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Abstract

Various fluorination methods were applied to modify the surfaces of carbon fibres. Mild fluorination techniques, such as low pressure
fluorine at various temperatures and pressures, were compared with strong fluorination agents, such as HF—F, mixtures or CIF,. The relationship
between the degree of fluorination and the physical and chemical properties of two polyacrylonitrile-based carbon fibres ( Torayca, FT 300
6000-99; Sigri, Sigrafil C320.00A) was studied using a combination of contact angle hysteresis, electron spectroscopy for chemical analysis

(ESCA), resistivity measurements and X-ray diffraction (XRD).
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1. Introduction

Carbon fibres are widely used as reinforcements in com-
posites, especially in composites with epoxide matrices. They
combine a high stress factor and strength with a low density,
which has led to their increasing use in high performance
construction materials. To improve the fibre matrix adhesion,
it is necessary to increase the surface polarity, create more
sites for hydrogen bonding and improve the possibility for
covalent linking between the fibre material and the surround-
ing polymer matrix in order to achieve good stress transfer
from the matrix material to the filling fibre material [1].

The normally used oxidative methods for the modification
of such non-polar carbon fibre surfaces include oxidation in
various plasmas [2], oxidation in air [3], electrochemical
oxidation of carbon fibres used as anodes in various electro-
lytes [4]) or wet chemical methods [5], such as boiling in
nitric acid. An alternative technique to increase the surface
polarity of carbon is mild direct fluorination [6].

In recent years, several studies concerning fluorinated car-
bon fibres have been published [7,8]. The degree of fluori-
nation depends on the nature of the fibres and the fluorination
method used. Higher contents of intercalated fluorine can be
obtained using either better graphitized structures or higher
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fluorine pressures [9]. The reaction of fluorine and graphite
at low temperature is kinetically hindered by the formation
of covalent C-F bonds at the outer surface which prevents
further migration of fluorine into the interplanar space and
thus further fluorination [ 10]. The intercalation of fluorine
into graphite at low temperature requires the assistance of
fluorides to yield graphite intercalation compounds (GICs).
In these GICs with the general formula C.F (1.3 <x<20),
the sp” electronic structure of carbon is more or less preserved
[11]. The fluorination of carbon fibres, in particular the for-
mation of GICs or covalent and insulating graphite fluorides
(CF),, or (C,F),, has a strong influence on the physical
properties, such as the layer structure, tensile strength and
mechanical strength.

It is assumed that fluorination introduces hydrophobicity
to the fibre surface. Li et al. [12] showed, by measurement
of the adsorption isotherms of water and ethanol, that fluor-
inated carbon fibres possess water rejective properties. Fluor-
inated carbon micropores were presumed to repel water
almost completely without the formation of water molecular
clusters [12].

Recently, Tressaud et al. [9,11] have investigated the
fluorination reaction in the presence of HF gas. They esti-
mated the transport properties through electrical resistivity
measurements, and the structure of the fluorinated com-
pounds by X-ray diffraction (XRD) and electron spectros-
copy for chemical analysis (ESCA).
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In this study, various fluorination methods were applied to
modify the surfaces of carbon fibres in order to create fibres
with special properties.

2. Experimental details
2.1. Starting materials

Two different types of starting carbon fibre were used

without any additional surface sizing:

1. HT polyacrylonitrile (PAN)-based carbon fibres from
Torayca (FT 300 6000-99);

2. HT polyacrylonitrile (PAN)-based carbon fibres from
Sigri (Sigrafil C320.00A).

2.2. Fluorination procedure

A Monel high pressure bomb (Parr, series 4740, V=71
ml), equipped with a Monel gauge block assembly and rup-
ture disc and closed by Monel needle valves (Whitey), was
rinsed several times with CFCl;, dried and deactivated with
F, (Solvay, 2 bar, 24 h, 100 °C).

The fluorination treatments were carried outon a calibrated
Monel vacuum line. The exact reaction conditions are listed
in Table 1. The fibre samples C2, C3 and T1 were stepwise
fluorinated. In a typical experiment, a bunch of fibres was
transferred into the prepassivated reactor. The oxidizer (F,
(Solvay), CIF; (Air Products), HF (Fluka) ) was condensed
at — 196 °C on the Monel vacuum line onto the fibres, and
the mixture was warmed to room temperature. From outside
the reactor was heated with compressed air by a system of
three nozzles.

