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Carbon fibers were surface treated by a continuous gas phase thermo-chemical treatment. The surface
and the mechanical properties of the fibers were investigated before and after treatment and compared
to the properties obtained with a conventional industrial electro-chemical surface treatment. The
increase of the oxygen atomic content was much sharper, the surface chemistry was better controlled,

and the tensile strength of the fibers increased slightly with the thermo-chemical surface treatment.
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The thermo-chemical surface treatment created a topography which amplitudes were under 10 nm, thus
creating some mechanical interlocking with the matrix. The electro-chemical surface treatment did not
generate such a topography. The improvement of interfacial adhesion with a vinyl ester matrix was lim-
ited, revealing that oxidation of the carbon fiber surface alone cannot tremendously improve the mechan-
ical properties of carbon fiber-vinyl ester composites.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The physico-chemical and mechanical properties of a composite
material are not only depending on the characteristics of the rein-
forcement material and the matrix but also on the properties of the
interface, which depend on the conditions used during the manu-
facturing [1]. Aside from the type of fiber, factors that influence
interfacial adhesion in carbon fiber reinforced composites are
mechanical interlocking [2], physical interactions (dispersive [3],
polar [4], acid-base [5]) and chemical interactions [6], the presence
of defects [7], and remaining stress due to the thermal treatment
[8] or the shrinkage of the matrix [9]. It was also demonstrated
[10] that surface treatments of carbon fiber act in two ways: some
weak boundary layers generated during the carbonization of the
precursor are removed and the surface properties are modified in
order to monitor one or several of the parameters previously cited.
Each type of matrix requires a specific fiber surface treatment in
order to achieve an adequate interfacial adhesion. Some surface
treatments can improve interfacial adhesion with a certain type
of resin and lead to a weak interfacial adhesion with another type
of resin [11,12]. Electrochemical surface treatments are still widely
used, especially for the industrial production of carbon fibers. That
is why an impressive number of electrolytes have been tested.
Among them are phosphoric acid [13], sulfuric acid [14], nitric acid
[15], alkaline solutions [16], ammonium salts [17], bleach [18], and

* Corresponding author. Tel.: +1 865 574 9059; fax: +1 865 574 8257.
E-mail address: vautardf@ornl.gov (F. Vautard).

1359-835X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.compositesa.2012.02.018

potassium nitrate [19]. The fibers are washed in water after elec-
tro-oxidation in order to remove the excess of electrolyte, to avoid
a typical contamination with ions like Na*, Ca%*, Cl~ [20,21] and to
remove the carbon products detached from the surface of the fiber.
A drying step follows before further processing, but a significant
amount of water often remains on the surface [22]. Some effort
is needed in order to provide a more environmentally friendly
and energy effective surface treatment technology with no disposal
of liquid waste. Moreover, the oxygen content generated by elec-
tro-chemical surface treatments without significant damage of
the mechanical properties is limited. Indeed, strong oxidations cre-
ate pits in the structure of the fiber [23,24] that can affect its
mechanical properties, so the atomic oxygen content measured
by X-ray Photoelectron Spectroscopy (XPS) is usually comprised
between 7% [25] and 15% [26]. An alternative to surface treatments
in an aqueous phase is plasma oxidation surface treatments in dif-
ferent gases such as air [27], oxygen [28] and carbon dioxide [29].
The transfer of these technologies to an effective continuous
process has not yet been reported in the literature. Treatments
creating radicals in the surrounding atmosphere under radiation
gave some interesting results in the case of y radiation [30], elec-
tron [31] and ion beams [32], but their direct application for the
mass production of carbon fibers seems to be compromised. An
oxidation in ozone at high temperature appeared to be a surface
treatment technology that had the potential to be scaled-up for
industrial production. Indeed, Fu et al. [33] used a batch process
in which pitch-based carbon fibers were exposed to ozone at
160°C during 5 min, which led to an improvement of the
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Table 1

