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Abstract: Knowing that carbon fibre reinforced polymers are sensitive to moisture through
their interphases, carbon fibres sized with Bisphenol A diglycidyl ether were fluorinated under
a No/F> atmosphere, which confers them a hydrophobic behaviour, as highlighted by wettability
measurements. Low fluorination temperatures (< 230°C) lead to a sizing perfluorination and
even overfluorination without carbon fibre fluorination, while higher temperatures (> 250°C)
result in a carbon lattice fluorination with a complete desizing of the fibre through
decomposition, that has been evidenced through X-Ray Diffraction and Raman spectroscopy
studies. For both fluorination mechanisms, 'F Nuclear Magnetic Resonance, X-Ray
Photoelectron and infrared spectroscopy have been used to study the nature of fluorine bonds.
Scanning Electron Microscope and Energy-Dispersive X-Ray Spectroscopy have evidenced a
core-shell structure for the fluorinated fibres with a fibre degradation at the highest
temperatures, also highlighted by tensile tests, Atomic Force Microscopy and Electron
Paramagnetic Resonance.
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1 Introduction

Carbon fibres own outstanding mechanical properties, as they have the highest strength and
specific modulus amongst fibres [1]. They are extensively used to reinforce epoxy-based
composite materials [2], in various industries, e.g. aerospace or nuclear [3]. Due to their
chemical inertness, carbon fibres are coated with sizing, a thin polymer layer, for further use
with epoxy matrix [4,5]. This treatment has an influence on the composite mechanical
properties and allows to reach an optimal fibre/matrix adhesion [6,7]. During the composite
lifetime, moisture absorption at the fibre/matrix interphase can nevertheless lower this
adhesion and decrease the interfacial shear strength [8], which can lead to fibre debonding and

composite mechanical weakening.

Reduction of moisture absorption can be achieved by giving a hydrophobic behaviour to
carbon fibres. Several techniques have already been performed leading to hydrophobicity
enhancement for carbonaceous materials. Some of them are based on intermolecular
interactions through the grafting of non-polar alkyl groups onto the fibre surface, e.g.
electrochemical reduction [9], soaking and spraying of fluoroplastics [10], or
polytetrafluoroethylene (PTFE) suspension deposition [11]. It is also possible to modify the
fibre morphology and roughness, by exploiting lotus-leaf effect through deposition of

carbonaceous materials on other carbon lattice [9,12].

Fluorination is also a well-known approach to confer hydrophobic and barrier properties to a
wide range of materials, such as polymers [13—15], carbons [16—-19] or wood-based materials
[20-22]. Fluorination thus appears as a promising solution to protect fibre/matrix interface
from moisture absorption and to maintain interesting interfacial properties. In this study, sized
fibres were fluorinated. As the objective was to graft fluorine atoms not only on the sizing,
but also on the carbon lattice, a wide reaction temperature range in between 20 and 450°C
was considered, meaning that a sizing burn is expected [23], which could lead to a fibre-
matrix adhesion decrease, because of the presence of a not-adherent residual perfluorinated
sizing [24]. It implies that temperatures sufficiently high are sought to completely remove the
sizing in order to avoid such an adhesion loss. Sizing fluorination is however possible, and

has already been studied [25].

Concerning the fluorination reaction mechanism, as the temperatures at stake are high, up to
450°C, fluorine atoms are expected to covalently bond to carbon, by breaking the double

bonds of graphitic carbons and by the conversion of carbon hybridization from sp?® to sp®. This



evolution from graphitic to tetravalent carbons with the fluorination treatment has already
been reported many times in various studies on fluorinated carbon fibres [16,17,26-28], or
more widely on fluorinated carbonaceous (nano)materials [29-33]. For ordered carbons, this
sp” to sp° conversion occurs under pure fluorine at high temperatures, at least 300°C [26], or
more generally under strong fluorination conditions [17,34]. (CF), and (C2F), structural types
may be formed according to the temperature and duration. (C2F), with FCCF/FCCF stacking
sequence is an intermediate phase in the 350-500°C range whereas (CF), (FCF/FCF stacking)
is formed at the highest temperatures up to 650°C [35]: the higher the temperature, the higher
the fluorination level x (x = F:C, 0.5 <x < 1) [36].

Fluorination exhibits several advantages over other surface functionalisation methods [37]:

— Direct fluorination (fluorination under molecular fluorine F>) is a dry process,
meaning that it does not require use and storage of often toxic solvents, while sizing
treatments are wet processes. Moreover, optimised fluorination conditions lead to a
low ecological footprint treatment, without human contact with the reactant [38].

— Safe methods exist to neutralise residual F> and fluorinated end-products in the
fluorination reactor [15].

— Fluorination requires a strict control of the experimental conditions, allowing to reach
controllable and repeatable properties on fluorinated materials.

— The versatility of the C-F bond nature allows to reach an extraordinary diversity of
properties for fluorinated materials, but requires a good understanding and control of
both the experimental conditions and the starting material.

— Most fluorination processes, especially direct fluorination, may be performed at the
industrial scale, as proved by the fluorination of car tanks [39].

— If fluorination occurs at room temperature (RT), it is a low energy consuming reaction.
Independently of the reaction temperature, as fluorine is highly reactive, it is a quick

and spontaneous surface modification method with a high reaction yield.

Moreover, as it will be shown in this article, another benefit of this fluorination route is the
possible tailoring of the fibre surface energy through a precise control of the reaction
temperature. This could be a promising way to optimise the interaction between fluorinated
fibres and various polymers, as the interfacial shear strength of a carbon fibres/hydrophobic
polymer system has been found to evolve the same way than the y& /y; ratio, where y& is the

dispersive component of the fibre surface energy and y; the fibre total surface energy [40].



Fluorination could thus be a functionalising method competing with sizing, allowing more

versatility than sizing treatment, which depends of the chosen coupling agent.

Fluorination of the carbon lattice can also avoid moisture absorption at the fibre/matrix
interface, while still ensuring a good adhesion between the reinforcement and the matrix. In
this study, the effects of fluorination on the carbon fibres will be investigated in order to
define the treatment conditions to reach a slight fluorination of the carbon lattice, without

huge over-fluorination and losses of mechanical performances.

2 Materials and methods

2.1 Materials

Carbon fibre fabric is a HiIMax™ FCIM 313 from Hexcel. With '"H Nuclear Magnetic
Resonance (NMR), Attenuated Total Reflectance - Infrared Spectroscopy (ATR-IR) and Mass
Spectrometry analyses, the sizing main pre-polymer has been identified as Bisphenol A
diglycidyl ether (DGEBA). DGEBA belongs to the most widely used epoxy-resin family, the
diglycidyl ethers [41].

