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The potential use of fluorinated, polyacrylonirtile-based, high strength carbon fibers as
reinforcement for a fluorocarbon polymer, namely poly (vinylidene fluoride) (PVDF), was
investigated by means of the single fiber pull-out test. The apparent interfacial shear
strength as a measure of practical adhesion was determined and the fracture and friction
behavior of the model composites characterized.

It was shown that the fracture behavior of the model composites is predominately brittle
in nearly all cases. Fluorination of carbon fibers has a positive impact on the adhesive
strength to PVDF. The apparent interfacial shear strength increases with increasing degree
of fiber surface fluorination and becomes maximal at a degree of fiber fluorination
(F/C-ratio) of around 0.8, determined by ESCA, which is close to that of PVDF. This result
points to the fact that the increased “practical” adhesion is due to a physical
compatibilization between the fluorinated fibers and the surrounding PVDF matrix. It was
found that, even though the interfacial shear strength increases with increasing degree of
fiber surface fluorination, the friction between fluorinated carbon fibers and the
surrounding PVDF decreases. C© 2003 Kluwer Academic Publishers

1. Introduction
Fibre reinforced polymers (FRP) are able to provide a
beneficial balance between the traditional properties of
a polymer (low part weight and ease of processability)
and selective properties of metals (high strength, mod-
ulus and toughness). FRPs allow tailoring of unique
combinations of such properties to meet practical and
design requirements. Thermoplastic polymers find in-
creasing interest in the sector of FRPs due to shorter
cycling times, recycleability, and due to the increased
safety demands at the workplace. Since thermoplas-
tics display relatively high elongations to fracture, the
excellent properties of carbon fiber reinforcements be-
come more apparent in thermoplastic composite ma-
terials. In addition they offer a high tolerance against
impact damage and a good resistance against various
chemicals [1, 2].

Fluoropolymers are of huge technological and in-
dustrial importance due to their abrasion resistance,
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thermal stability, chemical barrier and electrical insu-
lating properties, and outstanding chemical inertness
[3]. In their natural state many such polymers are al-
ready amongst the strongest and stiffest thermoplas-
tics [4]. Polyvinyldifluoride (PVDF) is used since the
early 1960s because of its excellent resistance to chem-
icals (however, since it contains also carbon-hydrogen
bonds it is not as chemically inert as other fluorocarbon
polymers, like for instance PTFE) and irradiative at-
tacks in combination with very good mechanical prop-
erties (very low creep and high mechanical strength)
[5–8]. PVDF possesses a remarkable thermal stability
under operating and processing application tempera-
tures and is not flammable. This enables the use of
PVDF from −40◦C up to temperatures of 150◦C (man-
ufactures claim) in air [8, 9]. Additionally, PVDF has
valuable piezoelectric and pyroelectric properties [10].
Because of its superb weathering and exterior proper-
ties as well as low water adsorption (0.03 to 0.06%
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increase by weight) PVDF is often used as protective
barrier coatings [11].

The offshore oil and gas industry continues devel-
oping deep-sea oilfields. The extreme conditions en-
countered in such operations require superior material
performance and durability. The materials have to with-
stand combined severe service conditions, aggressive
media (sweet and sour well fluids), high abrasion, high
but fluctuating working temperatures, pressure differ-
ences and mechanical load. Conventionally used en-
gineering materials have exhausted their potential be-
cause of the high costs involved in supporting their own
weight. Polymer composites can overcome such limita-
tions, thus enabling new design strategies for cost effec-
tive, weight and energy saving materials. Heavy metal
pipes used as risers, flowlines and choke and kill lines
will have to be replaced by non-corroding and lighter
alternative materials in the near future. Spoolable re-
inforced thermoplastic pipes [12] have been developed
to transport highly corrosive fluids, including crude oil,
brine and sour gases at high service pressures. For these
applications PVDF is currently the premium polymeric
sheath material (the only available above 90◦C) with an
upper service temperature limit of 130◦C [13].

