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Abstract:

To prepare cohesive polymeric composite, plasma-modified carbon fibers (CF) were
prepared. Among the different strategies to modify the CF surface, the plasma functionalization,
a promising eco-process, induces both chemical and topographic modifications of the CF
surface. Surface characterization of such material composed of several thousands of single
strands requires specific analyzes well suited for both single strand or fiber samples. The
wettability measurement of modified strand or fiber thanks to the simple contact angle measure
is unobvious. Therefore, their wetting profiles in different liquid probes were captured to
determine the exact surface free energy of plasma-modified CF with a remarkable precision.
Furthermore, the obtained results were correlated with more conventional chemical and
morphological surface analyses. The increase of surface free energy was linked to the
appearance of acidic (COQ) and ether (C-O-C) groups on plasma-oxidized CF. However, the
O plasma-treatment showed a limited improvement of CF surface properties, due to their
excessive oxidation altering their crystalline properties.

1. Introduction

For the last decades, carbon-based materials like carbon nanotubes (CNT), carbon fibers
(CF) or the less common fullerene and graphene gain more interest as reinforcing materials,
especially in polymer composites. These materials are endowed with excellent mechanical
properties and good electrical conductivity applied in polymer composites field [1]. However,
the CF chemical inertia makes their industrial usability less practical, as their compatibility with

most polymer matrices is relatively low [1-3]. Therefore, the CF surface must undergo several



treatments preserving the bulk properties in to improve the CF-polymer matrix compatibility
and to ensure the cohesion of the overall polymer composite [4]. Among the different
approaches to modify the CF surface, one of them deals with its coating, so-called CF-sizing to
create an interphase between CF and polymer matrix. The CF is coated through the grafting of
polymer chain [5,6], the whiskerization process [7] or the plasma-polymerization [6-9]. Besides
these treatments, oxidative ones aim to modify the CF surface chemistry to increase its
compatibility with the polymer matrix, while avoiding surface deposition. Most of them involve
the CF immersion in a liquid phase to simultaneously eliminate any non-adherent layers and
oxidize their surface [1,10,11]. However, due to toxicity issues of these liquid processes, dry-
phase technologies are more and more preconized while ensuring good surface properties. In
oxidative dry-phase process, the gaseous atmosphere is composed of air, dioxygen or gases
containing oxygen atoms such as ozone and carbon dioxide, heated at temperatures ranging
from 400 to 1500 °C. However, these thermal processes induce surface alteration of the CF,
and as a consequence its mechanical properties failure [12] even if the addition of metallic
catalyst little reduces the atmosphere temperature range [13].

Hence, the cold plasma-functionalization is a successful process, as the CF surface is
exposed to a reactive medium which induces a chemical surface modification with a limited
topography alteration [1,14-18] issued from various plasma phases like argon [19], dioxygen
[20], dinitrogen [10] and their mixture [21]. Evidence of the topographic alteration is given by
scanning electron microscopy (SEM) while the incorporation of new surface functional groups
is highlighted by X-Ray photoelectron spectroscopy (XPS). Such characterizations are typically
driven by the composite application and only few papers aim to show the modification impact
on the physico-chemistry of the CF surface, and furthermore on the crystalline modification

that could be induced by such dry-phase processes [22,23].



In this study, the surface free energy (SFE) of the several plasma-functionalized CF
single strands is determined thanks to an innovative reliable and accurate method of their
wetting profiles when dipped in different liquid probes. Comparison with other
characterizations (XPS, Raman spectroscopies, SEM) shows that the observed SFE dependence
on plasma-grafted chemical groups is strictly unrelated to this surface functionalization but is

also correlated to the strand crystallinity as measured by Raman spectroscopy.