Caution: the generated heat may warm the outside surface
of the bomb; every time the bomb is cooled or heated, the
reactor head must be maintained close to room temperature.

Table |
Reaction conditions during fluorination

2.3. Chemical and physical characterization

2.3.1. Surface analyses

Surface analyses were carried out on fibre bundles. ESCA
measurements were performed with an M probe (small spot
ESCA, spot sizes of (1000xX400) 2-150 pm) from Surface
Science Instruments (SSI) using focused monochromatic Al
Ka radiation with an energy of 1486.6 eV [13]. The samples
were fixed on an aluminium sample holder. The residual
pressure inside the analysis chamber was about 10~ mbar.
To avoid charging of a non-conducting sample by the emis-
sion of photoelectrons, the sample was neutralized by a low
energy electron beam (1-20 ¢V). A homogeneous charge
distribution of electrons was achieved using a nickel net
attached 2 mm above the sample leading to a better spectrom-
eter resolution [ 14].

In the survey spectrum (0-1100 eV), the ESCA program
package fixed the C 1s peak at 284.6 eV considering the
neutralization. For the high resolution C s spectra, the exact
position of the C Is peak was not fixed. A more detailed
description of the method and software used can be found in
Ref. [15].

Scanning electron micrographs ( SEMs) to show the even-
tual changes in the surface morphology of all the investigated
fibres were obtained with a Hitachi S-2700 instrument.

2.3.2. Contact angle measurements

The technique and experimental details have been
described elsewhere [ 16-18]. Since the contact angle 6 of a
test liquid on carbon fibres is not directly measurable because
of the small fibre diameters (about 7 pm), a gravimetric
method was used to estimate the contact angles to water
(surface tension y=72.8 mN m ~'; polar component of sur-
face tension y"=50.7 mN m~'; dispersive part of surface
tension y®=22.1 mN m~'; polarity X?=y?/y=0.7) and to
methylene iodide (y=50.8 mN m~'; y*=6.7 mN m™';
y'=441mNm~'; XP=0.13).

Because of the very small mass change during the meas-
urement of a monofilament, five fibres were placed parallel

Fibre Type of fibre Oxidizer Reaction step Reaction time (h) Temperature (°C) Pressure (bar)
Cco C320.00A - - - - -
Cl C320.00A F, 1 1 110 3
2 C320.00A F, 1 4 25 21
2 2 100 26
C3 C320.00A F,—HF (10: 1) 1 2 25 14
2 2 100 18
3 2 140 19
C4 C320.00A CIF, 1 60 25 1.3
Cs5 C320.00A Fp~HF (9: 1) 1 24 200 14
TO Torayca - - - - -
Tl Torayca F; 1 1 25 21
2 2 100 26
T2 Torayca F,-HF (9: 1) 1 24 200 15
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to each other onto an aluminium carrier. The carrier was
placed into a ultramicroelectrobalance ( MP8, Sartorius, Gét-
tingen, Germany; accuracy, 0.1 pg; reproducibility, 0.2 pg)
so that the ends of the fibres were located above the test liquid
surface. Weight recordings were obtained during the fibre
immersion—emersion cycle at a stage velocity of 3 um s™'.
After immersion of the fibres into the liquid, the same direc-
tion was maintained for 15 min, and then reversed until emer-
sion. Immersion and emersion were performed using a
reversible elevator operated with a direct current motor. The
direct current was taken from a constant current source ( Phil-
ips power supply unit PE1507).

Forthe contact angle #calculation, the effective fibre diam-
eters d were estimated from SEMs. Advancing 6, and reced-
ing 6, contact angles were calculated by the Wilhelmy
equation from the mass changes Am, which were detected
during the immersion and emersion of the fibres in the test
liquid
cos 9=%

Uy
were g is the acceleration due to gravity, U is the fibre perim-
eter and 1 is the surface tension of the test liquid.