In thermoplastic composites, however, it can be more
difficult to guarantee the required interfacial adhesion
as compared to thermosetting matrices. The combina-
tions of rather high melt viscosities and moreover the
lack of ‘reactive’ groups in thermoplastics causes dif-
ficulties in fiber impregnation and to form attractive
(‘chemical’) bonds to surface functionalities of the re-
inforcing material. Thus other ‘specific’ interactions are
necessary to achieve the desired adhesive strength. Typ-
ically the interactions are of acid-base type (including
hydrogen bonding). In addition to the specific interac-
tions mechanical interlocking might also contribute to
the adhesion [14].

The combination of the superior properties of carbon
fibers [15] (very high specific properties, i.e., stiffness
and strength) with the above-mentioned properties of
fluorocarbon polymers in fiber-reinforced composites
is a very challenging task. However, the low ability of
fluorocarbon polymers to form adhesive bonds makes
it rather difficult to succeed. Commonly there are two
possibilities to improve adhesion between the adherent
and adhesive; (i) to modify the reinforcing fibers and
(ii) to modify the surrounding matrix material. In the
literature many reports on the surface modification of
fluorocarbon polymers aiming to improve the adhesion
behavior can be found. Such polymer surface modifica-
tions include chemical etching [16], high-energy irra-
diation techniques [17, 18] and plasma treatments [19].
However, since polymer surface modifications render-
ing the surfaces more hydrophilic are not stable with
time (the phenomenon is often called hydrophobic re-
covery) [20], therefore we decided to modify the carbon
fiber surfaces aiming to compatibilize carbon fibers to
a fluorocarbon polymer.

Despite the large body of research on many as-
pects of fiber surface modifications and their impact
on adhesion, there is very little published work into
fiber/fluoropolymer interactions and fluoropolymer

composite performance. The only academic study is
by Loh et al. [21] who briefly described that plasma
fluorination of carbon fibers offers the possibility to im-
prove the macromechanical performance of fluorinated
carbon fiber filled fluoroplastic (fluorinated ethylene
propylene (FEP) and perfluoroalkoxyethylene (PFA))
composites, through enhanced physical compatibility.
The most recent, available literature, dating back to
1998, is limited mainly to patents. They [22] claim pro-
cesses to make fluoropolymer/fiber composites using
all kinds of fibers, including graphite and fluorinated
graphite fibers.

Commercially available carbon fibers are usually ox-
idized and sized. However, most fiber sizings are hardly
compatible with thermoplastic polymers and even less
suitable for fluoropolymers. To overcome this problem,
fiber manufacturers recommend the use of unsized car-
bon fibers as reinforcement for fluoropolymers. Still,
the use of such fibers does not lead to the best composite
performance due to the subsequently weak fiber/matrix
strength. Currently, there is a pressing need for more
information on the physical and chemical mechanisms
responsible for fiber-to-thermoplastic matrix adhesion.

Knowing that PVDF is amongst the strongest and
stiffest thermoplastics in its natural state [4] begs the
question, as to whether the full potential of PVDF has
yet been exploited. It is clear that there is still a signif-
icant body of knowledge to be built, regarding the im-
provement of the mechanical properties of this class of
polymers. A major option for the use of such polymers
as the matrix material for unidirectional FRPs has yet
to be realized. In the present study carbon fibers were
used that were modified by direct fluorination [23]. In
the present study we will focus on the micromechanical
adhesion behavior between fluorinated carbon fibers to
a surrounding PVDF matrix as investigated using the
single fiber pull-out test. In previous studies we inves-
tigated the influence of the fluorination on the fiber
surface composition and bulk structure [23] as well as
physical-chemical surface properties [24].

1.1. Theoretical considerations to adhesion
A basic requirement of adhesion is the intimate contact
between the phases (here, the reinforcing fiber and the
polymeric matrix), as well as the formation of a cohe-
sively strong solid of the matrix material [25]. From the
thermodynamic point of view, the better the wetting be-
tween the molten adhesive and the adherend the better
the adhesion1 [26]. This would be indicated by a lower
contact angle between the adhesive and substrate. In or-
der to establish intimate contact between the reinforce-
ment and the ‘liquid’ matrix material, the liquid matrix
should not be too viscous, and there should be a thermo-
dynamic driving force which affects good wettability
[27]. This driving force can be expressed by the ther-
modynamic work of adhesion Wa, which is the work
required to reversibly separate two bulk phases from
their equilibrium separation distance. Wa is the sum of

1Definition: “Thermodynamic adhesion refers to equilibrium interfacial
forces or energies associated with reversible processes” [26].
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all the interaction energies between the two phases.

