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ABSTRACT 

Renewable materials have received a full attention in many applications because they are directly 

derived from earth and their degradability. Natural fiber reinforced composites are innovative 

materials, renewable and also light in weight which make them a good candidate in bio-based 

polymer composites research and development field. It also increases the value and the 

development of local and regional agriculture and textile industries. Among them, flax fibers 

have the best potential to be an environmentally friendly alternative of synthetics fibers in 

polymer composites. But natural fibers are hydrophilic because of the hydroxyl groups in their 

structure. It restricts their application in the polymeric matrices because of poor interfacial 

adhesion and difficulties in mixing due to poor wetting of the fiber with the matrix. To resolve 

these problems, this study tried firstly to functionalize the flax fibers, which improve adhesion of 

subsequent amphiphilic TiO2 thin films created by Sol-Gel technique. The thin film obtained 

from Sol-Gel technique created on the flax fibers was TiO2 in anatase form with the thickness of 

100nm. DSC has been used to characterize the thermal properties of the fibers. Molded 

composite mechanical properties were investigated by tensile test and short beam shear test. 

Electron microscopy (SEM) has been used to characterize TiO2 thin film and microstructural 

fractography analysis.  

1. INTRODUCTION 

1.1 Background of topic 

Nowadays, most of the fiber reinforced polymer (FRP) production is based on synthetic fiber, 

with mineral or petrochemical origins such as glass, carbon and aramid fibers. In recent years, 

interest about renewable materials in industry has increased significantly. Natural fibers (NF) 

have a lot of advantages like a much lower density than traditional synthetic fibers and suitable 

mechanical properties, which make natural fibers a potential alternative to glass fiber in FRP [1]. 

Moreover, the low environmental impact of natural fibers and its biodegradability are two good 

characteristics to create « green » and environmentally friendly materials [2]. Utilization and 

local development of natural fibers in FRP composite galvanize local and regional agriculture 

and the activity of textile industries and will help to decrease the costs of production.  

A lot of different applications for bio-sourced composites can be imagined. Because of their 

good mechanical properties and excellent biocompatibility, biocomposites are widely used for 

medical application, such as bone, tooth, cartilage reparation or implant [3, 4]. In industry, the 

main utilization of natural fiber composites can be found in interior parts of the automotive 

vehicle. Natural fibers composites are also mainly used on interior trims for doors and dashboard 

while wood-plastic composites are molded in rear shelves and trims for trunks. 



2 

 

Among the natural fibers, flax have been shown to be the most competitive and suitable fiber for 

FRP bio-sourced composite materials [5, 6]. They have very good mechanical properties, high 

availability as Canada is the first producer of flax in the word and low density. Natural fibers 

also offer other advantages such as low cost of production and biodegradability (table 1) 

Table 1: Mechanical properties of frequently used synthetic and natural fibers in composite 

materials.  [7-9] 

 

Fibers 

Young 

Modulus    

E (GPa) 

Range of 

Elongation 

A (%) 

Tensile 

strength      

𝛔 (MPa) 

Density (g/𝒄𝒎𝟑) 

Synthetic fibers 

E-Glass 70-73 3 2000-3500 2,54 

Carbone 230-240 1,4-1,8 3530-4000 1,7-1,9 

Aramid 63-124 2,9-3,7 3000-3620 1,4-1,44 

Natural fibers 

Flax 12-85 1-4 600-2000 1,53-3,2 

Hemp 35 1,6 389-900 1,07 

Sisal 9-22 3-7 350-700 1,45 

Ramie 61,4-128 1,2-3,8 400-938 1,56 

Jute 26,5 1,5-1,8 393-773 1,44 

Coconut 4-6 15-40 131-175 1,15 

Cotton 5,5-12,6 7-8 287-800 1,5-1,6 

1.2 Background of the situation 

However, there are some drawbacks which limit the application of natural fiber. First of all, due 

to the growing and harvest conditions, natural fibers have inhomogeneous properties along their 

surface [10]. Then, cellulosic fibers are hydrophilic and therefore have a poor interaction with 

polymers matrices [11]. This results in the creation of weak interfaces between fibers and 

matrices in addition to non-uniformed dispersion of the fibers [12]. Interface controls the load 

transfer between the fiber and the matrix and therefore manage the mechanical properties of the 

composite. The fiber/matrix interface also influences the water uptake of the material and the 

high moisture absorption of the natural fiber can pave the way for swelling and creation of voids 

which leads to a drastic decrease of the mechanical properties [13]. Natural fibers also have a 

low thermal resistance which limits their use under high-temperature processing [14, 15].  

