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Abstract 

Silane (Si) and styrene (S) treatments were applied on flax fibres in order to improve 

their adhesion with a polyester resin and to increase their moisture resistance. The water 

sorption and permeation kinetics of the composites were correlated with the water 

sorption behaviour of untreated and treated fibres. An increase of the water barrier 

effect was observed in treated fibres-based composites in comparison with untreated 

ones. This was related to the shift-down of water solubility and to a decrease of the 

water diffusivity in treated fibre-based composites. In the case of (S) treatment, the 

presence of styrene increased the moisture resistance of the treated fibres and made 

compatible the fibres and the matrix. In the case of (Si) treatment, a good hydric 

fibre/matrix interface was obtained due to crosslinking reactions and hydrogen bonding 

between water molecules and free hydroxyl groups of (Si) treated fibres. In order to 

interpret water permeation behaviour of composite films, a simple illustrated model is 

suggested and represented by a schematic view. 

Keywords: A. Fibres; A. Polymer-matrix composites (PMCs); B. Interface ; B. 

Transport properties; C. Permeability. 
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1. Introduction 

 
Cellulosic fibres originating from plant stem are mainly composed by polysaccharides 

and consequently are highly hydrophilic. The great moisture sorption of natural fibres 

adversely affected adhesion with hydrophobic matrix leading to premature ageing by 

degradation and loss of strength [1,2,3]. Understanding the water diffusion mechanisms 

in these materials is essential for the improvement of the adhesion quality. Moreover, 

water absorption in the fibre/matrix interface has been identified as one of the main 

long-term effects leading to the reduction of mechanical properties through interfacial 

cracking in polymer matrix of composite materials [4]. To prevent this phenomenon, 

fibres should be chemically modified in order to increase the moisture resistance and to 

improve matrix/fibre adhesion. In literature, several authors had reported on chemical 

modifications of cellulose [5]. Different chemical molecules had been grafted on fibres 

such as stearic acid [6,7], maleic anhydride [8,9], sodium hydroxide [10,11,12], acetic 

acid/anhydride  [10,11,12], isocyanates [13,14] and silanes [15,16,17]. Kinetics of  

water sorption in phenol-formaldehyde based-composites reinforced with oil palm 

fibres, glass fibres and oil palm/glass hybrid fibres were investigated by Sreekala et al. 

[18]. They analysed the behaviour of composites after modification on the fibre surface 

by sodium hydroxide solution, peroxide, silane, isocyanate, or permanganate… They 

showed that void formation induced the decrease of the fibre/matrix interactions and 

thus enhanced water sorption of composites. 

In the course of our studies on water-barrier properties of polymeric films [19,20], as 

well as on water-sorption properties of natural fibres [21,22], we focused on interface 

behaviour of composites [23,24]. The aim of this study was to investigate the hydric 

interface in unsaturated polyester matrix reinforced with flax fibres. Two different 
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treatments were applied on fibres: 1) styrene treatment (S) [21] and 2) silane treatment 

(Si) [25]. To analyse how flax fibre behaviour towards water molecules might impact 

the properties of composites, water sorption and permeation measurements were 

performed on composites and analysed by taking into account the water vapour sorption 

results obtained from treated fibres [22]. 

 

2. Material and Methods 

 
2.1.  Flax fibres 

Flax fibres (Hermes variety of the year 2004) were provided by Dehondt Technology 

Company (Notre-Dame de Gravenchon, France). As previously described [22], they 

originated from the middle part of the retted stems and were provided as scutched 

technical fibres. They consisted mainly of elementary fibres gathered into small group 

whose average diameter had been estimated to 85 ± 20 µm (n = 2000). This average 

diameter has been determined by optical microscopy for 100 technical fibres whose 

mean diameter was calculated from 20 measures taken along the length. 

 

2.2.  Organic matrix 

Unsaturated polyester resin (UPR) Norsodyne G 703 was provided by Cray Valley 

(Gravigny, France). UPR consisted of anhydrid maleic (15 % mol/mol), isophthalic acid 

(15 % mol/mol), propylene glycol (30 % mol/mol) and styrene (40 % mol/mol) as 

grafting agent.  