Wa = γs + γl − γsl (1)

For the adhesion of liquids which do not completely
spread on the solid surface (e.g., a polymer melt), the
Young-Dupré equation should be valid:

Wa = γl · (1 + cos θ ). (2)

where θ represents the equilibrium or Young-contact
angle. Unfortunately direct measurements of contact
angles of polymer melt droplets on thin fibers [28] are
still quite difficult and, therefore, an indirect method
was applied to estimate the surface tension of the fibers
as well as the polymer.

There are different approaches commonly used to es-
timate the thermodynamic work of adhesion form the
surface tension (and its components or parameters) es-
timated from contact angle data of test liquids with
known surface tension (components) [26, 29, 30]. How-
ever, the literature contains important critique on the
various approaches to determine solid surface tensions
form contact angle data. Fowkes et al. [31] disputed the
possibility to obtain correct values for the solid surface
tensions form contact angle measurements in principal.
Kwok et al. [32–35] raised critique on the suitability of
the polar/dispersive [26] as well as the acid/base ap-
proach [36] in order to determine interfacial or surface
tensions from measured contact angles. They claim that
contact angles do not contain any information about
assumed polar/dispersive nor acid/base surface tension
components and that all other surface tension compo-
nents theories are untenable. And finally, Makkonen
[37] stated that all theories to obtain solid surface ten-
sions form measured contact angles might be incorrect.

Contact angle measurements are far from trivial and
the accuracy of the surface tension to be determined is
strongly dependent on the quality of the contact angle
data. Since our primarily aim is to optimize the adhe-
sive interactions between reinforcing fibers and PVDF
we have decided to use the most recent and so far un-
challenged Kwok approach.

2. Experimental
2.1. Materials
The fibers used in this study were two polyacrylonitrile
(PAN) based high tensile strength (HT) carbon fibers
C320.00A (CA) (kindly supplied by Sigri SGL Carbon,
Meitingen, Germany) and Torayca T 300 (T) (FT 300
6000-99, form Toray Industries, Tokyo, Japan). The
various fluorinating agents and the experimental pro-
cedure are described in [23].

The commercial PVDF material Kynar©R 711 in pow-
der form was kindly supplied by Atofina (Serquigny,
France).

2.2. Contact angle measurements
In order to estimate the PVDF surface tension ‘static
advancing’ contact angles against various test liquids

with known surface tensions and surface tension com-
ponents (water, diiodomethane (DIM), formamide and
α-bromonaphthalene) were measured on a Kynar 720
Mono-layer (50 µm) film2 (Atofina (Schweiz) AG,
Stallikon, Switzerland) using the sessile drop method
applied in the Krüss DSA10 at room temperature (RT =
20◦C). The measurements were taken immediately after
the droplets were placed from above on the film surface.
A microsyringe on was used to form the droplets. At
least 10 readings were taken for different drops placed
on several spots of the surface.

2.3. Adhesion between carbon fibers
and the PVDF matrix: single fiber
pull-out test

The ‘single fiber composites’ for the pull-out tests were
prepared in a special embedding machine, which allows
an fiber orientation exactly perpendicular to the matrix
surface at a defined embedded fiber length [38]. A fiber
was partially embedded in a polymer melt droplet on
an aluminum sample carrier. Specimens were prepared
as follows: At a temperature of 260◦C the carbon fibers
were embedded in a polymer melt droplet with a deter-
mined length between 50–200 µm. After embedding
the fiber, the whole sample was cooled down to room
temperature with air in about 2 min. After specimen
preparation, every fiber diameter was measured using
a laser diffraction method [39].

Pull-out experiments were performed with a home
made apparatus with a high stiff frame to avoid energy
storage in the device itself and mainly in the free fiber
length (lf = 30 µm) between the matrix surface and
the clamping mechanism [40]. The fiber pull-out was
performed at a constant speed of 0.2 µm/s from the
matrix using a controlled load cell. Pull-out load against
displacement was recorded using a computer controlled
plotter.

The apparent shear strength τIFSS was calculated from
the maximum pull-out force Fmax and fiber embedded
area in the matrix using the mathematical relation,

τIFSS = Fmax

πdfL
(8)

where L is the embedded length and df is the fiber
diameter.