For comparison, fibres were desized by a Soxhlet extraction in acetone for 48h and dried for
24h at 60°C in a Buchi vacuum drier (10~ mbar) [16,18,23]. The objective was not to
fluorinate these fibres, but rather to have a comparison between desized non-fluorinated and

sized fluorinated fibres, the latter ones being possibly desized by the fluorination treatment.

The resin used for tensiometric measures was the 1050 epoxy resin from Resoltech, combined

with their 1056S hardener in 100:35 proportions

2.2 Fluorination

Samples for fluorination consisted of 8 carbon fibre bundles which were 10 cm long, each
bundle containing 12 000 fibres. The glass weft yarns, which ensured the maintaining of the

carbon bundles together, were not removed before the fluorination process.

Samples were treated with static fluorination. Fluorination apparatus, described in Figure SI 1,
given in Supporting Information, consists of a reactor linked to a pure fluorine gas (F2, 99.9%
purity provided by Solvay) and a nitrogen gas (N2, 99.999% purity) bottles. A trap containing
soda lime (10% NaOH + 80% Ca(OH), + 10% KOH) is set up at the reactor output, in order

to trap residual F> molecules.



Carbon bundles were put in a passivated-nickel basket (covered with NiF> layer), which was
placed at a specific position in the reactor to ensure the fluorination reproducibility. The
reactor was then closed, and vacuum (107 bar) was applied in it. The pump valve was then
switched off, meaning the reactor was a closed system, and different fluorination temperatures

were applied: 20°C, 140°C, 230°C, 250°C, 280°C, 310°C, 330°C, 380°C, and 450°C.

Throughout this article, samples will be designated as follows: FCF-T, FCF meaning
Fluorinated Carbon Fibre, and T being the fluorination temperature (e.g. FCF-250). For non-
fluorinated fibres, the sized ones will be designed as Sized Non-F and the desized ones as

Desized Non-F.

N> was first introduced up to a pressure of 0.03 MPa and then molecular fluorine up to 0.06
MPa. Atmospheric pressure (0.1 MPa) was reached with N2. Once this pressure was reached,
N» valve was switched off, and 20 minutes were timed. The valve between the reactor and the
soda lime trap was then opened, the temperature regulation was switched off, and the reactor
was flushed for at least 2 hours with N> (flux of 600 mL/min) in order to eliminate both the
remaining fluorine and side products (e.g. HF, CF4). The carbon fibre bundles were then

removed from the reactor, while avoiding any HF release, for further characterisation.

Concerning the treatment homogeneity, as the fluorination process is a gas/solid reaction
starting from vacuum, all surfaces reachable by fluorine are reacting. This assumption can
notably be checked through the homogeneity of volume analyses, such as '°F solid state

Nuclear Magnetic Resonance ('°F NMR).

2.3 Characterisation

Fibres were extensively studied through surface and bulk characterisations. Surface ones
include Energy-dispersive X-ray spectroscopy (EDX), Scanning Electron Microscopy (SEM),
Attenuated Total Reflectance Infrared (ATR-IR), X-Ray Photoelectron Spectroscopy (XPS),
Atomic Force Microscopy (AFM), and wettability, Specific Surface Area (SSA) and tribology
measurements. Bulk ones include X-Ray Diffraction (XRD), Raman spectroscopy, '°F NMR,
Electron Paramagnetic Resonance (EPR), Thermo-Gravimetric Analyses (TGA), Mass
Spectroscopy (MS), and tensile tests, the latter apparatus being illustrated in Figure SI 2.

Details on each analysis are also given in Supporting Information.

3 Results and discussion



3.1 Fluorinated fibre aspect

For fluorination temperatures up to 250°C, fluorinated fibres keep the same shiny black
colour as the Non-F ones. Above 250°C, interference phenomena appear and fluorinated
fibres exhibit green and purple reflects as a function of the vision angle (Figure SI 3a),
evidencing advanced fluorination and the variety of formed compounds [16]. FCF-450 sample
turns black again while its edges become white, showing intense fluorination conditions
[42,43]. UV-visible spectrometry measurements were carried out on Non-F sized fibres and
FCF-310 sample and are given in Figure SI 3b. The similarity between both spectra ensures
that fluorinated fibres do not absorb more than the Non-F sized ones, and that interferences
are coming from a wavelength-related reflection difference, which is due to the fluorinated

fibre microtexture.

3.2 Structural evolutions induced by fluorination

In order to characterise the structural evolutions induced by fluorination, ATR-FTIR analyses
have first been carried out in Figure 1a. Non-F sized fibres exhibit several bands which have
been attributed to the DGEBA sizing [25], whose vibration band assignment is proposed in
Table SI 1. The reference bands are the ones commonly used to follow the evolution of

DGEBA chemical change during a treatment, such as curing [44].

For low fluorination temperatures (20-140°C), it highlights a fluorination of the sizing, with
the increase of the superimposed bands of vibration in C-Fx groups (C-F, CF, and CF3) in the
900-1300 cm™! range. FCF-230 sample then shows a complete desizing by the fluorine
through degradative reactions between fluorine and sizing, but without any carbon
fluorination. Fluorinations above 250°C lead to the emergence of a dissymmetric band at
1200 cm™!, of mostly covalent C-F, and of a small band at 1320 cm’!, this peak being
attributed to CF> groups [45,46]. It should be also noted that FCF-140 sample exhibits a
strong band at 1750 cm™!, which can be attributed to -COOH groups, which could come either
from the reaction of dangling bonds with oxygen and H>O from air followed by hydrolysis, or
from DGEBA degradation to esters, even though this mechanism has not been reported under

fluorination conditions yet.

Spectra without subtraction of the background, given in Figure SI 4, show the evolution of the
band intensity assigned to fluorinated species with the fluorination temperature. FCF-330

sample has the most intense contribution, while fibres fluorinated at higher temperatures



exhibit less intense bands. This could be due to the elimination of fluorine through exfoliation
and formation of gaseous carbon fluorides, which indicates overfluorination and strongly

degrades the fibres.