2. Materials and methods

2.1 Materials and sample preparation

Single strands of commercial available carbon fiber CF (ex-PAN T300 from Toray
composed of 12000 single strands obtained after polyacrylonitrile carbonization) were plasma-
treated. Single strands mean diameter was measured around 6.7 + 0.2 um. The commercial
carbon fibers are often sized. Its goal is broadly to preserve the fiber before impregnation into
the polymer matrix and to produce a layer which will constitute an interface between the fiber
and the matrix. In most of the cases, the sizing is carried out by depositing a layer of epoxy
resin. The unsizing step was performed as follows: carbon fibers were dipped in
dichloromethane for 24 h at room temperature, then were rinsed in acetone and ethanol before

drying. Samples of 5 to 15 cm of the carbon fibers were then cut before the plasma-treatment.

2.2 Plasma surface treatments
Plasma treatment of single CF strand was performed in a capacitive radio-frequency

(RF, 13.56 MHz) plasma reactor. The low pressure is maintained thanks to a turbomolecular



pump (Alcatel ATP-80) coupled with a primary rotary pump. Typical residual pressures are
maintained between 10 and 102 Pa, while the working pressure is measured around 1 Pa with
a capacitive-penning pressure gauge (Alcatel ACC 1009). The glow discharge is sustained
between two parallel electrodes separated by a fixed distance of 12 cm, and powered with a
Caesar RF generator (Advanced Energy), with powers ranging from 5 to 100 W and durations
from 1 to 10 min. Reflected power was kept minimum thanks to RF matchbox (Advanced
Energy). Plasma discharges were performed in continuous wave (CW) in different gases: argon
(99.99 %), dioxygen (99.5 %), dinitrogen (99.8 %) at constant flow rates of 10 sccm, and in
vapor of pure water. For the latter, as the flow rate of water vapor is uncontrolled, H>O content
in the chamber was fixed with a constant working pressure of 2 Pa, equivalent as that obtained
for molecular gas pressures.

CF sample was held on a homemade fiber holder that stretched the fiber under a tension
of around 1 N on stainless steel vertical poles. The poles’ length was fixed to place the fiber
parallel to the electrodes, and at a distance of 6 cm from each of the electrodes. The poles were
stuck on an ABS plate isolating the poles from the electric field and keeping the CF under

floating potential.

2.3 Surface characterization
Wettability and surface free energy

The surface physico-chemistry of the plasma-treated single strand and its dependence
on plasma parameters was followed by singular wettability measures. Single strand vertically
hung on an aluminum holder was dipped in sampling liquids, either polar such as the ethylene
glycol (EG) or apolar as the n-hexadecane (HD). Dispersive and polar surface tension

components of both liquids are reported in Table 1.

Table 1 polar (yp) and dispersive (yq) components of ethylene glycol (EG) and hexadecane (HD)



yp (MI/M?) ya (MJ/m2)

EG 19.0 29.3

HD 0 24.7

Transparent tank was completely filled with the sampling liquid to ensure a flat surface
and to avoid the liquid meniscus appearance. The wetting profile of the dipped strand was
recorded in static mode thanks to the goniometer Kriiss G10 DSA100.

The surface energy was determined by the Owens-Wendt method [24], by calculating
the contact angle of both liquids on the vertical CF strand. To calculate the corresponding
contact angle, Young-Laplace equation (eq 1) was solved for a wetting profile on vertical solid
plane as described by Arts et al. [25]. Coordinates (X; y) of the profile were measured on the
wetting meniscus picture thanks to the software ImageJ Fig. 1a. The (x; y) coordinates are X,
the lateral distance from the CF strand, and y, the profile height at the corresponding x position.
The profile height is measured from the planar liquid-air interface at (oo, 0). To solve such an
equation, two other data must be taken into account: the capillary rise h at (x; y) = (0; h), and

the capillary length Ic, which stands for the distance from the CF strand at y almost equal to O:

(x;y) = (I;0).

21 21 h? 2
% = arccosh (76) — arccosh (f) + \/4 - E - \/4 — 3;—% (eq 1)

Fig. 1b shows a good agreement between the fit of equation (1) and the measured values

(X; y). Then, the contact angle (#) of both liquids is calculated from the following equation (2)

and the extracted values of h and I issued from the profile curve.

hZ
6 = arcsin <1 - 2_l§> (eq 2)

The contact angles of HD and EG then allow to calculate the surface free energy of the

CF strand and its respective polar and dispersive components.