Further details on the fiber pull-out technique can be
found in [41].

3. Results and discussion
First, we want to summarize what we know already
about the fluorinated carbon fibers used in this study.
It is known that fluorine is able to form different kinds
of chemical bonds with carbon materials. The interac-
tions between C and F can vary from covalent, through
semi-ionic, to ionic [42, 43] and even van der Waals
interactions can also be of importance [43]. The va-
riety of different C F bonds that can be formed will,

2No Kynar 710 film is available, the only difference between Kynar 710
or 711 (powder form) and Kynar 720 is a higher molecular mass and
therefore higher melt viscosity.
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T ABL E I F/C-ratio of the carbon fibers determined using ESCA [23], advancing θa and receding θr contact angles against water and diiodomethane
(DIM) as well as the fiber surface tension (γf) calculated from measured advancing contact angles using the Neumann’s equation-of-state approach
[44]

Fiber F/C-ratio θ
H2O
a /◦ θ

H2O
r /◦ θDIM

a /◦ θDIM
r /◦ γf (mN/m)

CA 0 82.5 ± 2.9 56.3 ± 3.1 49.5 ± 3.2 47.7 ± 3.2 35.2 ± 1.8
C1 0.5 62.4 ± 3.5 40.1 ± 5.8 58.8 ± 3.0 40.4 ± 1.1 39.2 ± 10.2
C2 0.8 69.9 ± 4.8 37.3 ± 4.4 62.7 ± 2.1 37.2 ± 1.8 35.9 ± 8.3
C3 1.8 92.3 ± 12.5 54.5 ± 10.4 66.5 ± 5.9 33.2 ± 4.6 28.0 ± 0.3
C4 0.6 73.2 ± 2.4 40.8 ± 5.6 57.3 ± 1.1 40.8 ± 1.3 36.2 ± 5.0
C5 1.5 91.7 ± 12.5 46.8 ± 11.4 62.5 ± 5.0 35.3 ± 6.6 29.2 ± 1.4
T 0 80.3 ± 1.0 47.2 ± 1.5 33.7 ± 1.4 19.8 ± 2.7 39.3 ± 5.6
T2 0.1 83.2 ± 5.2 55.9 ± 4.9 59.1 ± 4.1 55.0 ± 2.3 32.7 ± 1.2

T ABL E I I Static advancing contact angles of four different test liquids measured on PVDF shortly (about 2 s) after the drops were placed onto the
sample

Test liquids Water Formamide Diiodomethane α-Bromonaphthalene

γl (mN/m) 72.8 58.2 50.8 44.6
θa (◦) on PVDF 81.9 ± 2.4 61.3 ± 2.6 56.2 ± 2.6 39.7 ± 2.4

however, affect the surface character of the fluorinated
carbon surface. If covalent C Fx bonds are predom-
inantly formed the resulting fiber surfaces will turn
more hydrophobic, whereas the formation of ionic
C+···F− bonds will render the modified fiber surfaces
slightly more hydrophilic. However, even if covalent
C F bonds are formed, surfaces can become more hy-
drophilic because of the polarization effect of an on
C bonded F-atom to the neighboring C-atom, which
then can be attacked by and bond air oxygen easier
[45]. As expected, at a higher degree of surface fluo-
rination the fibers become more hydrophobic, i.e., the
water contact angles increase.

The water contact angle data for the fluorinated CA
indicate that a slight fluorination until a F/C-ratio of
1 (obtained from ESCA-measurements [23]) increases
the wettability of the fluorinated fibers (Table I). Be-
yond a F/C-ratio of 1 the water contact angles increase,
i.e., the hydrophobic character increases. For the in-
vestigated T-fibers the increasing contact angles with
increasing F-content indicate an increased degree of
hydrophobicity. The fiber surface tensions γf were cal-
culated from the measured dynamic advancing contact
angles using Neumann’s equation of state approach [44]
and are also presented in Table I. As can be seen, the
surface tension of the CA fibers is initially increasing up
to a maximum with increasing degree of fluorination.
Further increase of the degree of fluorinatoin causes the
surface tension to decrease. In case of the T-fibers the
surface tension just decreases drastically even at a low
degree of fluorination. The estimated fiber surface ten-
sions clearly show that the accuracy of values depends
strongly on the quality of the contact angle data. How-
ever, if the contact angles approach or even exceed 90◦
the more difficult it becomes to immerse, to force the
thin fibers into the test liquid making it even harder to
determine high quality contact angles required for cal-
culate solid surface tensions. Measured time-dependent
ζ -potentials [24] reflect the surface composition of the
fluorinated carbon fiber material due to the dissocia-
tion of ionic C+···F−

