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Abstract. Plasma processing g aimed to provide better contact and adhesion
between individual plies witho e bon fiber (CF) mechanical resistance. This
work deals with surf: atmospheric pressure dielectric barrier
discharge (DBD) i croscopy (SEM) of a single untreated fiber
showed ber. This feature can be explained by the fiber

cated samples revealed many small particles distributed
These particles are product of the fibers surface etching during
he epoxy layer covering as-received samples. The alteration
of CF surface m confirmed by the Atomic force microscopy (AFM), which
indjg s increased as a result of the plasma treatment. Analysis of the
provided by X-ray photoelectron spectroscopy (XPS) showed

e lead to increasing of the CF surface energy. Both, the increase of surface
rface oxidation contribute for enhancement of CF adhesion properties.

on fibers (CFs) have been extensively used for manufacturing of thermoplastic
osites, such as carbon-reinforced polyetherimide (CF/PEI). This high-performance material has
multlple applications in aerospace, marine and automobile industry due to its favorable
g properties, such as lower density, enhanced toughness, excellent fire resistance and easy
y. One problem that can seriously compromise the performance of this material (when no
previous surface treatment of CFs is applied) is to obtain composites with low interlaminar shear
strength [1]. Therefore plasma processing of carbon fibers is aimed to provide better contact and
adhesion between individual plies without decrease of the carbon fiber mechanical resistance [2-3].
This surface modification is originated by introduction of chemical functional groups and surface
morphology alteration during the treatment [4]. Plasma treatment of carbon fibers by air dielectric
barrier discharge (DBD) at atmospheric pressure is more economical than other plasma treatments
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because it needs no closed chambers, special gases and expensive vacuum equipment [3]. Therefore it
permits large-scale industrial processing more easily than low pressure plasmas [2].

Currently other materials, such as polyester textile materials [S], Twaron fibers [4], polyester fabric
with fluoropolymers [6] and epoxy composites [7], have been treated with atmospherighpressure
plasmas in order to improve their adhesion properties.

This work deals with surface modification of CFs by an atmospheric pressure dielectric
discharge (DBD) in air. The treated and untreated carbon fibers were characterized A
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and atomic force
(AFM).

2. Experimental
The polyacrylonitrile fibers were purchased from Hexcel in the form of plain
3000 monofilaments in each tow with epoxy coating (sizing). Each CF mong
about 8 pm. The fibers were used as-received. The plasma reacto
made of Plexiglas) operates in air with essentially uniform electr

a high-voltage source while the upper electrode was grounded. T
voltage transformer (Vrms 110/20000), powered by an auto
of 60 Hz. A high voltage resistance (1 kQ) protects the tr;
reactor electrodes were covered by dielectric barriers. Th
of 0.5mm. The distance between the electrodes was set a
area of 5.0x5.0 cm® were placed on the dielectrj
consists of large number of filamentary disc
for plasma treatment was set at 2, 5, 7.5 i i oltage magnitude was kept the
fixed at 35 kV peak to peak.

atments. CF samples with
ttom electrode. The DBD

3. Results and discussi

3.1. Electric Measuremen

The discharge current measuring the potential drop across a serial resistor of
measured by a 1000:1 high-voltage probe (Tektronix
P6015A) and disp i i ope (Tektronix TDS 2024B). Figure 1 shows the typical

waveforms of DF
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Figure 1: Typical waveforms of DBD voltage and current.

The charge transported in the discharges was calculated from the measurement of potential drop on
a serial capacitor of 0.91 uF.
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The charge Q(#) stored on the electrodes is represented as a function of V() for one period to form
so-called Lissajous figure (see figure 2). In case of filamentary DBD driven by a sinusoidal power
source the typical shape of its Q-V curve is a parallelogram. The area enclosed by the Lissajous figure
gives the electrical energy consumed for voltage cycle. The discharge power of 6.6Wgwas then
calculated by multiplying the electrical energy by the frequency of the applied voltage (60
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Figure 2: Lissajous figure

figure 3. Beyond the onset
litude. This linear behavior

Voltage (kV)

: Power as a function of the applied a.c. voltage in DBD reactor.
3.2 Scanning electron microscopy analysis (SEM)

effect of DBD on surface morphology of the carbon fibers was investigated by SEM
analysis.” Figure 4 depicts the images of the treated and untreated samples. The micrograph of the
untreated sample shows many thin tracks aligned along each fiber. This characteristic of CF was also
observed by other authors [8] and was attributed to the wet spinning process employed to produce the
polycrylonitrile (PAN) filaments used as raw material in carbon fiber processing. SEM of the sample
treated during 2 min reveals many small particles distributed over entire surface of the fiber. These
particles are product of the fibers surface etching during the DBD treatment that removes the epoxy
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layer covering as-received samples. As the DBD-treatment time increases the quantity of epoxy
covering removed by the DBD also increases.