= Profile coordinates (x;y)
— Young-Laplace Eg. fit

T2 3 a4 5 6 1 8 9 10
height of the profile (y) [um]
a) b)
Figure 1 wetting profile of the pristine single CF strand immersed in hexadecane (a); plotted profile as measured
on the picture (dots) and the corresponding Young-Laplace fitting (line) (b). For easier fitting purpose,
coordinates axes are shifted to the right.

Chemical analysis

The XPS analyses were performed with an X-ray Photoelectron Spectrometer Axis
Nova (Kratos Analytical). The X-ray radiation was produced by an Al K, monochromatic
source. Pass energies of 80 eV (1eV step) was used for low resolution spectra, while 20 eV (0.1
eV step) pass energy was used for the high-resolution spectra. 10 scans for each high-resolution
spectrum of the XPS main C 1s peaks were recorded on at least two spots along the plasma-
treated fiber (1 cm-length samples) while a sole scan was only performed for each low
resolution spectra. No neutralization was needed for the samples. The calibration was done with
the main component of the Cls peak, assigned to the value of 284.7 eV [26]. The results’
analysis was performed using Casa XPS software by fitting the main peaks with a
Gaussian/Lorentzian shape.
Raman spectroscopy

Raman spectra were gathered thanks to a Horiba Xplora Raman spectrometer built on a
confocal microscope Olympus BX41. The green (A =532 nm) laser was focalized on single CF
strand with a x100 objective. Spectra acquisition was performed in the spectral range 500 to

2000 cm™* at fixed laser power around 5 mW. Scan numbers and durations were kept minimal



to avoid sample destruction, respectively < 10 and < 40 s. The dispersive system consists of a
network with 600 strokes/mm.
Scanning electron microscopy

The SEM analyzed run on a Jeol JSM 6510 LV SEM (tungsten filament) microscope,
was performed without any sample preparation as CF is semi-conductor but under mild
conditions (35 pum spot size and acceleration voltage of 10 keV) avoiding degradation of the

strand surface.

3. Results and discussion

3.1 Dependence of the plasma-modified strand wettability on its surface chemistry.

The wettability measure of the fiber bundle or on a single strand is generally performed
on bigger and flatter contact surface prepared from compressed fibers or similar material pellet
as vitreous carbon [27]. The exact wetting value can be achieved by immersing the material in
a liquid probe. However, such a measure induces the wetting profile with capillary length and
rise on the same scale of CF dimension (usually < 10 um) [24,25]. To minimize such a side
phenomenon, the measurement was applied to a single strand and viscous liquid probes (HD,
nupb = 3.03 mPa.s and EG, nec = 16.06 mPa.s at 25 °C). Indeed, the capillary rise and length
of a too low viscous liquid such as water strongly depend on the surface topography of CF
single strand and may cause successively its wetting and dewetting. This issue is absolutely
critical as the wetting experiment switches from a static mode to a dynamic mode. HD and EG
were accordingly chosen to prevent significant dynamic wetting and to reduce the scattering of

the h and Ic measures and consequently of the calculated contact angles (®) and exact surface



free energy (SFE). However, several experimental precautions on the profile measurement and

subsequent fitting have to be taken into account (Fig. 2):
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Figure 2 Wetting profiles of the pristine CF strand in HD. (a): profile with a correct fit. (b): the wetting
profile induces divergent fitting (red curve), fixing the measured height improves the fitted values (green).