The dissymmetric band emerging for high-temperature fluorinated fibres of Figure 1a has
been deconvoluted in two different components, one located at 1220 cm™! being assigned to
purely covalent C-F, while the one at 1180 cm’! is due to semi-covalent C-F [30,47,48]. Their
relative areas are indicated in Figure 1b, highlighting the increase of the covalent contribution

with increasing temperature.
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Figure 1: (a) Normalised infrared spectra of carbon fibres depending on fluorination
temperature, (b) evolution of the ATR-FTIR peak relative areas depending on fluorination
temperature [print with colour]

The analysis of infrared spectra evidences several fluorination mechanisms depending on the
temperature; 230°C appears as the transition temperature between sizing and carbon fibre
fluorination. ATR-FTIR analyses also highlight the increase of C-F covalence with the
temperature increase in accordance with broadening of the fluorinated zones. In other words,
C-F with weakened covalence because of their dilution in sp? lattice tend to disappear. A
fluorine departure from the fibre, through the emission of gaseous fluorides and exfoliation
phenomenon, is also underlined for high-temperature treatments by the intensity decrease of
the band. The kinetic aspect of fluorination has also been investigated by fluorinating fibres at
140°C for 4h. The related ATR-FTIR spectrum highlights further polymer degradation than
for the FCF-140 sample fluorinated for 20 minutes, but without complete desizing of the fibre
(e.g. FCF-230 sample), as diffuse peaks are still observable. The transition between sizing and

carbon fibre fluorination thus appears to be governed rather by temperature than by duration.



XRD analyses have then been realised and are given in Figure 2. The peak at 26° is assigned
to the 002 reflection of the graphitic phase [49]. The peak at 10-15° that appears for treatment
at 280°C is related to carbon fluorides, 00! reflection [16]. Its intensity decreases for
fluorination temperatures above 330°C, strengthening the hypothesis of a departure of
fluorinated species through the emission of gaseous fluorinated species and/or partial

exfoliation, i.e. delamination of fluorocarbon phases from the carbon lattice.
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Figure 2: Normalised diffractograms of carbon fibres depending on fluorination
temperature [print with colour]

By using the diffractograms and the Scherrer formula [50] for both phases, the interlayer
distances d and coherence lengths L¢ where extracted and are gathered in Table 1.
Fluorination until 330°C remarkably increases the coherence length of the graphitic phase,
which can be explained by the removal of amorphous carbon by fluorine, i.e. decomposition
in volatile fluorinated species. Above this temperature, the coherence length decreases, which
could be explained by a lattice reorganisation caused by a fluorine accommodation starting
from the surface and progressing towards the core. Fluorination thus appears to focus

preferentially on the less graphitised areas of the carbon fibre, as stated in [31].

Concerning the fluorocarbon layer stacking, its interlayer distance slightly above 6 A
underlines that the fluorinated phase is (CF), rather than (C2F), (doo1 = 8 A) [47,51]. The
coherence length along the c¢ axis of fluorocarbon lattice increases with the temperature in
accordance with a progression of the fluorination from the surface to the core and the removal

of fluorinated amorphous carbons.



Table 1: Interlayer spaces and coherence lengths of fluorinated carbon fibres

Fluorination Sized o0 140 230 250 280 310 330 380 450
temperature (°C) Non-F
dooz (ang) 356 351 351 350 350 350 351 348 351 3.50
Lc o2 (nm) 127 143 145 148 149 151 151 1.68 1.59 147
Lc evolution (%) 0 13 15 17 18 19 19 33 26 16
doo1 (ang) - - - - - 6.4 6.8 6.1 6.2 6.1
Lcoor (nm) - - ; ; . 28 30 37 34 37

Structural evolutions have also been studied through Raman spectroscopy. The spectra, where
fluorescence component is removed, are relatively similar and presented in Figure SI 5a. A
two-band model has been used to deconvolute the Raman spectra, with a Breit-Wigner-Fano
shape for the G band due to its asymmetry, and a Lorentzian shape for the D band [52]. A
fitting example is given in Figure SI 5b. The G peak positions of the fluorinated carbon fibres
are between 1580 cm™ and 1600 cm™!, highlighting that they belong to stage 1 or early-stage 2
according to the tree-stage model proposed by Ferrari and Robertson [53]. The Tuinstra and
Koenig’s relation [54,55] has thus been used to determine the coherence lengths Lar gathered
in Table 2, where the Ip/Ig ratios are also reported, with the intensities referring to the peak

heights [53].

Fluorination temperatures up to 230°C lead to a slight increase of the coherence length and a
small decrease of the Ip/Ig ratio. These evolutions can be explained by a removal of the sizing
and of the less organised carbons, which exhibit a high reactivity towards fluorine gas and are
thus easy to eliminate, even at low temperatures. FCF-250 sample has the lowest Ip/Ig ratio
(0.77 £ 0.01) and the highest coherence length (5.7 £ 0.1 nm): at this temperature, fluorine gas
reacts mostly with the less organised areas of the fibres, contrary to the graphitic regions.
When the fluorination goes further at higher temperatures, the organised carbon lattice is
affected too, as evidenced by the changes of Ip/Ig ratio (increase) and coherence length

(decrease).

Table 2: Ip/IG ratio and coherence length of carbon fibres depending on fluorination

temperature
Fluorination Sized
temperature 20 70 140 230 250 280 310 330 380
Q) Non-F
In/I 1.08+ 105+ 090+ 104+ 1.16+ 077+ 095+ 102+ 128+ 097+
piiG 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.1 0.1
4.0+ 42+ 49 + 42+ 38+ 57+ 4.6 + 43+ 34+ 45+
Lar (nm)

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1




Raman spectra confirm that fluorination may act as a purification step by the removal of
sizing and amorphous carbons. When the treatment is performed in mild conditions as for
FCF-250 sample, the fibres are the most organised, as highlighted by both Ip/Ig ratio and

coherence length.

The '°F NMR spectra of fluorinated carbon fibres and sizing are given in Figure 3. Figure 3a
evidences two distinct shapes according to the reaction temperatures, similarly to the ATR-
FTIR spectra. Fibres fluorinated at the lowest temperatures (FCF-20 and FCF-70 samples)
exhibit a high band at -190 ppm and a tiny one at -128 ppm, which can be assigned to C-F
bonds and CF; groups [38]. These bands could be attributed to the fluorinated sizing. As a
matter of fact, it can be seen that the intensity of the C-F peak decreases from 20°C to 70°C,
while the one of the CF> one increases, showing a progression in the fluorine grafting. The
spectrum of FCF-70 sample exhibits similarities with the one of fluorinated sizing; a similar
fluorination could be obtained for these two samples. The sudden disappearance of those
peaks for FCF-140 sample suggests that most of the sizing has been already perfluorinated
and eliminated (overfluorinated) at this temperature, in accordance with the absence of band
for FCF-230 sample (except the talc one). As '°’F NMR is a volume analysis, this absence of

band for FCF-230 sample outlines the fluorination homogeneity assumed in section 2.2.

