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Abstract 
 

Natural fibers are frequently used as alternatives of glass fibers as polymer 
matrix reinforcement to form composite materials. However, their natural 
hydrophilicity prevents them from being easily compatible with hydrophobic polymers, 
which represent the majority of matrices. To solve this, direct fluorination of sized 
natural fibers (flax fibers sized with DGEBA) was performed. EDX, FTIR and 19F 
NMR analysis evidenced the chemical grafting of fluorine on DGEBA structure and 
the ablation of the oxiranes rings on this molecule. Chemical modifications of DGEBA 
have induced a hydrophobic character of this layer, by reducing at 0 the polar 
component of surface tension. Thereby, treated fibers are supposed to be perfectly 
chemically compatible with the hydrophobic polymer matrices (e.g. polypropylene). 
Additionally, the fluorination time also allows the dispersive component of surface 
tension and the rugosity of fibers to be tailored in order to perfectly adjust these 
characteristics and fit with the polymer. Moreover, this chemical modification was 
achieved without altering the mechanical properties of fibers for short fluorination 
times. 
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Compatibilization; Hydrophobicity. 
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1 Introduction 
 

Vegetal fibers are materials produced and recycled naturally for millions of years. 
These fibers are more and more used as alternatives of glass fibers for polymer 
matrices reinforcement to form composites materials [1–5]. Indeed, those compounds 
allow to develop natural, local and renewable resources while lightening the cost and 
the overall weight of these materials, thanks to the specific properties of natural 
fibers, equivalent to glass fibers one. This specificity provides them to be frequently 
used in the automotive and aeronautical industry [1,4,6]. Besides, their use is more 
environmentally friendly than using synthetic fiber (like glass, carbon or aramid) and 
therefore, fits perfectly with the environmental issue of the XXIst century. Indeed, 
using natural fibers with a biodegradable and/or biobased polymer matrix allows 
“eco-composite” with a low environmental footprint to be prepared. 

Despite this, one of the main difficulties in the use of these compounds as 
composite reinforcement is their hydrophily. Indeed, vegetal fibers are mainly 
composed of cellulose, lignin, and hemicelluloses which have a large number of 
hydroxyl and carboxyl groups in their chemical structure that provides to 
lignocellulosic fibers a high polarity with a polar component of surface tension γs

p of 
26,0 mN/m (and a dispersive component γs

d of 34 mN/m) [7]. To obtain good 
filler/matrix interfacial properties, both materials must have close polar and dispersive 
components of surface tension. However, polymer matrices are mainly hydrophobic, 
with a very low γs

p (Table I). Consequently, most of the time, a poor interfacial 
adhesion is created between polymer matrix and vegetal fibers which leads to a 
decrease of the global mechanical performance of the composite [8–11] 

Polymer 
γs 

(mN/m) 
γs

d 

(mN/m) 
γs

p 

(mN/m) 
Reference 

Biobased 
Biodegradable 

Polylactic acid  
(PLA) 

41.6 30.8 10.8 [12] 

poly(β-hydroxybutyrate) 
(PHB) 

34.3 22.8 11.5 [13] 

      

(Potentialy) 
Biobased 

Non 
Biodegradable 

Polyethylene  
(PE) 

35.3-
35.7 

35.3-
35.7 

0 [14] 

Polyisobutylene  
(PB) 

33.6 33.6 0 [14] 

Polyamide 66  
(PA 66) 

47 40.8 6.2 [15] 

Polypropylene  
(PP) 

30.1 30.1 0 [14] 

      

Non Biobased 
Biodegradable 

Polycaprolactone  
(PCL) 

30.8 26.1 4.7 [16] 

      

Other polymer 
matrices 

Epoxy “E11” 
 

51.6 32.6 19 [17] 

Poly(etheretherketone) 
(PEEK) 

44.8 43.4 1.4 [18] 