In Fig. 2, depending on analyzed samples, different responses of the fitting iterations
are observed. In some cases, the measured profile offers a proper fit even if the parameters of
the Young-Laplace equation (eq 1) are varied without any constraint (Fig. 2a) especially for the
height (h) values (y = h for x = 0) since h is almost equal to that one measured on the profile.
In other cases, a significant deviation from the exact height value with a divergent fitting (Fig.
2b, red curve) is noticed. But, if h values are fixed, a correct fitting (R? > 98 % (Fig. 2b, blue
curve) is obtained. A correct fit allows to calculate Ic. It has been also noted that a diverging
fitting always induces a bigger variation for h than for Ic. These measurement issues can be
caused by the small size of samples, emphasized by a possible too low resolution of the optical
lens reducing the measurement accuracy. Thus, to avoid this discrepancy, the h value directly
measured on the profile image was injected in the fitting allowing the I calculation for a given
and measured h. Lowering the freedom degree of the fit parameters induces quite good results

with low fitting standard variations for each gathered profiles (R2 > 95 %).



The repeatability of the measure (5 conducted with a new pristine CF single strand, in

both liquid probes) was also verified (Erreur ! Source du renvoi introuvable.).
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Figure 3 Repeatability of the measurement of HD and EG contact angles for pristine single CF strand
referenced as n°1-5.

The contact angles are obtained from eq 2, Ic and h are calculated from the Young-
Laplace equation profile fitting. Thus, each reported standard deviation of contact angle is
derivative from its corresponding standard deviation of wetting profile fitting. Fig. 3 shows that
all ® of both liquids for untreated single CF strand are comprised between 53 and 59 °. As the
fitting itself was conducted with good accuracy, these observed variations in the CA for
different pristine strands are significant and can be explained by the dispersion in the single CF
strand diameter (6.7 £ 0.2 um), as well as the inhomogeneity of surface chemistry and
topography. This low ® dispersion induces high standard deviations of SFE values. Indeed, the
SFE of the pristine strand and its two dispersive and polar components (yq and vyp) are
respectively 27 + 5 mJ/mz2, 17 £ 3 mJ/m? and 10 = 4 mJ/m? with a relative error on y around 20
%. This SFE deviation is assigned to heterogeneous surface properties of the single CF strands

themselves.
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Furthermore, this surface energy determination was applied for plasma-modified CF
(Fig. 4). The surface free energy of treated CF remains constant whatever the plasma conditions,

considering the high relative errors due to dispersion of the measurements.
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Figure 4 Surface free energy (y) and its polar (yp) and dispersive (yq) components of the single CF strand for
different gases and applied powers with a fixed exposure time (5 min).

Compared to the surface free energy (y, yd and yp) of pristine strand respectively 27 £ 5
mJ/m2,17 £ 3 mJ/m2and 10 + 4 mJ/m?; the SFE of treated samples does not seem to significantly
vary, and remains around values of 27 mJ/m2 within standard deviation around 5 mJ/m?
whatever the chosen plasma conditions. However, the dioxygen plasma initiated at 50 W
discharge power seems to be more efficient; this is explained by the high atomic oxygen
reactivity that leads to surface functionalization and even degradation as observed under higher
discharge power (100 W). In the former case, the polar component v, significantly increases up
to 23 £ 4 mJ/m?, while its decrease is observed for high-power dioxygen treatment (100 W) and
water vapour, argon and it is assigned to an excessive reaction of active species present in the
plasma that induces the surface etching of the carbon fiber [17,27,28]. The formed species on
the CF surface could also be less stable, react with the environment and then age [27]. The
dispersive component yq4 remains around values of 15 mJ/m? and appears to be independent on

the treatment parameters. Finally, in the case of dinitrogen treatments, almost no variations are
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noted. The still low SFE indicates that the dinitrogen plasma is less efficient to provide surface
functionality or degradation, or contributes less to surface polarity.

To highlight the CF chemical modification, low resolution XPS surveys were recorded
for CF treated in similar conditions as presented in Figure 4. From this analysis, the elemental

composition of each sample was determined (Fig. 5).

100 5

¢ L _Jo Cn

‘T 1T Hnnnn

20 4

104

Elemental composition (%)

Figure 5 Elemental composition of the untreated and plasma-treated CF for different gases and applied powers
with a fixed exposure time (5 min).