Due to the very small fibre diameters, no buoyancy slope
could be obtained. To check the reproducibility, all measure-
ments were carried out ten times on fibres of the same sample.
All contact angles are average values and the errors are stan-
dard errors. The contact angle measurements were performed

in an air-conditioned room at a constant temperature of
20 °C.

2.3.3. X-Ray diffraction

The instrument used was a Guinier-type diffractometer
(Siemens Guinier goniometer). The fibres were cut into
pieces 5 cm in length and placed into the sample holder, so
that the incident X-ray beam was perpendicular to the fibre
axis.

2.3.4. Conductivity measurements

The four-point method was used to estimate the conduc-
tivity of a single filament, eliminating problems of contact
resistance [ 19]. The input resistance of the voltage measuring
device must be much higher than the resistance R of the
filament. All measurements were performed at room temper-
ature (20 °C). The current [ was taken from the power supply
(Gossen Konstanter T4 33 2) and measured with a Fluke 45
dual display multimeter. The input resistance of this was 200
TQ. The voltage U was determined by a Keithley 617 pro-
grammable electrometer. A constant current of 100 nA was
applied. The specific resistance of a single filament (p) was
calculated using the fibre length / (/=2 cm) and the fibre
diameter d (d=7 pm, estimated from SEMs) using the fol-
lowing equation

Rmd? Umd® 1

where & is the specific conductivity. All measurements were

repeated on ten samples of each fibre type to obtain average
values.

2.3.5. Elemental analyses (fluorine)

The entire carbon fibre was burnt completely in a pure
oxygen atmosphere. According to Schoniger [20], the com-
bustion gases were passed through a Ce (III) solution precip-
itating Ce(II) fluoride. The remaining Ce(IIl) ions were
back titrated.

3. Results and discussion

Highly oriented graphite reacts with fluorine at high tem-
peratures (above 700 °C), with fluorination of all carbon
layers, yielding carbon tetrafluoride. Depending on the tem-
perature (400-600 °C), fluorination leads, in the ideal case
(addition of F, to all carbon—carbon double bonds), to graph-
ite fluoride (CF),, or to various graphite fluorides [21].

‘We have investigated the mild direct fluorination of carbon
fibres using different fluorinating agents and different tem-
peratures and pressures. The results of cerimetric analyses of
the fluorinated fibres are shown in Table 2. Mixtures of F,
and HF represent the strongest fluorinating agent, leading to
a fluorine content of about 13%, followed by CIF; (6.6%),
whereas pure fluorine gives fluorine contents of below 1%.
CIF; is a much stronger fluorinating agent than pure fluorine.
CIF; is one of the most reactive chemical compounds known,
and reacts violently with many substances generally thought
of as inert [ 22]. For example, it spontaneously ignites asbes-
tos and reacts explosively with most organic substances. The
reactivity can be moderated by dilution with an inert gas [23].
However, using CIF; results in a small amount of chlorine on
the fibre surface (Table 3).

The intercalation of fluorine requires the presence of a
Lewis acid, such as HF, because of its small polarizability.
The Lewis acid forms a mobile anion. Fluorine intercalates
easily into graphite as the mobile HF;™ anion.

The oxidation of carbon fibres probably occurs more effi-
ciently (i.e. faster) when the surface is acidic rather than
basic. During fluorination (oxidation), however, the surface
becomes less acidic (or more basic) by the adventitious
occurrence of water from the reaction with the oxide surface.
In addition, when F, is used as oxidizing agent, it is reduced

Table 2
Cerimetric analysis of the fluorinated fibres

Fibre Fluorine content (wt.%)
Cl 0.515

C2 0.525

C3 12.47

Cc4 6.645

Tl 0.695

T2 13.41
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Table 3
ESCA results: elemental contents of the fibre surface *

Fibre Amount (at.%)
C F @) N Rest

co 95.0 0 5.0 0

Ct 59.3 305 10.2 0

C2 50.5 39.8 9.8 0

C3 35.3 62.7 2.0 0

C4 56.1 309 7.9 1.7 Cl=0.7
As=27

TO 94.5 0 38 1.7

T1 69.2 14.3 i1.7 2.6 P=12
Al=1.0

T2 394 60.6 0 4]

* Survey spectra with fixed C 1s=284.6eV.

to give the basic F~ ion. Therefore the presence of HF in the
reaction mixture acidifies the surface and makes it kinetically
more approachable by the F, molecules.