Table I - Surface tension component of different polymers 

In order to reduce the polar component of natural fiber surface tension, many 
different methods have been developed. As examples, corona treatment, 



torrefaction, acetylation, malleated coupling, mercerization, and peroxide treatments 
may be cited as well as a lot of other chemical and/or physical processes [19–24]. 
However, these processes are unfortunately costly, both time and energy consuming 
and may degrade the fibers (and the mechanical properties in the same way), and/or 
harmful to the environment and people by using toxic solvents. Another methods 
consist to carry out a chemical grafting on the fiber surface to provide good 
compatibility with a hydrophobic polymer (e.g. Polypropylene which is one of the 
most popular composite matrices). One of the representative examples of this 
technique is the use of maleic anhydride-grafted polypropylene (MAPP) to create a 
chemical “bridge” between fibers (natural or artificial) or the fiber sizing [25–27]. 
However, once again these methods generally use dangerous substances e.g. 
maleic anhydride, which is dangerous for operators’ respiratory organs. 

In that context, we propose to use direct fluorination to counter the hydrophilic 
behavior of natural fibers. Indeed, a chemical treatment under molecular fluorine F2 
would result in a covalent grafting of fluorine atoms located at the outmost surface if 
the process is perfectly controlled [28–30]; such a chemical treatment provides 
hydrophobic properties to the material. This process may be performed at the 
industrial scale as exemplified by the fluorination of the petrol car tank that 
significantly increases its barrier properties [31]. In addition, this method is a quick 
and low energy consuming reaction, which occurs spontaneously at room 
temperature with most of the polymers; vacuum or electric field is not necessary. 
Furthermore, fluorination is also an industrial process, so there is a possibility to up-
scale this treatment in the future. Finally, once perfectly controlled fluorination has a 
very low environmental footprint, which is a good point to make “eco-friendly” 
materials and allows to treat fibers without any human contact with the reactant. 

If direct fluorination could be directly employed on lignocellulosic materials (e.g. 
wood, wood flour, etc.) [28,32–34], we propose in this study to investigate its effect 
on the fiber sizing. The idea is to add a hydrophobic character to the surface of fiber 
via the sizing without reducing the chemical affinity of the sizing polymer with fibers. 
The controlled fluorination is expected to increase the mechanical properties and the 
water-resistance of composite materials by the use of a treatment which is more 
respectful of the environment than those already existing. 

 

2 Experimental 
 

2.1 Fluorination 
Fluorination of sized natural fibers was performed inside a passivated nickel 

reactor (covered with NiF2) in dynamic conditions (under a continuous flux of gases in 
an opened reactor). Sized flax fiber samples were pieces of tissue whose dimensions 
are 2.5 x 4 cm2, which have been cut from a uni-directional FlaxPly tissue, sized with 
“an epoxy polymer” and purchase from Eco-Technilin. The reactive gas consists of a 
mixture of pure fluorine, purchased from Solvay Fluor (less than 0.1 vol.% of 
admixtures, mainly oxygen), and pure Nitrogen (99,999 % purity). Before each 
reaction, fibers were outgassed during 1h under primary vacuum (10-3 mbar) at 80°C, 
and the reactor was flushed for 1h with nitrogen gas to remove all traces of air and 
moisture. Then, fibers were exposed to a reactive flow of F2 / N2 (in a 1:1 volume 
ratio). The flow rate of each gas was 20mL/min and reactions were performed at 
room temperature during 1min, 2min 30s, 5 min, 7min 30s, 10min, 15min and 20 min. 
Once the fluorination process was achieved, fluorine flow was stopped and the 



reactor was flushed again with pure nitrogen gas (80 mL/min) for 1h to stop the 
reaction and eliminate traces of F2, HF¸ CF4, and C2F6 (those gases were removed by 
a soda-lime trap). Finally, the fibers were once again outgassed for 1 hour under 
primary vacuum (10-3 mbar) at 80°C to remove all fluorine-based gases from the 
sample surface. 

2.2 Characterizations 
FTIR experiments were carried out with a Nicolet 6700 FT-IR (Thermo Scientific) 

spectrometer in ATR mode. For each spectrum, 32 scans with 4 cm-1 resolution were 
collected between 4000 and 524 cm-1. 

1H and 13C NMR spectrum were carried out on liquid phase with a 400 MHz 
Brucker Avance spectrometer. All those experiments were performed in CDCl3. 