The atomic oxygen surface concentration of the pristine material is higher than that one
previously reported in [22,29,30], 16.4 % against 10 % or less reflected the pristine CF
oxidation during its processing or its aging prior the plasma treatment. When applied an Ar, N2
or H2O plasma on CF, the oxygen content remains quite constant around 15.0 % whatever the
plasma parameters. Besides, with water and dinitrogen plasma, atomic nitrogen is added to the
surface whose concentration is respectively 4.3 and 4.9 %. From this graph, it appears that the
Ar plasma-treatment induces less functionalization with almost no oxygen grafting, even more
without any post-oxidation and no nitrogen incorporation as also noticed in [19,22]. In addition
of the observed decrease of the SFE (Fig. 4), one may conclude that such a modification mostly
induces effective etching of the CF surface through removal of the native oxygen-containing
groups [31]. The nitrogen atoms grafted on the CF after N2 plasma-modification therefore lead

to the increase of the SFE observed for the treatment (Fig. 4) [1,3,29]. The nitrogen

12



incorporation in water plasma-functionalized CF is explained by the high solubility of
atmospheric dinitrogen in pure water; nevertheless, pure water plasma is not energetic enough
to induce an effective modification of the surface chemistry. Lastly, only dioxygen plasma
treatment induces a significant increase in the atomic oxygen concentration, up to 19.0 and 20.0
% for discharge powers of 50 and 100 W respectively. The corresponding XPS high resolution

spectra of CF are shown in Figure .
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Figure 6 XPS spectra of the pristine (a), and O plasma-treated (b) CF (P = 100 W, t =5 min).

The C 1s peak of the pristine CF is fitted with 5 components. The two main substructures
are assigned to C-C bonds where the C atom is either in sp2 or sp® hybridation appearing
respectively at binding energies (BE) of ~284 and 284.7 eV. Oxygenated components are
identified at 286.3 eV: single bond C-O, mainly ethers and alcohols, 287.1 eV: double bond
C=0 such as ketones and aldehydes, and at ~289 eV: COO such as carboxylic acids [26,27].
The components FWHM was fitted at values between 1 to 2 eV; such broad FWHM implies
that each component is composed of different subspecies, or these are included in slightly
varying chemical environment. Yet, the resolution was not enough to precisely decompose
these components into significant subspecies, especially the C-O-C component which could be
composed of alcohol and ether functional groups, either aliphatic or aromatic due to the

graphitic backbone of the CFs. The C 1s high resolution peak of O plasma-modified CF
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presents the same substructures plus another weak and wide component at 291.5 eV assigned
the m-n* transition plasmons of the CF graphitic crystallites. The surface proportions of each
substructure are reported in Table 2. As its relative area is low (< 1 %), the n-n* shake up is not
taken into account in the following discussion and the other C 1s components contributions are

recalculated without the n-nt* influence.

Table 2 surface proportion of the C 1s components for untreated and O,-plasma treated CFs under different
powers (t =5 min)

sp? C (%) sp C (%) C-0-C (%) C=0 (%) COO (%)

Untreated CF 272+ 14 548+ 2.7 87+05 15401 7.8+0.4
50 W 33.4+17 423+21 70203 15401 158+ 0.8
100 W 329+16 40.0 + 2.0 116+ 0.6 08+0.1 146+0.7