To obtain information (up to a depth of 10 nm [24]) about
the chemical composition of the fibre surface and the binding
characteristics of the elements at the surface, ESCA meas-
urements were carried out. The results are summarized in
Tables 3 and 4.

In most fluorinated fibres, oxygen and nitrogen are found
on the outer surface. This can be explained by the remaining

Table 4

starting components and contamination after F, treatment.
According to their origin, the two types of carbon fibre have
a slightly different surface composition. The carbon content
is almost the same for both fibres, but the ESCA measure-
ments give 1.7% N and 3.8% O for the surface of the Torayca
fibre and 0% N and 5.0% O for C320.00A.

Consistent with cerimetry, the surface of the carbon fibres
treated with an HF-F, mixture shows the highest degree of
fluorination at about 60% (Table 3) and a C/F ratio between
1.5 and 1.8 (Table 4). In contrast with cerimetry, the amount

C 1s, F 1s and O Is binding energies, relative amounts * and C/F surface ratios of C320.00A and Torayca carbon fibres before and after fluorination

Assignment Cco Cl Cc2 C3 C4 TO Tl T2¢
Clsd Graphite C 284.4 284.7 284.8 283.3 284.6 284.9 284.8 277.1
38.8 28.8 492 42.1 86.8 54.8 345
C-sec.” 285.6 285.7 284.4 285.5 - 285.7 278.4
12.1 8.4 13.2 16.1 17.1 15.2
Cc-0"' 286.4 286.7 - 286.5 286.4 286.5 —
10.5 92 12.8 13.2° 11.3
C=0 287.7 288.2 - - - -
11.6 10.8
CF 288.7 289.4 285.5 288.0 287.6 279.6
14.9 24.4 37.6 18.4 110.5 30.4
CF, 290.1 291.1 - 289.6 289.1 284.4
79 12.9 7.8 6.3 16.4
CF; 291.8 292.8 ~ 291.3 - 288.8
43 5.6 2.8 3.4
Fls® Ionic F-C 685.0 683.7
Semi-ionic F-C 687.4 686.7 - 687.7
Covalent F-C 688.2
Ols® 531.7 533.2 5339 524.5 532.7 532.9 533.1 -
C/F ratio © - 0.5 0.8 1.8 0.6 - 0.2 1.5

* Due fo the applied method for the intensity determination, the values are qualitative (deviation about 10% ). Moreover, the difference between the fluorine
contents in the survey and C 1s spectra can be explained by a slight modification of the sample surface due to X-ray radiation.
" C-sec. denotes a carbon atom with a carbon atom neighbour, on which fluorine is bonded. A chemical shift for this atom is detectable.
¢ Due to the fluorination of the fibre, the electrical conductivity of the surface decreases strongly. Therefore it is necessary to discharge the fibre with an electron
beam (8 ¢V). On the other hand, the fluorination is not complete, so that parts of the fibre still conduct as normal. The values given for this particular tibre are

therefore relative values only and rather low compared with fibre C3.

4 High resolution C s spectrum, in relation to the absolute amonnt of carbon given in Table 3.

¢ Survey spectra with C s fixed at 284.6 eV.
In some cases C-N.
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of fluorine on the surface for C1 (fluorination with neat flu-
orine) is roughly the same as that for C4 (fluorination with
CIF;), which means that, in the case of CIF;, deeper parts of
the fibre are fluorinated and not only the surface.

As expected, fluorination progresses further the higher the
temperature and pressure. The fluorination power increases
from neat flnorine to CIF; to an HF-F, mixture.

In addition to the elemental composition of the surface, the
bonding conditions of the elements involved were estimated.
The correlation between the modification of the graphite
structure, different chemical environments and the bond
energy shift has been developed by several groups. The chem-
ical shift of the binding energy is a useful tool for the inves-
tigation of the molecular environment of an element [25].