Fluorinations above 250°C lead to the emergence of various peaks, whose post-deconvolution
attribution has been made in Table SI 2. Spinning sidebands are spaced of 30 000 Hz / 282
MHz i.e. 106 ppm. High amounts of CF. and CF;3 groups are characteristic of a fluorinated
amorphous phase where the carbon sheets are of low lateral size. CF2 and CF3 groups can be
formed only at the edges of graphene layer [56,57]. The high intensity of the CF3 band for
FCF-450 sample must be noted. Because CFj is the last fluorinated group formed before the
emission of gaseous fluorides (CFs and C2Fs) by addition of an additional fluorine atom, the
content of CF3 groups appears a valuable parameter to estimate the structural disorder and the
decomposition rate. The higher their content, the more advanced the decomposition. Such a
phenomenon is observed for porous carbons with high SSA and then high reactivity towards

F> gas [58].

The deconvolution of the dissymmetric CF massif (-150 to -200 ppm) has been made using a
pure covalence at -190 ppm and a weakened covalence at -170 ppm (or dilutive) components.
The evolution of their relative areas is summarised in Figure 3b, where C, D and M
respectively stand for Covalent, Dilutive and Massif. The semi-covalent component

dominates, except for the highest fluorination temperature, where the covalent bonds are



slightly predominant. It can be seen on Figure 3b that the evolution of the components does

not seem to be linked to the temperature evolution.
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Figure 3: (a) Normalised '°F NMR spectra of FCF samples, (b) evolution of the '°F NMR
CF peak relative areas depending on the fluorination temperature [print with colour]

The last analysis carried out to follow the structural evolutions is EPR. This technique allows
to follow another defects, i.e. the dangling bonds of fluorinated fibres and sizing (Figure 4a).
Sized Non-F fibres exhibit the highest number of dangling bonds. These bonds do not come
from the sizing, as shown in Figure 4b: the high signal-to-noise ratios and the weak signal
intensities for both Non-F and fluorinated sizing suggest that dangling bonds are rather
located in the carbon lattice and/or in the external amorphous carbon layers. According to
Figure 4a, low-temperature fluorinations (FCF-20 and FCF-70 samples) drastically decrease
the spin density, thus suggesting that the defects in the external carbon layers are eliminated
even at these temperatures. If this observation is correlated to the increase of the coherence
length (Table 2), one may propose that the dangling bonds are located in the amorphous
regions of the carbon lattice. It is known that fluorination form radicals in fluorinated polymer
[15]. The high spin density of FCF-140 sample could be explained by the decomposition of
the sizing, and C-C and C-H bond cleavage. It must be noted that this sample exhibit one band
at 1750 cm™ in the IR spectrum (Figure 1a). Its assignment for fluorinated polymers is C=0
due to the post-reactivity during the exposure in air after fluorination and the reaction of
radicals with Oz or H2O. Some of the radicals were not accessible for oxygen and H20O or
stabilised by fluorine environment. The high spin density in fluorinated sizing appears as an

indirect evidence of the sizing decomposition, strengthening the previous hypotheses.



When the sizing is fully removed, the changes in spin density are more easily interpretable.
FCF-230 sample has a weak spin density, showing that fibres have been purified from both
their sizing and their external amorphous layers, as evidenced through ATR-FTIR and '°F
NMR. Higher fluorination temperatures lead to the formation of dangling bonds, located in
the fluorinated phase, with a maximal spin density reached for FCF-330 sample. The decrease
of spin density for FCF-380 sample is another evidence of the departure of the fluorinated

phase at this temperature.
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Figure 4: EPR spectra of (a) fluorinated carbon fibres, (b) Non-F and fluorinated sizing
[print with colour]

The non-monotonous changes of the spin density need the cross-checking of data from
different techniques (FTIR, Raman, SEM, and AFM, the last two being discussed thereafter)
to be fully understood. To sum up the input of EPR data, low-temperature fluorination acts as
a purification step by eliminating both the sizing and amorphous carbon layers, the latter ones
being rich in dangling bonds; a decrease of the spin density is observed. At 230°C, the fibre is
cleaned but not significantly fluorinated yet, resulting in a minimal spin density. Higher
fluorination temperatures, up to 330°C, lead to the formation of dangling bonds as seen for
other carbonaceous materials at higher temperatures [59,60]. At 380°C, the departure of the
fluorinated phase results in the decrease of the spin density, because the dangling bonds are

located in this phase.

All along this section dedicated to the structural modifications brought by fluorination, two
fluorination routes were evidenced, with 230°C being the transition temperature between them.
Under a well-chosen temperature, fluorination thus appears as a dry process to clean the fibre
surface from the sizing, without fluorinating the fibre. Usual desizing treatments are wet

processes implying acetone [16,19,23], which completely disqualify them for further



integration of fibres as composite reinforcement, as wet processes may dismantle the carbon
fabric structure. Rather than this desizing method, fluorination has been considered as an in situ

desizing method, thanks to the difference of reactivity between fibres and sizing.

Under 230°C, the sizing is progressively fluorinated, perfluorinated and overfluorinated with
the temperature increase, until it is completely eliminated at 230°C. Carbon fibre fluorination
takes place from 250°C, with formation of a (CF), pattern and an organised structure, the
latter one being progressively degraded by the temperature increase. This increase leads to
both an increase of the covalence of the CF bonds and to overfluorination mechanisms
through the emission of gaseous fluorides. Next sections aim to strengthen these conclusions

through the study of surface fluorine content and fluorinated fibre properties.

3.3 Surface fluorine content

In this section, the way fluorine atoms graft into the carbon fibre will be studied. SEM images
of the fluorinated fibres are gathered in Figure 5. The FCF-140 sample appears smooth, but
small bulges can be observed on its surface. These irregularities could be remaining sizing
traces: as it has been shown that a room-temperature fluorination for 30 minutes already
degrades sizing [25], and as fluorination is a thermally activated reaction [17,27], fluorination
at 140°C for 20 minutes could also lead to sizing degradation. On the other hand, FCF-230
and FCF-250 samples look perfectly smooth with no irregularities, suggesting the completion

of the sizing decomposition under F», already evidenced in previous sections.