x (x = 1–3) groups. Fibers con-
taining ionic C+···F− bonds reveal the lowest negative

zeta (ζ ) potentials, in case of semi-ionic bonded F the
interpretation is more difficult. Half of the ‘semi-ionic’
fibers exhibit a low negative ζ -potential and the oth-
ers the greatest negative ζ -values, this might be caused
by only a smaller content of ionic-bonded F. The pH-
dependence of the ζ -potential of all investigated carbon
fibers clearly shows an increased acidic character of the
fluorinated carbon fibers compared to the original un-
treated fibers.

In contrast to many oxidative fiber surface treatments
a slight fluorination will not affect the intrinsic fiber me-
chanical properties, the tensile strength and E-modulus
[45, 46]. Therefore, slight fluorination migh be a possi-
bility in order to improve the interaction between car-
bon fibers and fluorocarbon polymers, while keeping
the fiber properties as they are for pristine fibers.

However, as we know from our previous study [23]
in case of the strongly fluorinated fiber C3, the forma-
tion of a stage 3 Cx F compound was confirmed. This
treatment resulted in fibers with increased fiber diame-
ter (see also Table III) and might surely lead to changed
mechanical fiber properties.

3.1. What adhesion behavior
could we expect?

Commonly, the work of adhesion Wa of an imaginary
polymer/fiber combination is used to estimate a trend of
adhesion. We use the most recent approach to estimate
Wa. Here, we use the estimated solid surface tensions
to calculate Wa using Kwok’s approach [30]. In order
to determine the surface tension of PVDF, ‘static’ ad-
vancing contact angles were measured for various test
liquid droplets resting on the PVDF film (Table II). All
contact angle data3 were used to calculate the polymer
(solid) surface tension using the equation-of-state (eos)
and acid/base approach. The surface tension of PVDF
using the eos-approach is γ eos

PVDF = 34.8 ± 1.2 mN/m

3Plotting experimental wetting tension γlvcosθ values over the liquid
surface tension γlv values results in the expected smooth curves always
reported by Neumann et al.
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T ABL E I I I Measured fiber diameters (df) and apparent interfacial
shear strength (τIFSS)

Fiber df (µm) τIFSS (MPa)

CA 7.0 ± 0.5 27.7 ± 1.7
C1 7.3 ± 0.5 26.7 ± 1.7
C2 7.7 ± 0.6 34.9 ± 2.9
C3 8.7 ± 0.2 28.0 ± 3.0
C4 7.7 ± 0.5 26.0 ± 1.1
C5 6.5 ± 0.5 33.7 ± 1.4
T 7.0 ± 0.4 27.7 ± 1.8
T2 7.4 ± 0.5 21.1 ± 0.9

Figure 1 Work of adhesion for the imaginary system (fluorinated) CA
and T carbon fibers as calculated using Kwok’s approach [30] as function
of the degree of fiber surface fluorination F/C.

and using the acid/base approach we obtain the follow-
ing surface tension γPVDF = 36.0 ± 2.6 mN/m consist-
ing of the Lifshitz/van der Waals component γ LW

PVDF =
33.6 ± 0.86 mN/m and an acid/base of only γ ab

PVDF =
2.4 ± 1.7 mN/m. The acid and base parameters of the
surface tension are: γ +

PVDF = 0.25 ± 0.27 mN/m and
γ −

PVDF = 5.60 ± 2.2 mN/m, repectively. Even though,
the assumptions made to determine the surface tension
from contact angle data as different as it can get, the
values are still in quite good agreement. Furthermore,
the PVDF surface tension estimated are in good agree-
ment to the re-calculated value from the contact angles
reported by Wu [26]: γPVDF = 33.3 mN/m, γ d

PVDF =
28.1 mN/m and γ

p
PVDF = 5.2 mN/m, XP = 0.16.