Table 4 summarizes the C Is and F 1s core level photo-
electron binding energies of all the investigated fibres, together
with the relative amounts of C, F and O and an approximate
assignment. Between non-fluorinated and fluorinated fibres,
noticeable changes are observed in the C 1s high resolution
spectrum due to new confributions at higher binding energies.
Each electronegative element X polarizes the C—X bond,
resulting in a shift in E, towards higher energies compared
with the C Is peak of graphite carbon {13]. In our case, the
first peak is shifted by +0.9 to + 1.3 eV towards higher
energy and can be assigned to secondary C atoms. The next
two peaks at +1.5to +3.0 eV are associated with C—O and
C=0 carbon atoms. Surprisingly, neither C-O nor C=0
peaks could be detected for the HF--F,-treated fibres (C3 and
T2), which can be explained by the formation of water in the
reaction of HF with the C-O groups, followed by the evap-
oration of water in high vacuum (see also Table 3). The next
component of the C 1s band can be assigned to covalent C—
F (+3.0t0 +4.6eV) for all fibres, with the exception of a
semi-ionic C—F carbon atom for C3 and T2 (+2.2to +2.5
eV). Finally, peaks corresponding to C—-F2 and C—F3 carbon
atoms are found at about +4.3 to +7.3 eV and +7.1 to
+11.7 eV respectively. With an increasing amount of fluo-
rine on the surface, the content of graphite-type carbon
decreases. As expected, the relative amounts of C-F, C-F2
and C-F3 decrease from C-F to C-F3. This is due to kinetic
reasons. Moreover, the fluorination of the bulk phase of the
fibre must be considered.

The ionic character of the C—F bond in the HF-F,-treated
fibres (see above) can also be seen in the survey spectra (C
Is fixed at 284.6 eV), where the F 1s peak (C3, 685.0 eV;
T2, 683.7 eV) lies in the region of an ionic C-F fluorine
atom (F,(LiF)=684.5 eV, covalent graphite fluoride
E,[(CF),] =689.6eV) [26].

Next in our investigation, we carried out contact angle
measurements and combined them with the ESCA results in
order to obtain thermodynamic and chemical information on
the outermost carbon fibre layer. In contrast with ESCA, data
can only be obtained up to a depth of 1 nm [27]. We were
particularly interested in the influence of surface fluorination
on the physical properties, such as wettability, surface polar-
ity and solid surface tension.

] 1
100
Bl L)
Eld
¥
404 LA
9!
20 4
0 T T T T T T -
(a) 1h1] 6.5 1.0 1.5
FiC-ratio
8,
e B
Gk T
m - E
L -
F w-
20 -
n T T T 1
a0 05 1.0 15 20
(b) F/C- ratio

Fig. 1. Contact angle measured against water vs. Buorine content of moditied
fibres: (a) Torayca (TO-T2): (b) C320.00A (C0-C4).

For all the investigated fibres, a relatively large hysteresis
was observed. This hysteresis phenomenon was not caused
by swelling of the fibre material due to penetration of the test
liquid. We can exclude this effect since each measurement
was repeated several times and only a rclatively small varia-
tion of the contact angle was observed. The hysteresis
increases with surface roughness and chemical inhomoge-
neity, but when the surface becomes composite, the energy
barriers decrease dramatically, and so does the hysteresis
[ 18]. Roth fibres can be regarded as real surface systems and
thus both represent metastable systems.

Within error limits, the appearance of hysteresis (differ-
ence between advancing 6, and receding 6, contact angles)
decreases for the fluorinated Torayca fibres as the fluorine
content on the surface increases (Fig. 1(a), water as test
liquid). This can be explained by the chemical modification
of the surface composition due to fluorination. In an aggres-
sive oxidizing environment, such as fluorine, CIF; or an F,—
HF mixture, the amorphous surface carbon atoms are trans-
formed into fluorocarbons as indicated by ESCA measure-
ments (Tables 3 and 4), resulting in a more homogeneous
surface. Surprisingly, this effect cannot be detected for the
C320.00A fibres (Fig. 1(b) ). According to SEMs, “*mild"”’
fluorination (C1, C2) smoothes the surface, but the aggres-
sive HF-F, mixture (C3) significantly damages the surface



132 A. Bismarck et al. / Journal of Fluorine Chemistry 84 (1997) 127134

Fig. 2. SEMs of fibres: (a) pure C320.00A (CO0); (b) HF-F,-treated
C320.00A fibre (C3).