 

2.3.  Chemical treatments of flax fibres 
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Before the treatment, the technical fibres (2 g) were dried overnight in a convection 

oven at 60°C. After each treatment, the fibres were dried and stored at room 

temperature. 

 

2.3.1. Styrene (S) 

The fibres were treated in a 50 cm3 solvent mixture of toluene/styrene (Aldrich, 99%) 

45/5 v/v and 0.12 mg benzoyl peroxide (Fluka, 97 %) for 3 h at room temperature and 

for 3 h at 80°C. No washing was performed after the treatment in order to optimise the 

compatibility between the fibres and the matrix (styrene, being the solvent of the 

matrix). 

 

2.3.2. Silane (Si) 

The treatment of fibres with γ-methacryloxypropyltrimethoxysilane (Si) (Acros, 98 %) 

(0.05 M) was carried out in 80/20 v/v ethanol/water (40 cm3) for 24 h under nitrogen 

atmosphere and heated at 100°C for 4 h in order to promote the chemical coupling. 

After the treatment, fibres were washed in an ethanol/water (80/20 v/v) solution at room 

temperature. 

 

2.4.  Preparation of the composites 

The UPR was hardened via a radical process. The cobalt octoate accelerator solution 

(0.2 % w/w) was first mixed with the resin (2 min) and the solution was out gazed under 

vacuum (5 min). Then, the methylethylketone peroxide initiator solution (1.5 % wt.) 

was added to the mixture (2 min). The composite materials were prepared by pouring 

the UPR (in liquid state) onto one layer of technical fibres (~ 45 % wt.) undirectionally 
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strectched in a steel built mould (Figure 1). The composite (in the mould) was placed 

under press (15 MPa) at ambient temperature for 24 h in order to obtain a calibrated 

thickness (400 ± 60 µm). This thickness value was chosen as the maximum to run 

permeation experiment in a reasonable time. Then, the composite was post-cured at 80 

°C (for 6 h) and at 130 °C (for 2 h) to ensure a maximum conversion of styrene and to 

have an optimal resin reticulation [26]. The micrograph in Figure 2 showed a typical 

geometry of the composites with a relatively even distribution of the fibres within the 

matrix width. On the other hand, the one layer of technical fibres remained rather 

localised in the middle of the matrix depth and completely embedded in the matrix (4 

over 5 cases, as seen by scanning electronic microscopy, data not shown).  

 

2.5.  Liquid water sorption measurements 

Liquid water sorption tests were carried out on the UPR matrix and composite films. All 

the specimens (30 x 25 x 0.5 mm3) were dried before testing in desiccators containing 

pentoxide phosphorus. After some days, they were removed and weighted with an 

accuracy of ± 0.0001 g using an Ohaus Explorer balance. This cycle was repeated until 

a constant mass (Md) was obtained. Then, the films were immersed in distilled water at 

20°C. At fixed time intervals they were removed, cautiously dry blotted to remove 

water excess, weighted and immersed again in water. The uptake of water was recorded 

until there was no significant change in weight, i.e. equilibrium was reached (Mw(eq)). 

The experiment took about 50 h for the resin and 300–400 h for the composites. 

The equilibrium mass gain M (gwater/gmatter) was defined by the ratio of the difference 

between wet Mw(eq) and dry mass Md to dry matter mass: 
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2.6. Water permeation measurements 

Water permeation tests were carried out on the UPR and composite films using the 

permeation apparatus previously described [19]. The apparatus consisted of a 

measurement cell (flushing by dry nitrogen) and a hygrometric unit as the sensor 

(chilled mirror hygrometer, General Eastern Instruments, MA, USA). The film under 

test was inserted in the cell (effective area A = 1.68 cm²) and dry nitrogen was flushed 

into both compartments for many hours (at least 20 h) until a dew point temperature 

lower than 65 °C was obtained. After this dry step, a stream of liquid water was pumped 

through the upstream compartment. The water concentration in the initially dry 

sweeping gas was monitored in the downstream compartment via the hygrometer and a 

data acquisition system. The flux of water vapour J(L,t) (in mmol.cm-2.s-1) at t time at 

the dry interface was obtained from: 

6 ( )( , ) 10
out in

t
f x x

J L t p
A R T

−−−− −−−−= ⋅ ⋅ ⋅= ⋅ ⋅ ⋅= ⋅ ⋅ ⋅= ⋅ ⋅ ⋅
⋅⋅⋅⋅

   (Eq 2.) 

where L is the film thickness (cm), t the time (s); f the nitrogen gas flow  (cm3.s-1), pt the 

total pressure usually 1 atm, R the ideal gas constant (R = 0.082 atm.cm3.K-1.mmol-1) 

and T the temperature (K) of the experiment. The water concentration x (in ppmV) was 

calculated from the water vapour pressure p, which was directly related to the sweeping 

gas dew point temperature Tdp at the inlet (xin) and the outlet (xout) of the cell [23].  