Physical properties of Panex® 35 carbon fibers (manufacturer’s data).
Tensile strength Tensile modulus Density Diameter
(MPa) (GPa) (gfcc) (pm)
4137 242 1.81 7.2

mechanical properties of carbon fiber-cement composites. Jin et al.
[34] used a batch process to surface treat pitch-based carbon fibers
at high temperature in a vacuum system, keeping the ozone pres-
sure at 0.4 MPa. They improved the mechanical properties of car-
bon-carbon composites. In this study, the characterization of a
continuous surface treatment based on a gas phase thermo-chem-
ical approach which is ready to be implemented in the industry is
presented. The surface properties and the tensile strength of the fi-
bers treated with this technology are compared to the ones ob-
tained via conventional and commercial electro-chemical surface
treatment. The mechanical properties of corresponding epoxy
and vinyl ester composites are also investigated.

2. Materials and methods
2.1. Surface treatment of the carbon fibers

PolyAcryloNitrile (PAN) based high strength carbon fibers Pa-
nex®35 (50 k), produced by Zoltek Co. were used in this study.
The fibers were neither surface treated and nor sized. The physical
properties of the fibers surface treated and sized by the manufac-
turer are presented in Table 1.

As received carbon fibers were continuously surface treated in a
reactive gas phase containing ozone. Ozone was produced by a
PWB-150g ozone generator from Plasma Techniques Inc. The resi-
dence time of the fibers in the reactive gas phase was 2 min.

Panex®35 carbon fibers surface treated with the manufacturer’s
electrochemical surface treatment were also studied in order to
compare the surface properties obtained with different surface
treatments.

2.2. Characterization of the fiber properties

For the observation of the fiber surface, a Jeol 6500 FE-SEM was
used in secondary electron mode. The fibers were fixed on the sam-
ple holder with carbon tape and without any kind of conductive
coating. The acceleration voltage was 5kV and the intensity of
the emission current was 60 pA. Image] software was used for im-
age analysis.

A Veeco D3000 Atomic Force Microscope (AFM), controlled by
the software Nanoscope III, was used in tapping mode to observe
the features of the surface topography at a nanometric scale. Single
fibers were deposited on a mica disk and secured at their end with
adhesive tape. Images of 2 um x 2 pm were obtained.

air FHA

w

alkane Faw

Fig. 1. The two liquid phase method with the use of an electrobalance. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

X-ray Photoelectron Spectroscopy (XPS) analysis of the carbon
fiber surface was carried out with a Thermo Scientific K-Alpha X-
ray photoelectron spectrometer equipped with a conventional
electron energy analyzer. The latter was operated in the Fixed
Transmission Mode at constant pass energy of 200 eV for the sur-
vey spectra and 50 eV for the core level spectra. A monochromatic
Al Ko source (1486.6 eV) operated at 420 W (14 kV; 30 mA) was
used as incident radiation. Photo-emitted electrons were collected
at a take-off angle of 90° from the sample and the pressure was
about 10~° mbar (1077 Pa). The spectrometer energy scale was cal-
ibrated with respect to Ag 3d5/2, Au 4f7/2 and Cu 2p3/2 core level
peaks, set with binding energies of 368.3, 84.0 and 932.7 eV
respectively. All binding energies are referenced to the adventi-
tious C(1s) peak located at 284.6 eV. Instrumental sensitivity fac-
tors were taken as C(1s):0(1s):N(1s) equals 1.000:2.930:1.800,
respectively. C(1s), O(1s) and N(1s) core level spectra were fitted
to GL function (product of a Lorentzian by a Gaussian) using Avan-
tage 4.44 software. The background was a Tougaard type. The
parameters controlling the shape of the asymmetric component
(graphitic component) were determined with the C(1s) core level
spectra of the untreated fiber because of its very low concentration
of oxygen. The component peaks position used in C(1s), O(1s) and
N(1s) curve fitting are presented in Table 2. There is evidence that