Table 2 shows that when the CF is exposed to dioxygen plasma, (i) C-C bonds evolve
in favor of the sp? carbons, as it increases from 27.2 to = 33 %, while sp* carbon atoms’
concentration decreases from 54.8 to ~ 40 %j; (ii) C-O-C slightly decreases for 50 W O plasma
from 8.7 to 7 %, and increases more significantly for 100 W, up to 11.6 %, (iii) C=0
concentration remains low and even seems to decrease for 100 W, in favor of the COO
component which shows the highest increase in proportion (7.8 for the untreated CF, up to 15.8
% for oxidized CF). This indicates that native surface sp® C atoms are more reactive and react
with the activated oxidized species and form different oxidized functions. The increase in the
sp? proportion implies that the graphitic carbons are less reactive towards the plasma and more
chemically inert to the plasma functionalization. However, the XPS spectra do not allow to
check a possible alteration of the graphitic crystalline structure. Furthermore, the plasma
oxidation improves the surface chemistry, especially by only increasing the acidic component
of the CF since the C=0 concentration remains low indicating an efficient functionalization
process. When the power is further increased, COO and C=0 proportions do not increase. This
could be explained either by a saturation effect of C=0 and COO proportions or by the oxidation

of remaining reactive sites in ether-like functional groups. In addition, volatile or non-adherent
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compounds, such as CO2 may be formed. Nevertheless, the global improvement of the CF
surface chemistry explains the improvement of the SFE observed in Fig. 4, while possible

chemical degradation competes with the functionalization in more drastic treatment conditions.

3.2 Dependence of the chemistry, morphology and crystallinity of modified CF on plasma
conditions

The variation of the surface composition as reported here is however not as high as
described in the literature [1,22,29]. The plasma efficiency, specifically O2 plasma, may be
improved by varying the reactive plasma densities for CF surface functionalization, as this
plasma atmosphere induced the most important variations in the SFE components. The next
graphs (Fig. 7) show the influence of the dioxygen plasma power, i.e. the electron and atomic

oxygen densities, on the CF surface properties.
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Figure 7 surface free energy (y), its polar (yp) and dispersive (yq) components of CF treated in O, plasma a) for
different applied powers (t = 5 min); b) for varying exposure time (P = 40 W).

Fig. 7a shows the dependence of the surface free energy and its components on the
applied power for O, plasma. The SFE varies along 3 modes depending on the applied power:
for power lower than 30 W, surface wettability is not improved as the SFE remains constant
around the same value as measured for the untreated CF (y = 27 + 5 mJ/m?). For intermediate
power (30 to 50 W), SFE is significantly increased, as it almost doubled thanks to an increase

in the polar component from around 10 mJ/m? to values around 21 mJ/m2. The maximum SFE
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(y = 44 £ 1 mJ/m?) is measured for the optimal power of 40 W, with the corresponding
dispersive and polar component values of respectively 23 £ 1 and 20 £ 1 mJ/m2. Such an
increase is related to the grafting of polar functions such as acid and ether groups detected in
the XPS analysis above and less CF degradation. Then, the SFE decreases for higher power (>
50 W), to reach SFE values as low as 26 £ 7 mJ/m?2 for the applied power of 100 W.

A similar experiment was conducted for different exposure times at the optimal power
of 40 W, these results are shown in Fig. 7b. In a same manner, 3 regimes are observed with no
SFE improvement for short and long treatment times, respectively < 2.5 min and > 5 min (SFE
remains around 29 mJ/m2) and its increase for intermediate durations. Only the 5-min treatment
led to the maximum value of SFE (y = 44.1 £ 1 mJ/m?) close to the literature values [1,22,29].
For durations longer than 10 min, SFE is minimum at 21 = 3 mJ/m2. This dependence implies
that in too smooth conditions, the functionalization is not sufficient and does not improve the
CF surface properties. On the other hand, in too hard conditions, functionalization saturates
quickly [32], and surface degradation by physical or chemical etching could impede the surface
modification [17,27,28,33]. To verify the hypothesis of potential surface degradation,
morphology and crystalline structure of the treated CF were checked. Fig. 8 shows the SEM

images of untreated and plasma treated CF surfaces.
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Figure 8 SEM pictures (magnification x10k) of T300 CF a) untreated, and plasma treated: b) Ar 100 W, 5 min;
O, treated: ¢) 40 W, 1 min; d) 40 W, 10 min; e) 10 W, 5 min; f) 40 W, 5 min; g) 50 W, 5 min; h) 100 W, 5 min.