The last image shows a fibre treated at 380°C, which has been attacked and degraded by
fluorine, leading to the formation of holes [16]. The outer layers of the fibre seem to have
become porous, as already observed in [34], and much rougher than the Non-F sized fibres.
This degradation comes from both exfoliation, highlighted in the XRD analysis, and
decomposition of less ordered parts; the exfoliation is favoured by both a high temperature
[61] and a high F> flow (close to 200 mL/min), fluorination reactions being highly
exothermic. Moreover, the exfoliation results in new surface that locally increases the
temperature via this exothermicity [62]. All these observations match with the conclusions of

section 3.2.

The porous outer layers of FCF-380 sample suggest that two phases may coexist in this
fluorinated fibre: the fluorinated external layers, and the Non-F fibre bulk, leading to a core-
shell structure, already found in [63] on carbon nanomaterials. As highlighted by Figure SI 6,

a similar assumption can be made on FCF-250 sample: Figure SI 6a reveals the core of a



metallised fibre, by pull-out of a fragment of the fluorinated shell, and Figure SI 6b shows the
etching of the fibre shell by the moving electron beam if the fibre is not metallised, exposing
the fibre core. Moreover, this need to metallise high-temperature fluorinated fibres evidences

a conductivity loss, highlighting covalent bonding [26].

Figure 5e gathers EDX analyses of the shells and cores of fluorinated fibres. Until 70°C, the
major fluorination reaction seems to affect the sizing, as the fluorine rate slightly increases;
since the sizing is only 0.5-2 wt% of the {fibre + sizing} system [64], the fluorine content is
low. At 140°C, the fluorine atomic percentage decreases, evidencing an overfluorination and
a degradation of the sizing (Figure 5b). At 230°C, given the low fluorine rate, the removal of
the fluorinated sizing is almost complete, but the fibre is not fluorinated yet, in good
agreement with the previous sections. The carbon fibre fluorination starts at 250°C, and high
amounts of fluorine are grafted above 280°C. The temperature appears to be a crucial factor to

reach high rates of grafted fluorine. Fluorine is more abundant on the fibre shell surface than

on the fibre core one.

= Fibre shell
A Fibre core

1(e)

T T T T T T T
50 100 150 200 250 300 350 400
Fluorination temperature (°C)

Figure 5: SEM images of (a) Sized Non-F carbon fibres, (b) FCF-140, (c) FCF-250, (d) FCF-
380 samples, and (e) surface fluorine atomic percentage depending on fluorination
temperature using EDX

Fibre diameters measured on SEM images are reported in Table 3. From 140°C to 230°C, the
fibre diameter decreases. Knowing that the sizing thickness is 0.1-1 um, temperature increase
up to 230°C highlights a progressive sizing fluorination and elimination. At 250°C, the
diameter increases, which could be due to a swelling of the fibre by fluorine penetrating into
it. For higher temperatures, the diameter decrease could be explained by carbon fibre

degradation by fluorine, leading to the emission of gaseous carbon fluorides.



Table 3: Fibre diameter depending on the fluorination temperature

Fluorination

temp. (°C) Non-F 20 140 230 250 380
Average
diameter 7.13+0.04 7.12+£0.07 6.50+£0.08 6.36+0.05 6.76+£0.06 64+0.1
(um)
Loss % 0 0.08 8.8 10.8 5.1 9.6

EDX analyses have also been carried out on fibre transversal sections, in order to study fluorine
diffusion into the fibre bulk, as shown in Table 4 and Figure 6. The fluorine relative contents
follow the same trend than in Figure 5e, but are lower in accordance with the analysis depth of
EDX (1-3 um); EDX analyses of Figure 5e mainly detect the fluorine of the shell highlighted
in Figure SI 6, while EDX analyses of Table 4 and Figure 6 are more focused on the fibre core.
The cartographies shown in Figure 6 confirm the hypothesis of fluorinated layers surrounding
a less or not fluorinated core. The depth of the fluorinated shell and its fluorine content appear
to be more important for FCF-380 sample (1.4 nm) than for FCF-250 sample (1.0 nm). Lastly,
the high proportion of nitrogen detected for Sized Non-F fibres could be imputed to a potential
fibre treatment before sizing, such as nitric acid oxidation. These atoms are not present anymore
for the fluorinated fibre because of the reaction given thereafter, which converts nitrogen atoms

from solid to gaseous state.

C—N+2F,>NF,(g)+C—F

Traces of Al and Mg detected post-fluorination could be due to a pollution of the fluorination

reactor.

Table 4: Fluorine atomic % on transversal section of fibre depending on fluorination
temperature using EDX

Fluorination temperature (°C) Sized Non-F 250 380
C 93.0+03 91.0+x0.2 84.8+0.2
F 46+0.1 104+0.2
(0] 1.1 £0.1 45+02 38+02
N 5.3+£0.3 - -

Al, Mg - ; 2.1+0.1
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Figure 6: Transversal sections of (a) FCF-250, (b) FCF-380 samples, correlated with their
respective EDX fluorine repartition ((c) and (d)) and fluorine diffusion depths ((e) and (f))

SEM and EDX analyses have evidenced the hypothesis of an external fluorinated layer
coating a less or not fluorinated bulk; both the fluorine content and the depth of the
fluorinated layer increase with the reaction temperature. The conclusions of section 3.2 are

strengthened by these observations.

XPS analyses were carried out because the fluorine grafting appears to be mainly on the fibre
surface. XPS data have been gathered in Table SI 3. Concerning the Non-F fibres, as the
spectra of desized and sized ones were collected with and without flood gun, as shown in
Figure SI 7, it has been possible to highlight the shift of some peaks to high binding energies,
confirming the presence of the sizing on both the sized fibres and the chemically desized
ones. Weak shifts for the latter ones underline a low remaining sizing quantity. Moreover,
according to Table SI 3, CO bonds are mostly C-O-C for sized fibres, as there are twice more
CO bonds in C 1s peak (33%) than in O 1s peak (18%), which could indicate the DGEBA
epoxy groups. On the other hand, for desized fibres, the proportions of CO in C Is and O 1s
peaks are similar, which confirms the sizing disappearance; the detected oxygen atoms are
probably the ones of C-OH groups of the fibres with some C-O-C from the residual sizing.

The shift of small peaks to higher binding energies confirms the presence of sizing traces.