All the water permeation tests were carried out at 298K. 

For each material tested, the steady state was reached and was quantified by a value 

Jst.L. From the knowledge of the stationary flux Jst, the values of the permeability 
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coefficient P (usually expressed in Barrer = 10-10 cm3(STP).cm.cm-2.s-1.cmHg-1), were 

determined according to 

.st

W

J L
P

a
====

∆∆∆∆      (Eq 3.) 

where L is the thickness of the composite film and ∆aw the difference in activities 

between the two faces of the film. Bearing in mind that composite films were not 

homogeneous materials, the calculated permeability coefficient represented a mean 

value of the permeability.  

Using reduced flux (J·L) with the reduced time t/L², the data can be analysed 

independently of the material thickness, L [27]. These measurements allow to show the 

influence of the chemical treatments on the water diffusivity. Because of the 

heterogeneous structure of the composite material, the Fick’s laws cannot be applied to 

determine a diffusion coefficient. Consequently, the diffusion parameter was 

approached looking at 3 characteristic values of time delay taken at the beginning, 

middle and end of the transient regime curve, defined as: 1) the drilling time, td, 

(calculated for J = 0.01·Jst), 2) the time-lag, tL, (for J = 0.617·Jst) and 3) the 

establishment time, te, (for J = 0.99·Jst) [28]. 

It should be mentioned that the permeability not depends only on the diffusivity, the 

kinetic parameter, but also on the solubility, the thermodynamic parameter. The 

solubility coefficient S (expressed in cm3(STP).cm-3.(cmHg)-1) is given by the following 

relation [29]: 

W

CS
a

====      (Eq 4.) 
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where C is the concentration in the composite and aw the water activity in the 

environment of the sample.  

 
3. Results and discussion 

 
3.1. Liquid water sorption in matrix and in composites 

As shown in Figure 3a, the mass gain of the UPR matrix was around 1 % of water. 

After 300 h, the water sorption of composites reinforced with 40 % (wt/wt) of untreated 

flax fibres was increased to � 6 %. When the composites were composed of treated 

fibres (for similar amount of fibres), the water sorption was found in the range of 5-6% 

meaning that the moisture resistance was enhanced. Similar measurements on 

composites composed of an unsaturated polyester matrix reinforced by hemp fibres  

showed that the mass gains were 3 to 11 % for fibre contents of 10 to 26 % (wt/wt) and 

that the moisture uptake increased with the fibre volume fraction due to increased voids 

and hydrophilic polysaccharide content [30]. 

In a previous paper [22], from the equilibrium state of water vapour kinetics, sorption 

isotherms were deduced for untreated, (S) treated and (Si) treated flax fibres. From this 

study, it was interesting to check at which water vapour activity the isolated fibres 

absorbed the same water amount as the one measured in the composite. These mass 

gains were calculated on the basis of the mixture law and from data of Figure 3a and 

reported on the water vapour sorption isotherm curves (inserts). Doing so, the water 

activities extrapolated at the interfaces between matrix and fibres were estimated to be 

0.45, 0.46 and 0.27 when using untreated, (S) treated and (Si) treated fibres, 

respectively. These results pointed out the particular liquid water sorption behaviour of 

composites reinforced with (Si) treated fibres. In other words, it all seems as if the water 
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solubility was lower in composites reinforced with (Si) treated fibres compared to 

untreated and (S) treated ones. Nevertheless, the comparison of the isotherms obtained 

with isolated fibres did not suggest such an affect: (Si) fibre curve was very close to that 

of the untreated fibres [22]. Alternatively, such effect could be interpreted by the role of 

the fibre/matrix interface. The interface might be less hydrophilic due to covalent 

linkages between on the one hand the fibre and silane and on the other hand between the 

unsaturated group of silane and the matrix.  This resulted into a decrease of the volume 

of the interface and hydrogen bounds might be formed between water and silane 

hydroxyl groups. 