19F solid state NMR experiments were performed using a 300 MHz Brucker 
Avance spectrometer. A magic-angle spinning (MAS) probe operating with 2.5 mm 
rotors was used allowing a 30 kHz spinning rate. For 19F MAS spectra, a simple 
sequence was used with a single π/2 pulse duration of 4.0 µs. 19F chemical shifts 
were externally referenced to CF3COOH and then referenced to CFCl3 (         = -

78.5 ppm vs       ) 

To measure the glass transition of fiber sizing, Differential Scanning Calorimetry 
(DSC) was used. Experimentation was performed under a flow rate of 20 mL/min of 
nitrogen gas, from 193K to 373K with a heat flow of 10K/min. 

To investigate on the morphological impact of the fluorination, samples were 
observed using a scanning electron microscope (SEM). During those investigations, 
the energy of the electron beam was 3KeV and for each sample, pictures were 
captured at 2000x of magnification. In addition, the measure of the fluorine 
percentage present inside the fluorinated sample was performed using a XFlash - 
Quantax EDS detector for SEM.  

To evaluate the impact of the treatment on the surface tension of compound, 
contact angle measurements were performed using a AM4113ZT Dino-Lite handheld 
digital microscope. Because of the shape of fibers, it is not possible to use “standard” 
sessile drop technique. According to Schellbach and al. [35], it is possible to measure 
the contact angle between a liquid and a fiber by filling a drop of liquid between 2 
fibers and measuring the distance between those fibers and the height of the formed 
meniscus. This method was performed using 4 different liquids (Water, Formamide, 
Ethylene glycol, and Diiodomethane) and the contact angle between those liquid and 
the fiber was calculated (with at least 6 measurements per sample, taken at different 
locations). After that, the polar and dispersive components of the surface tension of 
each sample were obtained using Owens and Wendt's method [36]. 
In addition, the average absorption time was measured; a drop of water was 
deposited on the fibers. Then the absorption of water by the tissue was filmed using 
an Attension Theta Lite Optical Tensiometer in a 19°C temperature-controlled room 
and constant 33% of relative humidity. The absorption speed was obtained from the 
time needed by the sample to absorb a drop of water and the measure of water drop 
size thanks to ImageJ software. In addition, to consider the evaporation 
phenomenon, the same experimentation was performed on a sample of PTFE (which 
does not absorb water). Thereby, the absorption speed was corrected with the 
evaporation component. Finally, the time to absorb a 5mm3 water drop was 
calculated. For each sample, 3 measures were systematically performed. 
Furthermore, contact angle of molten polyethylene onto fibers was performed by 



positioning a drop of molten polyethylene onto fiber surface. This molten PE is 
obtained at 150°C for about 10 minutes. The fibers with molten PE drop was quickly 
removed from the oven. Thereby, the drop freezes and can be observed with an 
Attension Theta Lite Optical Tensiometer to measure the angle. 

Surface roughness of sample was measured by atomic force microscopy (AFM). 
Experiments were carried out using a Bruker Innova® Atomic Force Microscope 
equipped with a 12nm radius silicone probe. For each sample, a surface of 1.5µm x 
1.5µm was scanned in 512 lines, in tapping mode with resonant frequency of 0.3 Hz. 

The change of the mechanical properties (Young’s modulus (E), Ultimate tensile 
strength (σm) and maximal elongation percentage (%ε)) was investigated via tensile 
tests of fluorinated (or not) sized flax yarn. For each sample, at least 15 wires are 
glued on different paper frames, according to [37]. Their diameter was estimated 
from the average of 3 microscopes measurements (100x of magnification). Then, 
tensile test was carried out using an Instron 5543 devices equipped with a 50N load 
cell. During experimentations, the gauge length was 10 mm and the crosshead 
displacement rate was constant at 1 mm/min, up to rupture. Finally, the different 
properties (E, σm, %ε) were calculated according to the NF T25-501-2 standard. 

2.3 Sizing extraction 
2.3.1 Protocol 

Approximately 5g of sized fibers were placed into a 250mL conical flask and 
covered with ethanol for 7 days (the color of the liquid turned from translucent to light 
yellow). Then, the liquid was heated until most of the ethanol was removed. The final 
brown viscous substance was recuperated for identification. 

