [19]. Since, as introduced above,  the initial distribution (at time 0t ) of 

moisture concentration is considered as 0),,,( tzyxC , it implies that the initial moisture uptake is 

considered as 0)0( M .   

The experimental and FEA evolutions of water absorption with time for a specimen immersed in 20°C, 

40°C, 60°C and 80°C water as a function of the square root of time are compared in Figure 9.  

 

Figure 9: Experimental results of water isothermal diffusion compared with FEA simulations based on a 

purely fickian diffusion for temperatures 20 °C, 40 °C, 60 °C, and 80 °C. 

Like in the case of the analytical solution, the moisture in both cases exhibits the same increase trend and 

FEA and experimental results tend to the same saturation level. Also, for the same reasons as introduced 

in the previous section, FEA results do not correlate with experimental curves along the absorption, which 

confirms that the actual behavior of moisture absorption in this material cannot be considered as fickian 

and that a new model with a varying diffusion coefficient D should be considered. 
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4 A new non-fickian model 

4.1 Variation of the diffusion coefficient 

The observation of experimental results indicates that the diffusion kinetics studied is not fickian and by 

the way, experimental results of diffusion cannot be represented using equation (2) with a constant 

diffusion coefficient D. Indeed, when diffusion is purely fickian, the slope of the absorption curve is 

constant and coefficient D can be estimated from this slope between time t1 and t2 using [23, 24]: 
2

12

12
2

s tt
MM

M4
hD





























          (Eq. 7) 

In this equation, M1 and M2 represent relative weight gain at times t1 and t2 respectively, Ms is the relative 

weight gain at saturation and h is the specimen thickness. 

The curves illustrated in Figure 5 suggest that, in our case, coefficient D varies along the process since this 

slope in not constant. This variation can be explained considering physical and chemical phenomena 

occurring along water penetration inside the composite. In the literature, several authors have studied the 

absorption of water by natural fiber composites. The exposure to water of a composite reinforced by 

natural fibers, known for their hydrophilic nature, causes swelling in the fiber which causes micro cracks 

in the matrix and then the separation of the fiber-matrix interface, thereby creating additional passages for 

the water particles which increases the rate of water penetration [25, 26]. Therefore, we propose replacing 

the constant diffusion coefficient D in Fick’s equation, by a new coefficient that varies with time. Also, 

we propose to model the variation of this diffusion coefficient with the water immersion temperature T. In 

this objective, we used the analytical solution introduced in section 3.4.1 to setup a model for the variation 

of diffusion coefficient ),( tTD . By doing that, we found that the following form of equation leads to a 

very good correlation with experimental results:    
2).(

0 )(),( tTeTDtTD                                                  (Eq. 8) 

In this new model D0 represents the initial diffusion coefficient (the initial slope of absorption curves) and 

ω is a corrective coefficient. As stated in equation 8, both D0 and ω vary with water immersion 

temperature. The variation of these coefficients with immersion temperature can be derived from 

experimental data presented in section 3.3 for each temperature.  

Figure 10 shows that the variation of the initial diffusion with water immersion temperature is consistent 

with Arrhenius equation [27] since )( 0DLn  as a function of 
T
1 (with T in Kelvin) is linear. Thus D0(T) 

can be expressed as: 












RT
Ea

edTD
  

00 )(                                            (Eq. 9) 
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where 

 d0: index of water permeability in the material  

Ea: activation energy for diffusion 

R: ideal gases constant  

T: immersion temperature (expressed in Kelvin) 

 

Figure 10: Variation of Ln(D0 ) with the inverse of immersion temperature (Kelvin). 

From the approximation shown in Figure 10 on our experimental data, we obtain the following result for 

)( 0DLn and 0D :  

 
T

TDLn 36.638846.8)(0   











 TeTD
36.6388  

4
0  10  12.2)(                    (Eq.10) 

Then, from the approximation shown in Figure 11, we obtain the evolution of ω (in s-2) with water 

immersion temperature T (also with T in Kelvin): 
 TeT   081.025 10  5.64 )(                       (Eq. 11) 

Consequently, the new diffusion coefficient model ),( tTD  finally writes as follows (for T in Kelvin and t 

in sec): 

 












T- et  
T

.

  eD(T,t)
  081.0225  1064.5366388  

410  12.2        (Eq. 12) 
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Figure 11: Variation of ω with immersion temperature (Kelvin). 

Table 3 summarizes the values of parameters Ms, D0, ω, R, d0 and Ea obtained for each water immersion 

temperature. As expected, for all immersion temperatures, values measured for the initial diffusion 

coefficient D0 are lower than those of the mean diffusion coefficient Dmean as summarized in Table 1.  

T (oC) 20 40 60 80 

Ms (%) 7.56 7.85 7.57 7.58 

D0 (10-12 m2/s) 0.075 0.298 0.926 3.150 

ω (10-15 s-2) 3.9 51.6 267.9 1338.2 

R (J/mol K) 8,31 8,31 8,31 8,31 

d0 (10-5 m2/s) 21.2 21.2 21.2 21.2 

Ea (J/mol) 53 116 53 116 53 116 53 116  

Table.3. Diffusion parameters at different temperatures obtained from experimental data. 

4.2 Comparison with experimental data  

Figure 12 illustrates the comparison between experimental results and simulation results obtained using 

the analytical solution of the diffusion equation (see equation 4) inside which is introduced the model 

presented in the previous section for D(T,t) .  
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Figure 12: Experimental results of water isothermal diffusion compared with the new analytical model of 

diffusion for temperatures 20 °C, 40 °C, 60 °C, and 80 °C.  

It appears clearly that, for the four water immersion temperatures considered, the correlation is much 

better than when using a constant diffusion coefficient. It must be reminded that the analytical model is 

based on solving a one-dimensional form of Fick’s equation. The next step consists of applying the new 

model for D(T,t) in the FEA simulations introduced in section 3.4.2. Indeed, the FEA solution is based on 

a 3D version of Fick’s equation and thus results obtained with FEA are expected to better fit experimental 

data. Figure 13 shows the comparison between the experimental results of hydrothermal aging, at the 4 

temperatures considered, with FEA simulations, using this new model for D(T,t) . These results illustrate 

that, as expected, the correlation with experimental data is much better than when using a model with a 

constant diffusion coefficient, and this for the 4 water temperatures considered. It also illustrates that, as 

expected, the correlation with experimental data is better when using a 3D version of Fick’s equation 

(with FEA) than when using its one dimensional version (with the analytical solution).    

5 Conclusion  

In this contribution, the kinetics of moisture diffusion and the associated degradation of mechanical 

properties in a polypropylene (PP) composite reinforced with short hemp fibers are studied. It shows that 

the degradation of mechanical properties, as the moisture absorption increases, makes that the behavior of 

specimens converges to that of pure PP ones. Also, immersion tests in isothermal baths filled with distilled 

water at different temperatures have been conducted and it appears that the absorption process is always 



- 20/21-  

 

non-fickian since the first stage of diffusion over the square root of time is clearly nonlinear. For the 4 

immersion temperatures studied, the diffusion coefficient increases with time through an exponential law. 

A new model, based on the introduction of a variable diffusion coefficient in Fick’s diffusion equation, 

has been successfully considered. Experimental results also show that the diffusion coefficient strongly 

depends on water temperature, and therefore, the time required to reach saturation also strongly depends 

on water temperature. 

 

Figure 13: Experimental results of water isothermal diffusion compared with FEA simulations based on 

the new model of diffusion for temperatures 20 °C, 40 °C, 60 °C, and 80 °C. 
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