(a)

Figure 4: SEM images of carbon fibers: a) untreated s

This kind of carbon fiber surface layer etching was also report dfter using
RF plasma processing. The alteration of CF surface morpholo cd by the AFM
analysis.

3.3 Atomic Force Microscope analysis (AFM)
Results from AFM analysis indicate that the carbon
plasma treatment. Figure 5 and table 1 present the i

creases as a result of the
s roughness values (Rq) of

the untreated and treated specimens, respectiv; 64 um’.
The samples treated during 2 and 5 mi 1P e two-fold increase of their roughness in
comparison with the untreated fiber (R . ; ghness enhancement would result in a

better adhesion between the polymer
provides more points of contact/a

1b€rs by enlarging the surface area, which
and the matrix [9].

(c) (d)
Figure 5: AFM images of the carbon fibers: a) untreated sample;
DBD - treated samples b) 2min. ¢) Smin d) 10min
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However the sample treated at 10 minutes shows roughness increase of only 20% in comparison
with the standard specimen. This finding can be explained by the fact that during the first several
minutes of treatment the soft epoxy layer covering the CF had been already removed and after that the
etching goes on the naked CF with lower etching rate.

Table 1: Roughness values from AFM analysis.

Treatment time (min.) Roughness — Rq (nm)
As received 14.0
2 26.7
5 29.5
10 17.3

cause decreasing of the CF surface roughness. Additionally, dec
the CF fiber can be expected due to the excessive etching. Further
to prove this.

3.4 Photoelectron Spectroscopy (XPS)

Analysis of the CFs chemical composition, provide
treatment incorporate oxygen and nitrogen atoms onto th and N/C ratios of CFs are
shown in table 2. The increase of the treatment time ration of O on the surface.
The polar oxygen and nitrogen radicals formed ] increasing of the CF surface

lysis, showed that plasma

energy.
Table 2: Atomic imens from XPS analysis
C1 C4
C-Cor 0-C=0 o/C N/C
As received 62 0 0.24 0
2 minutes 43 6 0.49 0.075
10 minutes 35 10 0.6 0.081

To trace the cf
s peaks of untreated and plasma treated CFs. The as-received
ntributions, whose binding energies are presented in figure 6. As a
C1 peak decreases while C2 peak increases and a new contribution

T T T T T T T T T T T T T T T T T
202 280 288 288 284 282 80 282 290 288 286 84 282 282 280 288 286 284 282

Binding Energy (eV) Binding Energy [eV] Binding Energy {eV)
a) b) ©)

Figure 6: XPS of carbon fibers: a) untreated sample; DBD — treated samples b) 2min. c) 10min.
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The N atoms detected on the surface of DBD-treated CF probably come from two sources: first the
DBD discharge in air and in second place from the fiber itself. The polyacrylonitrile (PAN), which
contains nitrogen, was used as fiber pre-cursor in the fiber manufacturing process. As long as the
plasma treatment removes the epoxy layer and uncovers the CF naked surface the XPS analgsis starts
detecting N atoms from the fiber precursor.

From the XPS analysis one can conclude that oxygen atoms were efficiently incorporated
surface of the treated fibers mainly in the form of C-O and O-C=0 bondings. It was also Qk
considerable increase of the O/C ratio (up to 250% for 10 min. DBD treatment). The p,
radicals formed on the surface lead to increasing of the CF surface energy. Both, the mo
surface roughness and the surface oxidation contribute for enhancement of CF adhesm
These results are in agreement with the results of J. Li [3] that presents a si

SEM and AFM images showed surface morphological modificati after DBD
process that resulted in two-fold increase of the roughness j i ith the untreated sample
(14 nm). XPS results determined that oxygen atoms wer
carbon fibers. Both the increase of surface roughnes tion contribute for
enhancement of CF adhesion properties.
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