Problems like humidity uptake or poor conditions for interfacial adhesion with matrix could be 

enhanced by treatments on the fiber [16]. Those treatments can be either chemical [17] or 

physical [18]. Recently, textile researchers have used sol-gel technique to coat cellulosic fibers 

especially by TiO2 thin film so as to get an advantage of its photo-catalytic activity [19]. This 

method may be used to make an inter-phase on the surface of fibers. It seems that creation of 

functional groups on the surface of natural fibers (NF) on the one hand can enhance the binding 

of cellulosic surface with the subsequent sol-gel TiO2 thin films via esterification process and on 
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the other hand improves physical and mechanical properties in the interface of fibers and the 

polymeric matrix [20]. 

2. EXPERIMENTATION 

2.1 Material 

Unidirectionnal flax fabrics were provided by FRD (Fibres Recherche et Développement, 

France). According to DSC analysis, fibers were dewaxed and received an alkali treatment. 

Epoxy (Ampreg 22) and bio-epoxy (Super Sap) resins were purchased from CCP Composites 

and BHS Composites. Chemicals (TEMPO, Sodium Bromide, Hydrochloric acid…) used for 

oxidation and TiO2 treatment were purchased from Sigma-Aldrich. 

2.2 Fiber treatments and coating 

Two steps are needed to perform the flax fiber preparation: dewaxing and oxidation. Fibers are 

treated by boiling acetone under reflux for 45 minutes to remove the wax. Then the fibers are 

treated with 5% sodium hydroxide solution while they are immersed in for 0, 20, 30, and 40 

minutes and immediately washed with distilled water. To neutralize the pH, a very diluted citric 

acid solution is added which is followed by a distilled water rinse. Fibers are dried at room 

temperature for 48 hours and then in oven at 70°C overnight. 

Then, alcohol groups on the NF are oxidized to carboxylic groups by using 2,2,6,6,-

tetramethylpipelidine-1-oxyl radical (TEMPO). For 1 g of cellulose, 20 mg (0.13 mmol) TEMPO 

is dissolved in 100 mL distilled water and 483 mg (4.7 mmol). NaBr is added and then 495 mg 

(5.65 mmol) NaClO is added in the solution. HCl is used to adjust pH to 10. Afterwards the 

fibers are immersed in the solution. 

TiO2 thin film is made by sol-gel technic with Titanium isopropoxide (TIP) used as precursor. 

The solution is obtained by adding 0.02 mol of TIP to 50 ml of 2- isopropanol under vigorous 

stirring. Then, 0.01 mol of triethylamine is added to the stirring medium (200 rpm) for 2-3 

minutes. The other solution is prepared by adding 0.3 mol acetic acid and 0.72 ml distilled water 

to 50 ml 2-isopropanol and they are mixed well by using magnetic stirrer (200 rpm). Afterwards, 

the two solutions are mixed under vigorous stirring and with argon purging for 30 minutes until a 

transparent stable Sol is formed. Each single fiber is immersed by dip-coating into the Sol for 30 

seconds and is withdrawn at the speed of 8 cm/min. The samples are put in 70°C preheated oven 

to remove the solvents and then heated to 95°C for 5 minutes to form titanium dioxide. 

2.3 Composite processing 

Flax fiber composite materials were molded from unidirectional flax fabric of three 

unidirectional plies positioned in a way that each ply was parallel to the next one (0o). Composite 

were first prepared by hand layup method with epoxy resin and then bagged under pressure. 

Resulting molded composites were 3 mm thick and contained 30% of fiber by weight. 

2.4 Tensile test 

Tensile test technique is very useful to characterize material properties with simple uniaxial 

tensile test equipment according to ASTM D3039. The Young modulus (E), the Ultimate tensile 
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strength (UTS) and the Yield Strength (Re) can be determined with a single analysis. All the 

tensile tests were performed using an INSTRON 4206 universal testing machine equipped with a 

150 kN load cell. Tensile tests were conducted in displacement control with a crosshead speed of 

2 mm/min. Elongation of the tested composites was measured using an INSTRON 2630-107 

extensometer. More than five samples of each composition were tested. 

2.5 Interlaminar Shear Strength 

Several tests have been done to characterize the interlaminar shear strength of composite 

material. The short beam shear (SBS) method is frequently used in material science. The 

specimen is set on two cylindrical stands and a cylindrical head is moved down toward the center 

of the sample. The load at failure is recorded to characterize the apparent interlaminar shear 

strength (ILSS) of the sample. The span-to-thickness ratio in the short beam shear test was set at 

4. The short beam shear (three-point bending) test was conducted on an INSTRON 4206 

universal testing machine equipped with a 150 kN load cell. The crosshead speed was 1 mm/min 

according to ASTM D2344. More than five samples for each composition were used for testing. 