Fluorination of unsized graphitic carbon fibres creates two types (I and II) of C-F bonds
[62,65], which are distinguishable in XPS using the flood gun. Type I belongs to weakly
fluorinated areas and its environment is similar to the carbon sp? one (C-F bonds with
weakened covalence). Its binding energy is steady, independently of the electron flow. The

binding energy of type Il is adjustable with the flood gun, as it undergoes a charging effect



because of the insulating properties of the area (covalent C-F bonding) [66], meaning that

type II C 1s and F 1s binding energies tend to be higher than type I ones [67].

Concerning sized fibres, whose XPS C 1s spectra are given in Figure 7, if fluorination occurs
on carbon fibres and not on DGEBA, the CF peak is noted type I and has to be greater than
the CF> and CF3 ones [65]. However, fibres fluorinated at low temperatures (FCF-20 and
FCF-140 samples) exhibit higher CF, and CF3 peaks than the type I C-F peak, evidencing that
the fluorination only occurs on the sizing, as already highlighted by ATR-FTIR analyses. It
should also be noted that the proportion of fluorinated species is similar for FCF-20 and FCF-
140 samples, meaning that the temperature increase, which is a favourable factor for further
fluorination [37], is offset by the sizing degradation, which eliminates fluorinated species
from the fibre surface. However, as stated in the Comments section of Table SI 3, the CF»
relative content is almost twice higher in FCF-140 sample (11.7%) than in FCF-20 sample
(6.3%), which proves the increasing intensity of the fluorination rate with temperature, as

already seen for polymers [14,15,39,68,69], and taking into account the 9F NMR analyses.

Fibres fluorinated at higher temperatures (FCF-250, FCF-380 and FCF-450 samples) become
completely insulating on their surface because of the sp? into sp> hybridization conversion and
formation of type II CF bonds. Moreover, the high binding energies of C-F bonds, observable
in Table SI 3 and Figure 7, highlight type II bonding (fluorinated graphite) and a (CF),
structure, already evidenced through XRD. The detected CF» bonds probably come from the
edges. Lastly, oxygen has disappeared, confirming the completion of sizing decomposition

observed in ATR-FTIR from 230°C.
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Figure 7: XPS C 1s spectra of (a) Non-F sized (flood off), (b) FCF-140, (c) FCF-250, (d)
FCF-380 samples [print with colour]

In order to compare surface and bulk fluorination phenomena, the integrated areas S of CF,
CF; and CF; groups were calculated for both ’F NMR (representative of the fibre bulk, bulk
meaning here the fluorinated layer and not the core of the fibre, not reached by fluorination in
these conditions) and XPS (representative of the fibre outmost surface) and are gathered in
Table 5. Considering the Scrs3/Scr2 and Scrs/Scr ratios, it can be seen that they both increase
with temperature according to '°F NMR analyses, while XPS analyses rather evidence a
decrease. This could highlight a progressive increase of CF3 groups in the fibre bulk, while
these groups are eliminated at the outmost surface of the fibre through the formation of
gaseous fluorides. Such an observation is in accordance with the diffusion limited character of
gas/solid fluorination. The bulk is perfluorinated and overfluorinated after the surface. The
increase of the bulk ("°’F NMR data) Scr2/Scr ratio while the surface (XPS) one remains

constant also highlights a progressive perfluorination of the fibre bulk, while the outer surface



is already perfluorinated. The fluorination is limited by the diffusion as for the case of

polymers [15].

Table 5: Comparison of relative area ratios depending on the fluorination temperature and
the used analysis

Scrs/Scr2 Scr3/Scr Scr/Scr
Fluorination temperature (°C) “FNMR XPS Y“FNMR XPS “FNMR  XPS
250 0.05 0.10 0.04 0.037 0.8 0.39
380 0.09 0.09 0.08 0.032 1.0 0.37
450 0.14 0.07 0.40 0.025 2.8 0.38

In this part, the surface fluorine content and the way fluorine grafts to the carbon fibres
depending on the fluorination temperature have both been investigated using SEM-EDX and
XPS analysis. All the observations match with the hypotheses of section 3.2. It can be added
that for high-temperature fluorinations, a core-shell structure is created with the shell depth
increasing with fluorination temperature. XPS analyses highlighted a covalent (type II) C-F
bonding, meaning that fluorination has replaced in large regions the sp? graphitic
configuration by fluorinated graphite with a (C2oF), or (CF), structure. Such type II C-F make
the fibre insulating, as seen through XPS analysis and the need to metallise the fibres to avoid
their etching by the SEM electron flow. The influence of these modifications on the surface

properties of carbon fibres will be discussed thereafter.

3.4 Fluorination impact on surface properties

3.4.1 Wettability and surface energy

Contact angles were measured using two different reference liquids, which enables the polar
and dispersive parts of the surface energy to be determined [25], thanks to the Owens and
Wendt’s equations [70,71]. The polar and dispersive components of fluorinated carbon fibres,
obtained by both the sessile drop method and the tensiometric one, are given in Figure 8.
Fluorination drastically reduces the total surface energy, as the energies of fluorinated fibres
are at least divided by 2 when compared to the Non-F sized and desized fibres. The fact that
FCF-230 sample has the highest surface energy of fluorinated fibres can be linked to the
absence of fluorine at the fibre surface due to the complete desizing of the fibre without

fluorination of the carbonaceous material, as seen through all the previous analyses.



Higher fluorination temperatures result in a decrease of the surface energy, and especially its
polar component, with a minimum reached for FCF-330 sample. The further increase of
surface energy for FCF-380 and FCF-450 samples is due to the increase of the dispersive
component, which appears to be sensitive to surface morphology. This hypothesis is
strengthened by the surface aspect of FCF-380 sample, which is highly different from the
other samples, as highlighted in Figure 5d. As already stated, this aspect is mainly due to the

exfoliation caused by both high fluorine flow and high temperature.

The comparison of the surface energies obtained with the drop method and the tensiometric
one highlights that, although the values are quite different (10 mN.m™! against 24 mN.m"! and
3 mN.m"! against 15 mN.m"! for FCF-250 and FCF-330 samples respectively), the general
trend is similar: presence of F atoms greatly decreases the surface energy, especially its polar

component, temperature being an activator of this decrease.

As fluorination decreases the polar component of surface energy, the fibres become more
hydrophobic, as shown in Figure 8. The highest contact angles, above 130°, are reached for
high-temperature fluorinated fibres, where the fluorine atoms have been covalently grafted to
the carbon lattice, this effect being strengthened by the carbon fibre debundling that occurs
from 230°C, potentially introducing a different morphological effect than for fibres
fluorinated below this temperature. The lowest contact angle is measured for FCF-140
sample, due to its important polar component leading to higher affinity with water, which has
already been evidenced in ATR-FTIR through the 1750 cm™' band attributed to -COOH

groups.