In Figure 3b, the variation of the water mass uptake of the composites ∆M/∆Meq was 

represented versus the reduced time t/L² in order to neglect the influence of the film 

thickness. This representation allowed highlighting the water diffusivity phenomena in 

the composite. The presence of fibres reduced the water diffusivity. In the case of 

untreated fibres, the increase of the delay time could be attributed to the presence of 

fibres acting as a tank, able to retain water molecules. “Water tank” effects could 

correspond to the trapping of water molecules into micro and macrovoids of the bundle 

fibres (space between fibres) and inside the single fibres (lumen). The delay effect was 

more marked when the fibres were chemically treated, with styrene especially. This 

result is consistent with the limited sorption obtained with (S) treated fibres [22]. In the 

case of (Si) treated fibres, this phenomenon was due to the improvement of the interface 

fibre/matrix quality. To confirm these preliminary results, water permeation 

measurements were performed. 
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3.2.  Water permeation through matrix and composites 

The introduction of flax fibres in the UPR matrix increased the water permeability 

coefficient due to their hydrophilic nature (increase of the water solubility) (Table 1).  

As shown in Figure 4a, both treatments, (S) and (Si) lead to reduce the permeability of 

flax fibre reinforced composites, especially as the treated fibre contents in composites 

are higher than untreated fibres. From liquid water sorption results of composites, it is 

clear that the reduction of water solubility allows the reduction of the permeability. In 

terms of water barrier effect, (S) treatment was more efficient with a reduction of P of 

75 % than (Si) treatment (68 %) (Table 1). Water barrier-effects had been also observed  

in unsaturated polyester based on flax fibres after autoclave and/or plasma treatments 

but they were less efficient in comparison with ours [23]. 

For the water diffusivity, good indicators were the drilling times, td, the establishment 

time, te, and the time-lag tL and were given in Table 1. The characteristic times td, tL, 

and te obtained with fibre-reinforced composite materials increased compared to the 

UPR results, in particular, when the fibres were chemically treated (see Figure 4b). 

These significant decreases in water diffusivity consisted of an additional factor to the 

reduction of P, together with the water solubility S. Similar tendencies, in terms of 

water diffusivity and permeability, were obtained with UPR/flax fibre-based composites 

before and after plasma treatment [23].  

In order to interpret water permeation behaviour of composite films, a simple illustrated 

model was suggested and represented by the schematic view of Figure 5. From this 

model, the composite material is composed of three domains: matrix, fibres and 

fibre/matrix interface. In terms of water transport, each domain is characterised by a 
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diffusion coefficient D and solubility coefficient S (called Dm, Sm for the matrix, Df, Sf 

for the fibres and Di, Si for the fibre/matrix interface). 

In the case of untreated flax fibre-based composite, the water solubility was found 

higher in the fibre than in the matrix. The water solubility in this interface was closer to 

the one in fibres than the one in the hydrophobic matrix and could partly explain the 

high increase of P. The difference of chemical nature between matrix (hydrophobic) and 

untreated fibres (hydrophilic) induced a weak matrix/fibres interface which can favour a 

percolation phenomenon.  

About composites reinforced by (S) treated fibres, Df and Sf were reduced by the 

treatment as reported previously [22]. This behaviour was optimized due to the 

reduction of water activity at the interface leading to the reduction of Di and Si 

compared to ones of untreated flax fibres based composites. The increase of water 

barrier effect due to (S) treatment could be interpreted as an improvement of the 

fibre/matrix interface quality resulting of a better compatibility with styrenic groups, in 

the hydrophobic matrix (styrene being the grafting agent of the resin) and in the fibres 

(treatment). Consequently, the percolation phenomenon was reduced increasing the 

diffusion pathway of water molecules through the composite and so reduced the 

permeability (stationary permeation flow). Similar results had been obtained with 

UPR/alfa fibre-based composites [24]. The increase of moisture resistance of (S) treated 

fibres (reduction of water sorption) and the improvement of the fibre/matrix interface 

participated to the reduction of the permeability. 