This method determines the short-beam strength of high modulus FRP such as glass fiber/Epoxy 

or Flax/Epoxy composite. 

2.6 Dynamical Mechanical Analysis 

Composite specimens were tested by Dynamical Mechanical Analysis (DMA) equipped with a 

single cantilever device at temperatures from 0 to 110°C. The storage modulus (E’) at 25oC and 

the glass transition temperature (Tg) before and after oxidation and TiO2 coating were compared. 

All the tests were carried out using a TA Instruments DMA Q800 testing machine. The span 

between the supports was set at 11 mm. The rate of loading was chosen to allow a deflection of 

20 microns and the flexural modulus of elasticity was recorded at temperatures from 0 to 110°C. 

2.7 SEM observations 

SEM analysis was performed by using a Hitachi S-3000N with back scattering at 10 kV to 

perform fractography analysis of composites tested under short beam shear test and determine 

the behavior at the interface. The samples observed in SEM were: (1) TiO2 coated oxidized 

fibers; (2) TiO2 coated non-oxidized fibers; all the specimens were cut and coated with a thin 

layer of gold–palladium by vapor deposit process before SEM analysis. 

3. RESULTS 

3.1 Mechanical properties  

Figure 1 shows the values of elastic modulus for the reinforced composites with TiO2 coated 

oxidized/non-oxidized flax fibers. The results have shown a slight decrease in elastic modulus of 

the oxidized flax reinforced composite which was because of non-selective cellulose oxidation of 

the flax fibers that deteriorated the cell walls. However, grafting of the TiO2 thin film on the flax 

fibers resulted in regaining the modulus meanwhile the non-oxidized TiO2 coated flax reinforced 

composite exhibited 40 percent of increase in young modulus which showed a successful 

grafting of TiO2 thin film on the flax fibers. In addition, the parameters for selective oxidation 

have not been appropriate to create functional groups on the fibers with no imposed fiber 

degradation. 



5 

 

 

Figure 1 : Young Modulus of molded composites. 

Figure 2 shows ultimate tensile strength (UTS) for the reinforced composites with TiO2 coated 

oxidized/non-oxidized flax fibers. UTS of the TiO2 coated flax reinforced composite increased 

3.69 % comparing to the reference (naturally flax reinforced) composite. Although oxidized flax 

fibers reinforced composite showed 24 % decrease in UTS. Grafting the TiO2 thin film on this 

oxidized fiber could almost take back 8% of the initial UTS. Trends of the results are in 

congruity with the young modulus one. In other words, the oxidation degraded the flax fibers 

while TiO2 could reinforce the fibers. In general, the main component that tolerates tensile stress 

is the reinforcement so each treatment which can affect the fibers may have an effect on the UTS 

of the composites. Using Sol-Gel technique in order to create the fiber with a dense thin film of 

TiO2 nano-particles could improve the UTS of the fibers by blunting existing flaws and cracks 

on the surface of the fibers and eventually increased the UTS of the composites. 

3.2 Interlaminar shear strength (ILSS) 

Figure 3 shows ILSS of the composites which were reinforced with naturally flax fibers 

(reference), oxidized flax fibers, TiO2 coated non-oxidized fibers, TiO2 coated oxidized fibers. 

Although the differences in ILSS among the four composites are not significant, these slight 

increases or decreases in ILSS exhibit some phenomena which are directly related to the 

interface properties. The two former composites contain only one interface between the fiber and 

the resin while the two latter composites involve two interfaces (the one between the fiber and 

the TiO2 thin film, and the other between TiO2 thin film and the resin). The results showed that 

Oxidized fiber reinforced composite presented 4% lower ILSS compared to the reference 

composite. This might be justified as the oxidation lowered the wettability of the fibers to the 

epoxy resin so the oxidized fibers expressed a weaker interface between the fibers and the resin. 

The coated TiO2 thin film could increase the ILSS of the oxidized fiber reinforced composite by 

5% while non-oxidized one showed 11% decrease in ILSS in comparison with the TiO2 coated 

oxidized fiber reinforced composite. This is explained by expression of functional groups which 

were created as a result of oxidation. These groups could react with TiO2 thin film that formed a 

stronger interface between the fiber and the thin film. However non-oxidized fibers were devoid 
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of these groups. In addition TiO2 is less hydrophilic comparing to natural or oxidized flax fibers 

so the interface between TiO2 thin film and the resin is stronger than the one for the reference 

and oxidized fiber reinforced composite. 