The interest of the fluorination treatment is to decrease the high polar component of non-
fluorinated fibres measured through tensiometric method, in order to reduce the gap between
this component and the polar one of the epoxy resin, as it has been established that more
hydrophobic fibres could be better impregnated by hydrophobic resins [72], and that close polar
and dispersive components between fibres and matrix could lead to a better fibre/matrix

interface [38].

This outlines the possibility to tailor the surface energy components of carbon fibres to enhance
their compatibility with other polymer matrices, such as polyethylene or polypropylene.
Fluorination thus appears as a way to custom the fibre surface energy depending on a given
matrix, while sizing and coupling agents predestine the use of a particular matrix, which has to

be adapted to the sizing.
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Figure 8: Dispersive and polar components (tensiometric and drop methods) and contact
angles with water of carbon fibres depending on fluorination temperature [print with colour]

3.4.2  Surface morphology

In order to investigate the surface morphology of Non-F and fluorinated fibres, topography
and phase images were acquired using AFM and are respectively gathered in Figure 9 and
Figure SI 8. Both images reveal that the smoothest fibre amongst the analysed samples is the
Non-F sized one. Small bumps are visible at the surface of FCF-250 sample, which looked
smooth in Figure 5c. These bumps could result either from a slight etching of the fibre by
fluorine or from fluorine penetration into the fibre bulk, leading to fibre swelling, as already

seen on carbonaceous materials [73,74].

The small irregularities observable at the surface of the FCF-380 sample are coherent with its
SEM image in Figure 5d. Moreover, its phase image (Figure SI 8) highlights the apparition of
a roughening at the nanometric scale that results from both the etching and exfoliation of the
fibre by fluorine gas, as seen in Figure 5. Based on Wenzel model, this roughening at the

nanometric scale can explain the increase of the dispersive component in Figure 8.
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Figure 9: AFM topography images of carbon fibres depending on fluorination temperature

In this section, the surface properties of fluorinated carbon fibres have been investigated. It
has been evidenced that fluorination strongly reduces the surface energy of carbon fibres,
especially its polar component, which leads to a huge increase of contact angle with water.
AFM analyses have highlighted the etching and partial exfoliation of carbon fibres by fluorine
with the creation of a roughening at the nanometric scale. These irregularities may lead to an
improvement of the fibre-matrix adhesion in composite materials by mechanical interlocking.
On the other hand, fluorination has only a tiny influence on friction coefficients. The latter
ones are increasing with high fluorine proportions or with the presence of fluorinated sizing,

while low fluorine proportions or fibre desizing tend to decrease them.

3.5 Fluorination impact on mechanical properties

The mechanical properties of fluorinated carbon fibres have been investigated through tensile
tests, whose results have been gathered in Table 6. High fluorination temperatures (> 330°C)
lead to low Weibull moduli [19,34], highlighting a loss of reliability on the tensile properties,
as these moduli can be considered as flaw frequency distribution factors [75]. Tensile strength
also decreases, underlining a surface degradation, as tensile strength is related to the fibre
surface state [38]. Moreover, Young’s moduli, which are rather reflecting volume properties
[38] of the fibres, are also decreasing at these fluorination temperatures, highlighting the
severe degradation induced by high-temperature fluorinations. Even FCF-280 and FCF-310

samples have relatively low moduli, showing a slight fibre weakening.




On the other hand, treatments at low fluorination temperature (< 230°C) barely modify the
tensile properties of carbon fibres, although the mechanical properties slightly decrease with
the temperature increase (140°C and 230°C). This highlights the small influence of
fluorination on the fibre at these temperatures and the fact that only the sizing is affected, as

previously stated.

Lastly, regarding its stress at strain and Young’s modulus, FCF-250 sample appears to be the
strongest one, even more than the Non-F fibres. Moreover, it seems to be much more reliable
than the other fibres, treated or not, thanks to its relatively high Weibull modulus, even
compared to carbon fibre moduli at similar gauge lengths in literature [76]. According to
mechanical properties, 250°C thus appears to be the optimal fluorination temperature; this
fibre reinforcement and reliability increase, coupled with the fibre purification highlighted
through SEM, ATR-FTIR and EPR observations, may lead to describe fluorination at this
temperature as a healing process for the fibre. It should however be noted that this
temperature depends on each sizing/fibre couple, and that this treatment may not be universal

and must be tailored for every carbon fibre, e.g. depending on its precursor.

This healing effect was unexpected, because literature mainly reports a conservation or a
decrease of Weibull and Young moduli and of tensile stress at break [16,19,34]. Mechanical
improvements may however be obtained under oxyfluorination or Fo-HF fluorination

conditions, with low concentrations of fluorine into the fibres in the latter case [27,74].

Moreover, to ensure that the mechanical improvement of FCF-250 sample is related to the
fluorine grafting and not only to the temperature increase, carbon fibres were heated at 250°C
for 20 min into a N> atmosphere. Their mechanical properties are given in Table 6 (sample
“250-N2”), and are similar to the Non-F fibre ones, highlighting the fluorine effect in the

improvement of carbon fibre mechanical properties.

Table 6: Mechanical properties of fluorinated carbon fibres

Fluorination Desized Sized 250-
2 140 2 2 2 1
temp. °C) Nonp Newp 20 0 230 250 U7 280 310 330 380
Young's 0sg0 200% 220 190 180 210 220 170 170 120 130
modulus (GPa) = 20  £20 %30 30 +10 £20 £20 %30 40 +40
4 4 700 4 2
Stress af break 4200+ 40004 4000 3900 3300 S000 4300 3700 4000 2900 3600
MPa) 900 900 + + + + + + + + +
( 900 1100 1100 900 1000 1000 1000 1200 1000
Strain at break 16204 1.7 + 1.5+« 1.7+ 17+ 19+ 1.8+ 20+ 22+ 25%+
(%) o= 04 03 05 06 03 04 06 11 1.1
Weibull 47 43 51 35 30 86 41 36 38 23 41

modulus




oo (MPa) 4600 4440 4360 4340 3750 5460 4800 4100 4410 3290 4020
R? 0.99 0.96 098 098 098 09 099 098 097 1.00 097

ATR-IR massif
area

25 - 34 50 11.8 43

The Weibull moduli appear to be conversely related with the area of the ATR-FTIR massif of
superimposed C-F bands, as shown in Table 6. This means that the more fluorine atoms are
grafted to the fibres, the less the fibres are mechanically reliable. Once again, the interest of a
weak carbon fluorination is pointed out, while heavier fluorine grating only leads to poor
mechanical properties, which does not seem relevant for further use in composite materials as

reinforcing fibres.