2.3.2 Spectroscopic and thermal data 

2-[[4-[2-[4-(oxiran-2-ylmethoxy)phenyl]propan-2-yl]phenoxy]methyl]oxirane; oil; FT-
IR : 3500 (ν-OH), 3050(ν-C-H oxyrane ring),2965-2961(ν-C-H aliphatic), 1604 + 1510 + 
1452 (ν-C=C aromatic), 1226(ν-C-O oxyrane), 1030 (ν-C-O ether), 913(ν-C-O oxyrane), 
828(ν-C-O-C oxyrane), 770(γ-CH2); 

1H NMR (CDCl3): 7.15 (d,4H, J= 9.2 Hz), 6.83 (d, 4H, 
J= 8.6 Hz), 4.20 (dd, 2H, J= 3.1, 11.2 Hz), 3.95 (dd, 2H, J= 5.5, 11.2 Hz), 3.32–3.35 
(m, 2H),2.89 (dd = t, 2H, J= 4.3 Hz), 2.74 (dd, 2H, J= 2.6, 4.9 Hz),1.63 (s, 6H); (3.70, 
q +1.24, t = Ethanol); 13C NMR (CDCl3): d 156.2 (C), 143.7 (C),127.7 (CH), 114.0 
(CH), 68.7 (CH2), 50.2 (CH), 44.8(CH2), 41.7 (C), 31.0 (CH3); (58.3 (CH2) + 18.4 
(CH3) = Ethanol). 

 
DSC : Tg onset = -22°C ; Tg endset = -3 °C; 

3 Results and discussion 
 

3.1 Sizing identification 
The structure of extracted sizing polymer has been analyzed by FT-IR 

spectroscopy, DSC, 1H and 13C NMR. Results (c.f. part 2.3.2) fit perfectly with 
DGEBA matrix analysis presented in the literature (FT-IR [38–41], NMR: 
[38,38,40,42,43] and DSC [40,44]). Moreover, the fact that the sizing is composed of 
DGEBA also matches with commercial information provided by the provider (Eco-
Technilin) who announces that flax fibers are sized with an epoxy polymer. The 
chemical structure of DGEBA is presented in Fig. 1. 



 

Fig. 1: DGEBA chemical structure 

3.2 Presence of fluorine 
EDX and FT-IR analysis have been performed on fluorinated samples. EDX 

results (Fig. 2) showed the presence of fluorine atoms whatever the sample. In 
addition, results showed that the percentage of fluorine was increasing with the 
fluorination duration (with the highest fluorine content for 15min of fluorination). This 
indicates that the fluorinated layer is the thickest and/or the more dense for 15 min of 
fluorination. 

 

Fig. 2: Fluorine At. and weight % vs. fluorination duration obtained by EDX analysis 

Moreover, covalent grafting of fluorine is proved by the evolution of the IR 
spectra. Indeed, the deconvolution of IR data shows the appearance of several 
carbon-fluorine vibration bands between 800 and 1800 cm-1, on the IR spectra (red 
lines in Fig. 3). This evidenced the creation of covalent C-F bonds. 
Furthermore, evolutions on the spectra show the disappearance of several peaks 
(purple lines in Fig. 3), and particularly at 1500 cm-1. This particular vibration band is 
assigned to the aromatic rings of the DGEBA [39], and its extinction reveals the 
disappearance of this group from the chemical structure during the fluorination. 
Several other peaks, which correspond to C-H bond (and maybe C-C bond too) 
disappeared or decreased in intensity. However, the apparition of peaks assigned to 
C-F bonds complicates the analysis and the understanding of the reaction 
mechanism of DGEBA fluorination with IR spectroscopy.  
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Fig. 3: FT-IR spectra of raw and fluorinated sized flax fibers  

 