 

 
Figure 2 : Ultimate tensile strength of molded composites. 

 

 

 
 

Figure 3 : ILSS of molded composites 

3.3 Dynamic mechanical properties (DMA) 

Table 2 presents the storage modulus (E’) at 25oC and the Tg for composites reinforced with 
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oxidation. Storage modulus at 25oC and the Tg were used to compare the effect of the TiO2 

coating on the mechanical properties in flexion. 

 

Table 2: Glass transition temperature (Tg) and storage modulus (E’) of different composites 

Condition Tg (oC) E’ (GPa) 

Raw flax fiber 60 11.2 

TiO2 coated fibers without oxidation 56 11.5 

Oxidized and then TiO2 coated fibers 63 14.0 

 

Several conclusions may be drawn from the results presented in Table 2: 1) It seems that grafting 

the TiO2 thin film directly on the fibers without previous oxidation decreased the Tg and had no 

effect on the storage modulus of the composite, and 2) The oxidation of the fibers prior to 

grafting the TiO2 coating increased the Tg and the E’ of the composite. These results are 

congruent with the results of the mechanical characterization. The weak interface between the 

TiO2 coating and the non-oxidized fiber led to a decrease in Tg of the resin due to an increase in 

the mobility of the molecules in the vicinity of the fibers and a decrease in the stiffness at the 

same temperature. However, the oxidation of the fibers before grafting the TiO2 thin film clearly 

improved the adhesion of TiO2 on the fiber surface, leading to an increase in Tg due to the 

restriction of the mobility of molecules in the vicinity of the fibers. The solid interface between 

the oxidized fiber and the TiO2 coating in addition to a good interface between TiO2 coating and 

the resin led to a significant increase in  E’ by 25%. 

3.4 Fractography 

Figure 4 and Figure 5 show the micrographs and Energy-dispersive X-ray spectroscopy (EDX) 

of the composites which were reinforced with TiO2 coated oxidized fibers, and TiO2 coated non-

oxidized fibers respectively. These SEM observations verified the postulated hypothesis in the 

previous section of ILSS. On the one hand the TiO2 thin film has remained on the surface of the 

fibers after the maximum load was applied in the short beam shear test and, on the other hand 

there was no trace of TiO2 on the footprints of the fibers in the resin (Figure 4). These are 

explained by the oxidized fiber created a solid interface with TiO2 thin film which was stronger 

than the one between the TiO2 thin film and the resin. However, the situation is completely vice 

versa for non-oxidized TiO2 coated reinforced composite (Figure 5). The non-oxidized fibers 

were free of functional groups which could create a good bounding to TiO2 thin film (i.e. solid 

interface). This led to a detachment of the fibers and the resin. Figure 5-a shows a non-oxidized 

fiber which is still bare while the footprint of the fiber in the resin (Figure 5-c) exhibits the 

presence of TiO2 thin film. 
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Figure 4 SEM micrograph for a) The TiO2 coated oxidized flax fiber c) The footprint of the oxidized fiber 

in the resin, EDX mapping for b) The TiO2 coated oxidized flax fiber d) The footprint of the fiber in the 

resin, EDX 
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Figure 5 SEM micrograph for a) The TiO2 coated non-oxidized flax fiber c) The footprint of the non-

oxidized fiber in the resin, EDX mapping for b) The TiO2 coated non-oxidized flax fiber d) The footprint 

of the fiber in the resin, EDX 
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4. CONCLUSIONS 

In this study the fabrics made from flax fibers were firstly de-waxed and then the functionalized 

groups were created by using a process of oxidation. Sol-Gel method was used to form a thin 

film of titanium dioxide on the fibers to try to increase the mechanical and interfacial properties 

of Flax Fibers/epoxy composites. 

- This study showed a successful graft of TiO2 on the fibers despite of the degradation of 

the fibers occurred by the harsh oxidation medium which needs to be modified.  

- The functionalized fiber reinforced composites showed higher rigidity and ILSS in 

comparison with non-functionalized one due to the creation of stiffer hybrid fibers and to 

the improvement of the fibers/polymer interface.  

- The performed investigation in the interface properties revealed the necessity of the 

functionalization prior to grafting the TiO2 thin film.  

This method may pave the way for future studies to reduce the moisture absorption of flax fiber 

reinforced composites  
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