The morphology of the pristine fiber is characterized by linear trenches parallel to the
fiber axis that induce some surface roughness (Fig. 8a). Oxidizing plasma-treatments (Fig. 8c-
h) seem to retain the overall morphology and the roughness, as previously reported [10,11]. If
ionic bombardment or chemical etching does occur, it is in a scale too low for inducing
detectable changes in the morphology by SEM. The sole plasma condition: argon treatment for

17



at least 5 min at 100 W (Fig. 8b) induces surface alteration: small protrusions of several
hundreds of nm appear on top of the linear structure over the length of the CF. In a general
point of view, surface morphology modification seems to be limited and the initial structure
present on untreated CF remains. While this roughness is beneficial for polymer matrices
wetting and adhesion [10,11], the plasma treatment do not allow highlighting tremendous
etching of the CF. In addition, the measured radius of the treated fiber remained close to that
one for untreated fiber, around 6.7 £ 0.2 um.

The high mechanical properties of composites are mostly controlled by matrix-fiber
interfacial affinity and also on the mechanical properties of the so-called reinforced material,
i.e. the carbon fiber. Therefore, the plasma treatment must not alter the crystalline structure and

a Raman spectroscopy was performed to characterize the crystallinity of plasma-treated fiber

(Fig. 9).
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Figure 9 Raman spectra of CF: untreated (black) and plasma-treated for 5 min and for different
powers (50 or 100 W) and different gas (Ar, N2 and Oy).

Raman spectra of CF are composed of two main bands at 1350 cm™ and 1575 cm™ (Fig.
9) identified as respectively the D (for disorder) and the G (for graphitic) bands [33-36]. The D

band is assigned to amorphous carbon vibrations while the G band is linked to the vibration of
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carbon atoms included in graphitic planes. Their relative area and the shift of bands maxima
depend on the proportion of sp2 and sp® carbons in the sample depth and any modification of
the orbital structure of carbon atoms will highlight potential functionalization [37-40].
Whatever the plasma-treatment, the G band shifts from 1575 cm™ to value around 1565 cm™
and its intensity is weakly decreasing. The bathochromic shift of the G band, while its intensity
decreases shows that graphitic carbon is lost due to the plasma treatment. The shift, for limited
crystalline alteration of the CF surfaces, is assigned to the amorphization of graphitic
monocrystals and/or nanocrystals: the material evolves from local monocrystalline to
polycrystalline structure [38]. The weak decrease of the G band intensity however indicates a
weak increase in the sp® carbon sites, i.e. chemical defects due to the formation of a new bond
under plasma-functionalization. This also implies that surface concentration of functional
groups does not vary much with power or gas even if Raman spectroscopy in this spectral range
is not well adapted for chemical group characterization.

At the same time, the D band intensity only increases for discharge power of 50 W and
remains equal to that one of pristine sample for 100 W whatever the chemical nature of the
atmosphere. The CF structure seems to be more sensitive to the electronic bombardment rather
than the reactive species grafting and such behavior can be linked to an amorphization of the
CF surface [38] probably induced by surface etching of some nanocrystal domains or size

reduction.
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Figure 10 Dependence of the G band shift (black) and the Ip/lg area ratio on a) the applied power (t = 5 min); b)
the exposure time (P = 40 W) for O, plasma-treated CF.

To highlight such modification of its crystalline structure, CF was treated in O» plasma
at different powers and durations; the dependence of the associated G band shift and area ratio
of the two bands is described in Fig. 10. Increasing the discharge power (Fig. 10a) or the
duration (Fig. 10b) leads to a continuous increase of G band shift. This bathochromic shift
reaches the value of 13 cm™ for 100 W of applied power at fixed duration of 5 min and 10 cm
! for 10 min of exposure with fixed power of 40 W. Furthermore, Fig. 10a shows a more
complex variation of the Ip/lg ratio with first a decrease (from 2.8 to 2.0 at P <20 W), then a
quick increase up to 3.3 at P = 30 W followed by a new decrease down to 2.0. Its dependence
on duration (Fig. 10b) is more simple with a maximum value (= 3.3) for durations shorter than
2.5 - 3 min.