3.3 Fluorination Mechanism 
In order to better understand the sizing fluorination mechanism, solid state 19F 

NMR experimentations were carried out, and the results are shown in Fig. 4. It is 
recognized that polymer fluorination mainly transforms CHx groups in CF3, CF2 or 
CHyF groups [45,46]. Chemical shifts of these three groups are respectively between 
-40/-90 ppm, -100/-155 ppm, -160/-250 ppm (highlighted with a grey background in 
Fig. 4). Most of the time, CF2 groups correspond to the perfluorination of carbon 
(which means the carbon only makes bonds with fluorine(s) and other carbon(s)) and 
CF3 groups result from the disruption of the C-C skeleton. Thereby, a first analysis of 
these spectra evidences no (or weak) degradation for 1min and 2min 30s of 
fluorination. Then, between 5 and 10 min of fluorination, a moderated degradation 
takes place and higher degradation rates are reached for 15 and 20 min of 
fluorination. 
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Fig. 4: 19F solid-state NMR spectrum of fluorinated sized fibers 

The narrowness of lines for shortest fluorination rates is explained by dilution 
of F atoms. The 19F-19F homonuclear dipolar coupling is lowest that for longer 
treatment. Such interaction results in a broadening of the components which are 
numerous according to the number of F atoms in the neighboring (e.g. CF2-CFH-CF2, 
CHF-CFH-CF2 , CHF-CFH-CHF, CH2-CFH-CH2…) 

To go deeper into data exploitations, some previous works on polymer 
fluorination may be considered. In 1979, Lagow & Margrave [45] have shown the 
perfluorination of aromatic ring and CHx group leads to the following reactions 
(Scheme 1) : 
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Scheme 1 : Perfluorination mechanism of aromatic ring and CHx group, according to 
Lagow & Margrave [45] 

Consequently, by analogy, perfluorination of DGEBA may form the following 
chemical groups: 

 

In addition to this point, Kharitonov‘s works [46,47] showed perfluorination 
does not happen instantly, and kinetics of this reaction is different for all chemical 
groups. Consequently, following group may appear during the fluorination process, in 
addition to CHxFy:  

 

At this step, it is possible to identify most of the 19F NMR chemical shifts of all 
these chemical groups but not all since the literature does not give precisely these 
data. Indeed, CFx groups are reported that have a chemical environment close to 
those we are studying. Considering that fluorine environment deshields fluorine 
nuclei, because of the very high electronegativity of this atom (3.98 on Pauling scale 
[48]), possible assignments of chemical shifts for DGEBA’s perfluorinated group are 
presented in Table II. 

However, as discussed previously, an over-fluorination (step after perfluorination) 
result in a disruption of the main carbon chain. Thanks to this observation, it is 
possible to plan which groups are likely to form (Fig. 5). However, considering the 
internal tension of the oxirane ring, the high reactivity of the aromatic ring, and the 
high stability of the C6F10 ring, some species are less likely to form; underlined with a 
grey background in Fig. 5. Their expected chemical shifts are added in Table II. 

 

Fig. 5 : Potential over-fluorinated groups of DGEBA 



Perfluorinated groups 

Chemical group 
δTheoretical 
(ppm) 

δSpectrum 
(ppm) 

 
 

> -59 [44] -55 

 
 

~ -80 [49] -80 

 
 

-111 and -115 ; 
[50] 

-114 
-119 

 
 

~ -158 [50] -164 

 
 

-141 and -161 
[51] 

-143 
-156 

 
  

[52–54] 

-124 
-129 
-137 

  
[52–54] 

 

-143 
-185 

Over-fluorinated groups 

 
 

> -58 [50] -55 

 
 

~ 55  [52] -55 

 
 

-62 [50] -63 

 
 

~ -70 [53,54] -73 

 
 

> -88 [55] -81 



 
 

> -88 [50] -81 

 
 

-125, -143 
[52–54] 

-124, -143 

 
+ 

 
 

~-80 [56] -80 

 
 

-55 [57] -55 

 
 

-78 [50] -80 

 
 

-111 [58] -111 

 > +120 [59] Ø 

Table II - Chemicals shifts of perfluorinated and overfluorinated groups of DGEBA 

By comparing theoretical NMR shifts and the solid-state 19F NMR results, it is 
possible to go further on the fluorination mechanism of DGEBA (presented on 
Scheme 2). In a first time, it is possible to claim that the chemical group (A) (Table III) 
is formed because of the presence of its corresponding peaks at -156 ppm (and -143 
ppm) for short fluorination. In addition, results evidence that the perfluorinated 
molecule (Fig. 6) is readily formed, because of the presence of the corresponding 
peaks of this molecule (Table II) from 1 min of fluorination.  