The Wa values calculated using Kwok’s approach for
an imaginary combination of fluorinated carbon fibers
and PVDF is shown in Fig. 1. If the practical adhesion
is directly proportional to Wa we would expect that it
increases for fluorinated fibers. The practical adhesion
should increase up to a maximum at degree of fluori-
nation of around F/C ≈ 0.5 to decrease further with
increasing degree of fluorination.

3.2. Adhesion between fluorinated carbon
fibers and PVDF

In this section we want to focus on the fracture and
adhesion behavior between the fluorinated carbon fibers
and the PVDF-matrix.

Fig. 2 shows the results of the measured apparent
shear strength between original and fluorinated carbon

(a)

(b)

Figure 2 (a) Apparent interfacial shear strength τIFSS as function of the
embedded fiber length L for the original CA and fluorinated C2 fibers.
(b) Apparent interfacial shear strength τIFSS as function of the embedded
fiber length L for the original T and fluorinated T2 fibers.

fibers and the PVDF matrix as function of the embed-
ded fiber length observed by the single fiber pull-out
test. The lines in the figure should be taken only as
trend indicator and, therefore, they do not represent any
data fitting. From these trends, it is possible to charac-
terize the fracture behavior of a ‘single fiber compos-
ite.’ According to Hampe et al. [40]; the apparent shear
strength does not depend on the embedded fiber length
a predominately ductile fracture behavior occurs dur-
ing the pull-out process. On the other hand, an almost
non-linear dependence of the apparent shear strength
with increasing embedded fiber length would represent
a brittle failure behavior.

As can be seen in Fig. 2 (Fig. 2a, exemplarily
shown for the original CA and the fluorinated C2 fiber;
Fig. 2b for original T and fluorinated T2 fibers) the
measured apparent interfacial shear strength between
almost all investigated fiber PVDF composites is de-
pendent on the embedded fiber length, i.e., the inter-
facial shear strength decreases with increasing embed-
ded fiber length, indicating a brittle fracture behavior of
the composites. However, in case of the pristine Toray
T300 fibers, the fiber/PVDF interface failed in a pre-
dominately ductile manner (no dependence between the
apparent shear strength and the embedding length (see
Fig. 2b) on a higher strength level than that of the fluori-
nated T2 fibers, whereas the behavior of the fluorinated
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(a)

(b)

Figure 3 (a) The maximum pull-out force Fmax as function of the
embedded fiber area Af for the original CA and fluorinated C2 fibers.
(b) The maximum pull-out force Fmax as function of the embedded fiber
area Af for the original T and fluorinated T2 fibers.

C-fiber composites was vice versa. The typically ob-
served pull-out force-displacement curves show that the
measured force increases until its maximum and drops
more or less suddenly after the debonding is completed
to a lower value. After debonding is completed, contin-
uing the pull-out experiment the force then decreases
further with proceeding fiber pull-out and is controlled
by the friction between the fiber and polymer.

Fig. 3 presents (exemplarily) the measured pull-out
forces between the pristine carbon fibers (CA) as well
as the fluorinated fibers C2 and the PVDF matrix as a
function of the embedded fiber/matrix area Ae. Accord-
ing to Subramanian et al. [47] the slope of the pull-out
force as function of the embedded fiber area represents
the strength of adhesion, that is the apparent interfacial
shear strength τIFSS. As can be seen from Fig. 3 the
linearly fitted experimental data, the maximum force
versus embedded fiber area, pass through the origin of
the graph. Even though, the two carbon fiber samples
follow a similar trend, the slopes of the lines are differ-
ent indicating a change in the adhesion strength for the
pristine and fluorinated carbon fibers. Table III summa-
rizes the determined apparent interfacial shear strength
for all investigated fibers. As can be seen from the data
in Table III most determined apparent interfacial shear

Figure 4 Measured apparent interfacial shear strength τIFSS as function
of the degree of fiber surface fluorination, expressed as F/C-ratio as
determined using ESCA.

strength for the pristine and fluorinated carbon fibers
are quite similar except for the fluorinated fibers C2, C5
and T2. For the two fluorinated CA-fibers an increase
in τIFSS of 25.8% and 21.6% (Fig. 4), respectively, was
measured. In case of the fluorinated T-fibers, a reverse
behavior could be detected with a decrease in τIFSS of
21.6% (Fig. 4).