(Fig. 2). In agreement with this, the advancing angle, which
is characteristic of low energy surface areas [28], seems to
be relatively constant with increasing fluorine content on the
surface. However, in contrast with the Torayca fibres, the
receding contact angle, which is more characteristic of high
energy areas [28], decreases. This means that the surface is
better wetted by the test liquid water and the polarity of the
surface is slightly increased. In contrast with the C320.00A
fibre, the wettability of the Torayca fibre decreases with
increasing fluorine content leading to a reduced polarity.

The relatively large error limits of the contact angles are
caused by the very high sensitivity of the Wilhelmy method
to the measurement conditions; in addition, it is impossible
to modify all of the fibre material equally.

The contact angles for C320.00A measured vs. methylene
iodide (Fig. 3(a)) show a similar tendency. It is remarkable
that the advancing contact angles are smaller than the reced-
ing angles. Methylene iodide has a very small polar compo-
nent of surface tension, so that the polar interaction is small
compared with that in water (with a fairly large polar com-
ponent) and the major contribution should stem from disper-
sive interactions. The modified Torayca fibres show the same
trend as discussed for water. Both contact angles increase
with increasing amounts of fluorine (Fig. 3(b)).

O, ]

¢ R
o~

0 +—+ . — . - —

0.0 05 1.0 1.5
(b) F/C-ratin .
Fig. 3. Contact angle measured against methylene iodide vs. fluorine content
of modified fibres: (a) C320.00A (C0—-C4); (b) Torayca (TO-T2).

The combination of the harmonic mean equation [29],
which is valid between low energy materials
‘YIVd‘y,s'd _ YIVPYSP )
‘YIvd + ')/sd ‘ylvp + ’ysp

Ya= Vs + Yiv 4(

and the Young equation [17]

Yiv Ccos 0= Y™ Ya

leads to the following term

d, d P~ P
(1+cos 0)7.v=4( 2t d)+( Yo 2 )
Y T ¥ Y+

From the measured contact angle data between fibres and
water and methylene iodide, using the term above, we cal-
culated the solid surface tension and the polarity X? (Table 5)

A

Vs

XP

The surface tensions for these test liquids are known as men-
tioned above.

For both kinds of fibre, a decrease in the surface tension is
observed. The higher the fluorine content on the surface, the
less the surface tension. In accordance with this, the smallest
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Table 5
Solid surface tensions and polarity of investigated fibres

Fibre vy yP vy XP=yPly
(mNm™") (mNm™") (mNm™")

[&4] 465+1.3 77+1 38.8+09 0.17+0.13

Cl 400+1.7 21,1115 189+0.9 0.53+0.08

C2 384446 16.8+3.8 2164126 0.44+0.26

C3 33.3+59 135435 19.8+4.7 0.41 +£0.31

C4 379419 11.5+1.1 264116 0.30+0.11

TO 42.9+40.8 7.0+0.5 359406 0.16 +£0.07

T1 31.7+23 103+1.6 214+ 1.7 0.3240.17

T2 249475 02426 24747.0 0.01+13.0

Table 6

Resistance, conductivity and resistivity of fluorinated fibres *

Fibre R () k(Scm™h) p (m{) cm)

co 7325 530 1.89

Cl 7297 597 1.74

C2 6674 627 1.59

C3 38300 109 9.15

C4 8005 523 1.91

TO 9254 593 1.68

Tl 8956 467 2.14

T2 9053 487 2.05

* R, resistance; k, conductivity; p, resistivity.

surface tension is observed for the HF-F,-treated fibres (C3
and T2). It seems that the polar part of the surface tension
increases (C1, C2, T1) (y*, Table 5) slightly at first, for a
low degree of fluorination, and then decreases again for
higher degrees of fluorination (C3 and T2). The nature of
C-F bonding is affected mainly by the fluorination temper-
ature and fluorine content. The results given in Table 5 are
those usually observed for fluorinated carbon materials,
because the C—F bonding varies from ionic to semi-ionic to
covalent with increasing fluorination temperature and from
ionic to semi-ionic with increasing fluorine content ( for C.F
prepared at 100 °C or lower). In the case of C,F synthesized
below 100 °C, the C—F bond is mainly ionic at stage 2 or
higher stages and semi-ionic at stage 1 with a higher fluorine
content.