 

Fig. 6 : Perfluorinated DGEBA 

This underlines the high reactivity of DGEBA. However, all positions have not the 
same reactivity towards fluorine gas. On the perfluorinated molecule (Fig. 6), two 
privileged sites of rupture have been identified: 

i- The first one is the site labelled b (on Fig. 6). Indeed, the quick disappearance of 
the -164 ppm band which corresponds to the CF group of the oxirane group (B) 
(Table III) attests that this position is very reactive, quickly over fluorinated, resulting 
the loss of the oxirane group (after 2min 30s of fluorination for our samples). 



ii- The second one is the h position. Indeed, the high intensity of the -73 ppm peak 
proved (C) compound (Table III), is significantly formed, indicating the carbon 
between the two rings is another privileged place of rupture. In addition the low 
intensity of the band at -55 ppm  indicates that CF3 on h position (Fig. 6) would 
exhibit a very high reactivity and then readily form gaseous CF4. 

Results also evidence that a, e and f positions (Fig. 6) are favorably formed and very 
stable (not likely over-fluorinated) and showed there is only 4 chemical over-
fluorinated groups (Scheme 2) which are mainly formed (other over-fluorinated 
groups may be formed, but they will be in minority).  
The main features are discussed here and detailed NMR analysis are provided in the 
supporting information. 

 
A 

 
C 

 
B 

 
D 

Table III - Fluorinated species expected during the fluorination 

Thereby, direct fluorination mechanism between F2 and DGEBA sizing is 
summarized in Scheme 2. This reaction occurs by a multi-step mechanism which 
leads in a first time to perfluorination of DGEBA. Presence of the chemical group (A) 
(Table III) evidences that fluorine react on aromatic ring through an addition reaction, 
as already observed and described by Luo et al.[60] on benzene rings of aramid fiber 
treated by direct fluorination. At the same time (but according to different kinetics and 
reactivity) CHx group react with F2 in order to form CHyFz groups in a first time, and 
CFx groups ultimately. These reaction leads to the formation of perfluorinated 
DGEBA (Fig. 6). However, if the reaction is not stopped, DGEBA will further react 
with fluorine, generating disruptions on different places of this molecule, mainly close 
to oxygen atom and cycle, as presented on Scheme 2. 

 

Scheme 2: Direct fluorination mechanism of DGEBA 

 

3.4 Impact of fluorination 
3.4.1 Surface tension 

As demonstrated previously, in addition to grafting fluorine on the molecule, 
fluorination also quickly removes the oxirane ring, responsible for hydrophilic 
properties of DGEBA. These two chemical modifications have an important impact on 
the surface tension of fluorinated sized fibers. Indeed, in Fig. 7a are represented 
polar (γs

p), dispersive (γs
d) and total (γs) surface tension of fluorinated sized fibers. 

On the one hand, from 1 min to 10 min of fluorination, γs
p is close to 0. This means 

the polar character is suppressed from the sizing surface for these fluorination 



durations. On the other hand, we notice that the dispersive component evolved at the 
same time. Indeed, between 1 and 5 min, γs

d decreases and then, from 7min 30s to 
10 min, γs

d increases. This phenomenon, already observed on direct fluorination of 
wood [32], evidence that this treatment decreases the dispersive component of 
surface tension, for short time of fluorination. Beyond this time, γs

d starts to increase, 
probably because of the degradation phenomenon. 