The presented experimental data show that a fluori-
nation of carbon fibers will not result in an improved
adhesion behavior in all cases. However, the trend of the
changing practical adhesion as function of the degree of
fluorination (Fig. 4) follows the predicted trend (Fig. 1).
The measured apparent interfacial shear strength τIFSS
increases up to a maximum at a degree of fiber surface
fluorination of about F/C ≈ 0.8. Atofina, the manufac-
turer of the used PVDF states that the polymer contains
approximately 59% fluorine [8]. The F/C-ratio deter-
mined using ESCA for PVDF is approx. F/C ≈ 0.854

[19]. The reason for the improved adhesion could be the
improved physical compatibilization (an almost equal
F/C-ratio) between the fluorinated fibers and the PVDF
matrix.

3.3. Fiber/matrix friction
In a previous study it was stated that the fluorination
of carbon fibers is lowering the coefficient of friction
in fluorocarbon composites [48]. The performed sin-
gle fiber pull-out experiments on (fluorinated) carbon
fiber/PVDF model composites also allow at least a qual-
itative characterization of the friction behavior between
the fibers and the PVDF matrix after fiber debonding is
completed. After completed fiber debonding the force
decreases further, with proceeding fiber pull-out up to
the complete separation of fiber and matrix. A quali-
tative measure for the fiber/matrix friction can be ob-
tained by evaluating the slope of the pull out curve
(�F/�Af) in this part of the pull-out experiment.

In order to evaluate the friction behavior between
the non- and fluorinated carbon fiber/PVDF compos-
ites, the last part of the pull-out force-displacement

4The PVDF used in the quoted study was also a Kynar-grade film from
Atofina.
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Figure 5 Friction behavior between fluorinated carbon fibers and PVDF
as function of the degree of fiber surface fluorination. The friction is
characterized as change in pull-out force after complete debonding as
function of the decreasing embedded fiber area (�F/�Af).

curves were converted into pull-out force-embedded
fiber area curves. This was possible since the fiber diam-
eter of each tested specimen was determined separately
prior to each measurement. The linear part of the
force-displacement curve after the debonding peak
(Fmax) was fitted for all pull-out experiments. The slope
�F/�Af is a qualitative measure for the fiber/matrix
friction behavior. The results are shown in Fig. 5 (the
error bars shown are the resulting standard deviations
of the mean averaged values). As can be seen the slope
�F/�Ae is a function of the F/C-ratio and decreases
linearly from an averaged value for both pristine fibers
in the range of �F/�Ae = −1.1 × 108 N/m2 with
increasing degree of surface fluorination. This is sur-
prising, considering that the ‘practical’ adhesion be-
tween the fluorinated fibers and PVDF increases up to
a F/C-ratio of 0.8.

4. Concluding remarks
The influence of carbon fiber surface fluorination over
a wide range 0 < F/C < 1.8 on the adhesion and frac-
ture behavior of single fiber PVDF-composites has been
studied using the single fiber pull-out test. It was shown
that the fracture behavior of the model composites is in
nearly all cases, except for the pristine T300 fiber, pre-
dominately brittle. The fluorination of carbon fibers has
a positive impact on the measurable adhesive strength;
the apparent interfacial shear strength. The interfacial
shear strength increases with increasing degree of fiber
surface fluorination to become maximal at a F/C-ratio
of around 0.8, which is corresponds to the surface F/C-
ratio of PVDF. This points to the fact that the increased
adhesion is due to an improved physical compatibiliza-
tion between the fluorinated fibers and the surrounding
PVDF matrix. The trend of the changing practical adhe-
sion as function of the degree of fluorination follows the
same trend as predicted from work of adhesion values
calculated using Kowk’s equation of state approach.

Finally, the friction behavior between the fluori-
nated carbon fibers and the surrounding PVDF matrix
was characterized qualitatively. It was found that the
slope of the force-displacement curve after fiber/matrix

debonding (�F/�Af) decreases linearly with increas-
ing degree of fiber fluorination, even though the
fiber/matrix adhesion increases up to a maximum.
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