The strong decrease in the dispersive component y* of the
surface tension may be caused by the destruction of the gra-
phitic character of the fibre surface due to fluorination. The

v values are usually assumed to be fairly independent of the
method of surface modification [30]. It is assurned that the
dispersive components reflect the essential surface character-
istics of carbon or the partial graphitized carbon framework
of the fibre material. In contrast, we observed a distinct
dependence of the y¢ values on the fluorine content on the
fibre surface. When a certain amount of fluorine is presenton
the fibre surface, the amorphous part of the surface is elimi-
nated, and therefore the amount of graphite must decrease, in
accordance with the ESCA results (Tables 3 and 4).

Conductivity measurements were carried out to check for
possible changes in the melectron system of the graphitic
parts of the carbon fibre. Such changes in the m-electron
system may be due to intercalation, resulting in an increase
in the fibre conductivity, or chemical reaction, such as the
formation of graphite fluoride, which will lead to a significant
decrease in the conductivity [31]. The electrical conductivity
changes according to C-F bonding, i.e. not only with the
degree of fluorination.

The results of the conductivity measurements are sum-
marized in Table 6. Slight fluorination increases the conduc-
tivity, whereas higher degrees of fluorination are associated
with a lower conductivity. When only the surface area is
fluorinated, almost no change in the (002) diffraction line of
graphite is observed. Since no increase in the interlayer dis-
tance (Table 7) is observed, ion intercalation, which may
cause a decrease in the specific resistivity, can be ruled out
for C1 and C2. Assuming that the carbon fibres are made up
of onion skin, ordered, graphite layers [1], the graphitic
framework is relatively rigid and may resist intercalation or
bulk fluorination when mild fluorination conditions are
applied. According to the ESCA data and cerimetry results,
strong fluorination conditions (CIF;, HF-F,) lead not only
to fluorination of the surface, but also to fluorination of the
bulk phase of the carbon fibre ( cerimetric fluorine estimation
of the whole bulk volume: HF-F,, 12%: F,, 0.5%—0.6%). In
this case, the sp? state of the carbon layers generating a
m-electron system is changed to an sp’ state (fluorocarbon-
like graphite fluoride) and the conductivity decreases
considerably; this was observed in particular for the HF-F,-
treated C320.00A fibre (C3). The large conductivity differ-
ence between the two fibres treated with HF-F, may be
explained by the considerable changes in the texture of the
C320.00A fibre (C3), whereas the Torayca fibre still pos-

Table 7

2@ values and calculated interlayer distances of fluorinated fibres

Fibre 26, () AB,, (0 26, (°) d, (A) d, (A)
Co - 2.4 25.2 - 353
Cl - 2.45 25.25 - 353
C3 21.1 - 25.4 4.21 3.51
c4 - 2.85 25.1 - 3.55
TO - 2.43 25.15 - 3.54
Tl -~ 28 253 - 3.52
T2 - 3 25.5 - 3.49




134 A. Bismarck et al. / Journal of Fluorine Chemistry 84 (1997) 127-134

sesses a relatively large part of the original sp? structure.
Consistent with this, for the C3 fibre, a new very small but
broad, peak at 21.1° (20) is observed in the X-ray diffraction
pauern. The diffraction peak at 21.1° probably indicates the
formarion of stage 3 C, F. For all other investigated fibres,
only the (002) reflection is obtained ( Table 7). All of the
fluorinated fibres have, within the error limits (the peak
shape allows an accuracy of A@,,,= +0.2° resulting in
Ad= +0.03 A), the same interlayer distance. The halfwidth
of the peak increases and the peak height strongly decreases
after fluorination of the fibre material.

Furthermore, the material changes colour during fluorina-
tion from black to a shiny dark blue. The dark blue colour of
fluorinated graphite is not due to the formation of covalent
graphite fluoride, but to the partial formation of stage | C, F
with a semi-ionic C-F bond.
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