 

Fig. 7 : (a) Polar, dispersive and total surface energy of fluorinated sized fibers; (b) 
Average absorption time of a 5mm3 water drop by sized fluorinated fibers 

To have the best interfacial adhesion, polymer matrix and fillers must have the 
closest γs

p and γs
d. By comparing the fluorinated DGEBA components with those 

ones of other polymer matrix (Table I), it is possible to evaluate the interfacial affinity 
considering the two components. Thereby, fluorinated DGEBA onto fibers exhibits 
enhanced affinity. For example, when the surface tensions of 1min fluorinated fibers 
and raw fibers are compared to the values of polyethylene or polypropylene (which 
are the most common ones to make composites). Fibers covered with fluorinated 
sizing match perfectly with PP and PE matrix (Table IV), that suggests improved 
adhesion in the composite. In order to prove that fact, contact angle of PE, molten at 
150°C onto fibers has been measured (Fig. 8). Results show an important decrease 
of the contact angle after fluorination treatment, evidencing the compatibilization of 
fluorinated fibers with PE (and more widely, with all hydrophobic polymers).  
It must be noted that, to perform the measurement, molten PE drop should be added 
at 150°C onto fibers. Then, the whole is transferred at room temperature (to observe 
the angle), resulting in solidification of the PE. During this change of state, a slight 
shrinkage may occur, which would slightly modify (positively or negatively) the 
contact angle. Nevertheless, this phenomenon cannot explain the significant 
difference of contact angles between untreated and fluorinated fibers, then mainly 
due to the compatibilization of fluorinated fibers with hydrophobic polymers. 
Moreover, Maity et al., in their works on aramid and UHMWPE fibers reinforced high 
density polyethylene and low density polyethylene, respectively [61,62]; have 
demonstrated that fluorination of fibers allows to increase mechanical properties of 
composites by increasing composite’s adhesion between fiber and PE-matrix. 
Additionally, this treatment also improved the thermal stability and the wetting 
properties of composite. 



 

Fig. 8 : Impact of fluorination on contact angle between liquid PE and fibers 

Additionally, by controlling the fluorination duration, the tailoring of the dispersive 
component may be achieved in order to perfectly fit with polymer matrices. Thereby, 
if PHB is selected as a polymer matrix (γs

d = 22.8 mN/m) instead of PP, an increase 
in fluorination duration from 1 to 2 min 30s (for our sample) would allow to perfectly fit 
with this other polymer. Those two examples evidence the versatility of the surface 
chemistry thanks to fluorination; 

Also, water absorption time is significantly increased as shown in Fig. 7b. This 
point is particularly interesting to ensure a good viability of the composite materials 
by decreasing the water absorption/desorption of the vegetal fibers, that usually 
generates cracks into the material [10]. 

 γs
d (mN/m) γs

p (mN/m) 

Raw fibers 
 

21.4 21.8 

1 min fluorinated fibers 
 

29.3 0.2 

2.5 min fluorinated fibers 
 

19.2 0 

Polypropylene (PP) 
 

30.1 0 

Polyethylene (PE) 
 

35.3-37.7 0 

Poly(β-hydroxybutyrate) 
(PHB) 

22.8 11.5 

Table IV - Comparison of raw fibers, fluorinated fibers and different matrices surface 
tension components 

3.4.2 Surface roughness 

Another surface characteristic modified by direct fluorination is roughness, by 
the fact that F2 has an etching effect on the surface of organic materials [63,64]. This 
point will favor the fiber/matrix mechanical anchoring and improve by another way the 
mechanical properties of the final composite. In order to observe this phenomenon, 
SEM pictures (Fig. 9) and AFM experiments (Fig. 10) have been recorded. 



 

Fig. 9: SEM photography of raw and fluorinated sized fibers 

 
 

 

Fig. 10: AFM images of raw and fluorinated sized fibers 

Thereby, from 1 to 5 min, no significant modifications appears on SEM 
pictures. AFM data of the 5 min fluorinated fibers and the raw one evidence a small 
increase of the mean surface roughness (Rq and Ra). This means that short time 
fluorination induced nano-scale etching, which is expected to act on wettability of 
fibers, because of fakir effect [65]. Dispersive component is then changed, see Fig. 
7a. Moreover, this phenomenon increases the number of anchor points, and 
consequently, the fibers/matrix interface strength. After 5 min of fluorination, 
degradation of fibers begins, in accordance with the presence of the band related to 
CF3 groups on 19F NMR spectra (Fig. 4). This phenomenon results also in cracks on 
the fiber surface as seen by SEM images (Fig. 9), that consequently increases the 
surface roughness (Rq = 83nm and Ra = 63nm after 10min of fluorination). However, 
at these fluorination time, a micro-scale etching occurs in relation with the increase of 