3.6 Thermal degradation of fluorinated carbon fibres (TGA-MS)

Thermo-Gravimetric Analyses (TGA) were carried out on fluorinated fibres and on sizing, as
reported in Figure 10 and Figure SI 9. The chosen line types of Figure 10a evidence the
difference of behaviour between low-temperature fluorinated carbon fibres and high-
temperature ones. The first ones lose a little weight (up to 8%), which can be mostly
attributed to the sizing thermal degradation, as shown by Figure SI 9, and to the removal of
disorganised and fluorinated external layers of the fibres. Moreover, FCF-230 sample, which
is fully desized according to the previous analyses, is almost thermally stable, underlining the

stability of carbon and the sensitivity of the sizing at these temperatures.

The weight losses of high-temperature fluorinated fibres are high because of the
decomposition of fluorinated groups. In order to know which gases have been released, TGA-
MS has been carried out (Figure 10b). It has been shown by TGA measurement on FCF-230
sample, which is completely desized, that the carbon fibre was barely affected by the
temperature increase, meaning that the gases detected through mass spectrometry for the Non-
F sized fibres might only come from the sizing thermal decomposition. The main species
observed, already seen for DGEBA TGA-MS under inert atmosphere [77], are CO> (m/z = 44)
and unsaturated aliphatic hydrocarbons (CH: in this case, m/z = 14), the latter ones also
potentially coming from defect sites and layer edges of the graphitic phase of the carbon fibre.
The m/z ratio of 14 could also be linked to N from N, while m/z = 28 could be attributed both
to CO, coming from the cracking pattern of CO», and to N> molecules adsorbed during air

exposure previously to the TGA-MS measurements. Lastly, the m/z ratio of 32 could come



from O, both from the sizing thermal degradation and to O> molecules adsorbed previously to

the TGA-MS measurements.

Concerning the fluorinated fibres, the predominant peak is the fluorine one (m/z = 19), which
may come from intercalated fluorine semi-covalently linked to the sp? structure and de-
intercalated by the temperature increase. When compared to Non-F sized fibres, some peaks
are less intense: the CH» peak (m/z = 14) is reduced, especially for FCF-380 sample, because
of the sizing overfluorination and of the hydrogen replacement by fluorine for the CH»
groups. Moreover, if this peak was due to N atoms coming from the Non-F sized fibre, the
latter ones are consumed by the reaction given in section 3.3, which can also explain the

decrease of this peak.

Concerning the emerging peaks, three of them (m/z = 31, 50, 69) can be linked to fluorine
grafting, are they respectively represent CF, CF. and CF;3 groups, which have already been
observed for thermal degradation of (CF), [78].

As fluorine appears to be the most detected species for fluorinated fibres, the bulk F/C ratio of
each fibre has been determined in Table 7, where the onset temperatures of degradation have
also been gathered. The fibres fluorinated above 250°C have much higher ratios than the ones
fluorinated under 230°C, as not only the sizing has been fluorinated. FCF-450 sample has an
extremely low ratio, underlining potential overfluorination and fluorine departure during the

fluorination treatment.
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Figure 10: (a) TGA of fluorinated carbon fibres, (b) MS of Sized Non-F fibres, FCF-250
and FCF-380 samples [print with colour]



Table 7: Bulk F/C ratios and degradation temperatures of fluorinated carbon fibres

Fluorination Sized
temperature (°C) Non-F 20 70 140 230 250 280 310 330 380 450
F/C ratio (102 - 34 2.3 2.1 0.6 7.9 164 9.1 18.2 30.8 3.9
Degradation

o 370 390 380 350 320 420 440 460 430 430 410
temperature (°C)

4 Conclusions

Direct fluorination with diluted F» gas (with N») was applied to DGEBA-sized carbon fibres
at various temperatures (from RT to 450°C) for 20 minutes. Depending on the fluorination
temperature, several fluorination routes have been identified. First, RT fluorination leads to
the sizing fluorination, as already described in [25]. From 140°C to 230°C, the sizing is first
perfluorinated and then degraded through overfluorination reactions with fluorinated sizing
traces remaining at the fibre surface, while the carbonaceous lattice of the fibres is not
fluorinated yet. The progressive degradation of the fluorinated sizing leads to an increase of
the surface energy, which is maximal at 230°C. From 250°C to 330°C, the carbon fibre
fluorination occurs with an increasing fluorine quantity. A core-shell structure arises, with
higher surface fluorine content for shell than for core, and an increase of the shell fluorine
concentration and depth with temperature. The resulting C-F bonding is covalent, evidencing
that the fluorination has replaced the sp? graphitic configuration by fluorinated graphite with a
(CF), structure, which increases the coherence length of the graphitic phase by removing most
of the amorphous carbons. Thanks to the increasing covalence of fluorinated bonds with
temperature, fluorine grafting leads to a hydrophobicity enhancement. A progressive
perfluorination of the fibre bulk with temperature, while the outer surface is readily

perfluorinated, has also been evidenced.

The optimum temperature appears to be 250°C, as the tensile properties are remarkably better
and more reliable than for other fluorinated fibres. The interest of a slight carbon fluorination
for further use in composite materials is thus pointed out. Moreover, slight etching and
potential swelling of the fibre both create irregularities; such a morphology may favour the

fibre-matrix adhesion in composites.

Above 380°C, fluorine strongly degrades the carbon lattice through exfoliation and
overfluorination phenomena. Degradation is evidenced through the increase of Ip/Ig ratio and
the decrease of the coherence length. CF; groups and gaseous fluorides are formed via C-C

bond cleavage, which result in the formation of dangling bonds.



Further use of fibres fluorinated under the optimum fluorination conditions as reinforcing
fibres in composite materials is the next step of the present investigations. A better resistance
to wet ageing is expected from the composites reinforced with fluorinated carbon fibres,
thanks to their hydrophobicity. If stronger fibre/matrix interface adhesion and acceptable
mechanical properties are also obtained, fluorination could be considered as a serious
candidate to compete with sizing treatments their functionalising role, fluorination having the
advantage to be a dry process and to allow a tailoring of the fibre surface energy, avoiding to

predestine fibres to be used with a specific matrix depending on the chosen coupling agent.
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