Even if numerous parameters influence the variation of G band shift and Ip/lc ratio
[38,40,41], some conclusions may be drawn. As the G band shift is mainly assigned to a
decrease in the size of the graphitic crystalline domains, increasing the discharge power or the
duration could induce a more and more pronounced surface degradation, such as chemical or
physical etching. The more chaotic evolution of Ip/lc is explained as follows: at low powers
(Fig. 10a) the plasma is less chemically reactive and induces a more pronounced degradation
of the amorphous phase related to the D band, while the graphitic phase is less altered. When
the applied power increases, the increase of Ip/lc is assigned to a modification of the balance in
the sp2 and sp® C atoms on the surface due to the plasma functionalization. Indeed, plasma
modification breaks the sp2 C backbone of the graphitic planes to graft heteroatoms (oxygen)
and form functional groups, characterized by sp® bonds [3,38,40,41]. The D band increase gives
evidence of the plasma functionalization. A too strong discharge power leads to a too reactive

plasma and induces excessive oxidation of the CF surface shown by the Ip/lc decrease,
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removing both amorphous and crystalline structures as volatile oxidized compounds. Less
resistant amorphous phase is removed, while the graphitic structure is altered and shifts to a
polycrystalline phase shown by the G band shift. The duration (Fig. 10b) has a similar effect
[22,40,41], where short time is not efficient for CF modification, and where too long duration
enhances the plasma etching. These Raman results are coherent with those obtained on SFE
dependence on power and duration on the SFE values (Fig. 4), demonstrating the narrow
domain of plasma efficiency: below no effect of the plasma and beyond too strong effect

inducing excessive CF alteration.

4. Conclusion

This study demonstrated the possible direct measure of SFE of plasma-treated CF. Such
measurements are conducted by acquiring the wetting profiles of single CF strands immersed
in different liquid probes. Solving the Young-Laplace equation allows to calculate the contact
angles and thus, if polar and nonpolar liquids are used, to determine the surface free energies
of plasma-treated CF. However, such measurement can only be accurate if several experimental
precautions are considered. First, sampling probes have to be viscous to limit dynamic wetting
of the surface. Second, high quality of the profile curve fitting has to be attained to keep as low
as possible the CA values dispersion. This is critical as intrinsic high dispersions of the final
SFE values are observed due to the variation of the geometrical properties of the different single
strands, as well as to their varying morphological and physicochemical properties.

This study also showed that RF plasma-treatments induce alteration of the
physicochemistry properties of CF and was highlighted by the SFE and corresponding static
contact angles measures and calculations. The different tested gas showed however different
efficiencies on the wettability of CF surface. Dioxygen showed the best result by increasing the

CF surface energy (up to 44 mJ/m; for P = 40 W and t = 5 min) while altering its atomic
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composition. More sensitive quantification of the surface functionality showed that dioxygen
plasmas are the best candidate to increase the surface relative concentration of functional groups
such as acidic (COO) and ether groups (C-O-C), which result in higher surface energy polar
component. However, plasma-treatments showed a limited improvement of the surface
properties, especially in the CF wettability behavior. While the surface topography modification
remained low whatever the plasma treatment, either low efficiency plasma treatments, or
excessive surface oxidation were observed if the power and duration are too low (P < 30 W at
t =5 min, t > 2 min with P = 40 W), or if both parameters are too high (P > 50 W at t = 5 min,
t > 5 min with P =40 W). Fine optimization of the plasma parameters is thus needed, especially
in drastic conditions of plasma treatments, to avoid excessive surface functionalization. Indeed,
these surface modifications have an impact on the CF crystalline properties, as shown by Raman
spectroscopy. Nevertheless, such improvement of the surface wettability and surface chemistry,

if finely controlled, improve the interfacial adhesion of the polymer matrix and the CF.
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