the surface tension from 7.5min of fluorination due to dispersive component (Fig. 7). 
After 10min of fluorination, SEM pictures show the loss of fiber sizing. Thereby, fiber 
parts emerge and only small sizing points still remain at the fiber surface. This 
phenomenon results in a significant increase of the polar component γs

d of fibers 
(Fig. 7a), because of the fact that natural fibers now contribute to the surface 
chemistry, giving back high hydrophilic properties to the materials. 

To sum up, sizing fluorination occurs as presented on the schematic diagram Fig. 11 

 

Fig. 11: Schematic diagram of fluorination impact on surface roughness 

 

 

2.4.2 Mechanical properties 

The tensile properties are showed in Fig. 12. Before discussing the results, 
considerations about the uncertainties of these experiments must be given. In Fig. 
12, error bars, i.e. the standard deviations of the results, are relatively high (close to 
25-30%); these significant variations come from the variability of natural fibers [66]. 
Indeed, the experimental uncertainty of Young’s modulus can be obtained thanks to 
the following calculations : 

    
    

   
  

  
   

     
   

  
  
  (1) 

 

where σ is the strength at rupture in Pa, ε the strain at rupture in mm/mm, F the 
maximal tensile load applied in N, Δl the fiber length in m, l0 the gauge length in m, S 
the fiber section in m2, and d the diameter in m. 

In equation (1), the part 
 

  
 
 

 
 is composed of device parameters and constants. 

Consequently, this part of the equation is constant, and we will use the letter k to 
replace it. Thereby, (1) could be write as following (2) 

      
  

  
  (2) 

 

Experimental uncertainties can be expressed by derivation of the equation (2) : 

 
  

   
   

  
     

   (3) 
 

By comparing the mean standard deviations of 27% and the mean experimental 
uncertainties of 5%, one may conclude that experimental uncertainties are 
significantly lower than the standard deviations. This means that the gap does not 
come from the experiment but rather from the materials. 



The tensile test results evidence that the Young’s modulus is constant with 
increasing fluorination duration. However, a decrease of both the ultimate tensile 
strength and the elongation is observed from 7min 30s to 20min of fluorination. This 
is in agreement with the fact that fluorination only affects the surface of samples. 
Indeed, Young’s modulus reflects volume properties whereas ultimate tensile 
strength and maximum of elongation are more related to surface properties. 
In addition, the present results demonstrate that mechanical properties are not 
affected by a controlled fluorination (less than 5min in our experimental conditions). 
However, when this reaction is prolonged, properties at rupture (like ultimate tensile 
strength or maximum of elongation) start to be degraded. 

 

Fig. 12 : Evolution of the fiber mechanical properties with the fiber fluorination 
duration: (a) Young’s modulus; (b) Ultimate tensile strength; (c) % of maximal 

elongation 

4 Conclusion 
 

Direct fluorination with F2 gas of sized flax fibers (sizing with DGEBA) was 
performed. When controlled by a dilution with an inert gas (N2) and short duration, 
this treatment converts the outmost surface of the sizing into a fluorinated polymer 
layer. 19F NMR data evidence the fluorination of DGEBA via a covalent grafting of 
fluorine atoms as well as the fast loss of the oxirane ring which is responsible of the 
hydrophilicity of DGEBA but also compatibility with epoxy matrices. Those chemical 
modifications induced a significant decrease of the polar component of surface 
tension and allows fluorinated DGEBA layer to be compatible with hydrophobic 
polymers, e.g. polyethylene or polypropylene. In addition, the dispersive component 
of surface tension could be adjusted to perfectly fit with the chosen polymer thanks to 
a chemically tailored sizing. The fiber/sizing interface is not deteriorated because of 
the surface location of the controlled fluorination. In addition, fluorination duration 
allows the dispersive component of surface tension to be tailored as a function of 
polymer matrix chosen to be the matrix composite. Fluorination does not affect the 
mechanical properties of fibers, for a short treatment duration. 
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