In a previous paper [22], kinetic results of water sorption performed on fibres showed 

that the (Si) treatment did not change their water vapour behaviour. However, for (Si) 

treated fibres based composites, reductions of water permeability and diffusivity were 
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observed, in accordance with liquid water sorption measurements carried out with 

composites. The (Si) treatment impact on water sorption and water permeation of 

composites could be interpreted only by an interface effect. The matrix/fibre interface 

might be improved by crosslinking reactions between unsaturations of grafting silane 

groups and matrix ones (unsaturated polyester chains). Moreover, a hydric interface 

could be generated due to the formation of hydrogen bonds between water molecules 

and the free hydroxyl groups on silane [25], reducing the water mobility. These two 

concomitant effects could explain why the delay time was more increased with (Si) 

treated fibres-based composites than with (S) treated fibre ones.  

 

4. Conclusions 

The results of the present study showed that the use of (S) and (Si) treatments of the flax 

fibres enhanced the water resistance and the permeametric properties of composite 

films. Moreover, our data evidenced a difference in the mechanism of hydric interface 

building. Interestingly, the properties of (Si) treated fibre-based composites where 

specifically acquired during the composite elaboration. On the other hand, the properties 

of (S) treated fibre-based composites mainly depended on the modified fibre behaviour. 

To better understand the influence of chemical treatments on the hydric interfaces, the 

topography of fibre surface and interface transverse section (SEM, AFM 

microscopies...) might be investigated. The hydric interface is linked to the fibre/matrix 

adhesion and hence depends not only on the chemical nature of the different 

components but also on the roughness/smoothness of fibre surface.  

Also, the relationship between hydric and mechanical interfaces might be investigated. 

Indeed, we have previously shown that (Si) treatment improved the mechanical 
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properties of the fibres while (S) treatment might have a negative impact [22]. The 

quality of the interface could be examined by other mechanical methods as 

fragmentation [31], nanoindentation [32,33] and pull-out tests [34].  
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Figure captions  

Figure 1: Composite preparations with a steel home-made mold. 

Figure 2: Pictures of a) Unsaturated polyester matrix and b) Flax fibres composite. 

Figure 3a: Liquid water sorption kinetics of UPR/flax fibres composites correlated to water 

sorption isotherms of fibres. 

Figure 3b: Normalised mass gain of water liquid sorption in UPR and flax fibres based 

composites. 

Figure 4a: Water permeation through UPR and flax fibres based composites. 

Figure 4b: Normalised water permeation flux curves through UPR and flax fibres based 

composites. 

Figure 5: A schematic representation of water permeation phenomenon into UPR/flax fibres 

composites.  

 

Table Captions  

Table 1: Coefficients and characteristic times of water permeability of UPR/flax fibres based 

composites.  
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Table 1: Coefficients and characteristic times of water permeability of UPR/flax fibres based 

composites.  

 

 
Permeability 

(Barrer) 

Characteristic times 

(108 s.cm-2) 

 P td/L² tL/L² te/L² 

UPR 1190 0.02 0.12 0.38 

UPR + Untreated flax fibres (31 %) 7310 0.02 0.21 0.91 

UPR + (S) treated flax fibres (42 %) 1810 0.86 0.99 1.10 

UPR + (Si) treated flax fibres (58 %) 2290 2.67 2.95 3.25 

Barrer = 10
_
10 cm3(STP).cm.cm-2.s-1.cmHg-1  
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Alix et al. Study of water behaviour of chemically treated flax fibres based composites: a 

way to approach the hydric interface 

 
Figure 1: Composite preparation with a steel home-made mold. 
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Figure 2: Pictures of a) Unsaturated polyester matrix and b) Flax fibre based composite. 

 
a) 
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Figure 3a: Liquid water sorption kinetics of UPR/flax fibres composites correlated to water 

sorption isotherms of fibres. 
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Figure 3b: Normalised mass gain of water liquid sorption in UPR and flax fibres based 

composites. 
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Figure 4a: Water permeation through UPR and flax fibres based composites. 
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Figure 4b: Normalised water permeation flux curves through UPR and flax fibres based 

composites. 
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Figure 5: A schematic representation of water permeation phenomenon into UPR/flax fibres 

composites.  

 
 