Table 2

Component peaks used in the fitting of C(1s), O(1s) and N(1s) peaks.
C(1s) O(1s) N(1s)
Binding energy (eV) Component peak Binding energy (eV) Component peak Binding energy (eV) Component peak
284.4 < 284.6 Csp? 531,2 < 5314 Ph=0 (quinone), Ph—C=0, 3984 < 399,0 Pyridine
284,9 « 2851 Csp? 532,0 < 532,2 C=0 (ester, anhydride, amide) 399,4 <« 399,8 Amines, amides, nitriles
284,8 <« 285,0 C—COOR 532,7 <« 5329 R—OH, C—0—C 400,1 <« 400,7 Pyrrolidine, pyridone
2854 « 285,6 C—N 533,5« 5337 Ph—OH, C—O (ester, anhydride) 401,1 <« 401,7 Pyridinium, protonated N
286,1 < 286,4 C—0—R, C=N 534,8 <« 535,2 Chemisorbed H,0 405,5 <« 405,7 NOy
287,4 <« 287,6 =0 536,2 < 536,6 Physisorbed H,0

288,3 « 2889
290,1 « 290,5
2913« 2917

COOR
Physisorbed H,0
Shake up

538.2 <« 538.6

Shake up
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Fig. 2. SEM images of the surface of carbon fibers before and after oxidative surface treatments. (“Magnification in microscope).

Table 3

Values of the diameter of single fibers before and after oxidative surface treatments.

Surface treatment No surface treatment

Electro-chemical oxidation Thermo-chemical oxidation

Diameter (pm) 74+0.5

73+04 73+0.5

two peak components are necessary in order to differentiate sp?
and sp> hybridizations of carbon atoms in carbon materials, either
in diamond-like structures [35] or amorphous carbon [36]. The
O(1s) peak was fitted according to peak components suggested
by Zielke et al. [37] and Lakshminarayanan et al. [38]. The N(1s)
peak was fitted according to peak components suggested by Alex-
ander and Jones [39]. The C(1s) peak fitting was done so that the
total area of all the oxy-carbonated components could not be high-
er than the total area of the O(1s) peak and that the total area of all
the nitro-carbonated components could not be higher than the to-
tal area of the N(1s) peak.

The two liquid phase method was used to measure the surface
energy Y of the fibers and its dispersive y2 and polar Y% compo-
nents. The method was described in details by Schultz and Nardin
[40]. A single fiber was immersed at a constant speed successively

No surface treatfient

\\A

El?xidation

in an alkane and in water, the alkane being superposed to the
water (Fig. 1). Several alkanes had to be tested. In this study, oc-
tane, nonane, decane, dodecane and hexadecane were used. The
electrobalance DCA-322 from Cahn was used to measure the forces
applied to the single fiber. The sensitivity was 10~° g and the speed
of the displacement of the fiber was 1 mm min~'. As the fiber was
immersed in both liquids, the total force applied to it was com-
posed by the buoyancy effect Fz and the tension forces created
by the two liquids Fys and Fyw. The sample weight was considered
compensated by taring prior to measurement.

The two liquid phase method is advantageous because it
involves a dynamic wetting. An advancing contact angle and a
hysteresis can be determined, which are representative of real
surfaces, with different contact angles at equilibrium. The hystere-
sis assesses the influence of the roughness and the energy

Thermo-chemiealfoxidation

Fig. 3. AFM imaging of the surface of the fibers and roughness of the surface of the fibers, along the fiber axis. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Table 4
Highlighted summary of surface topography before and after surface treatments.

No surface treatment

Electro-chemical oxidation Thermo-chemical oxidation

Reference
Very few
Observed contamination

Height of the ridges (>30 nm)
Small Pits (<10 nm)
Contamination

Significantly diminished
Spread all over the surface
Clean surface

Slightly diminished
Very few
Clean surface

heterogeneity of the surface. Moreover, this method does not re-
quire the value of the diameter of the fiber, which is very conve-
nient when a surface treatment changes that value by abrasive
treatment or coating of the fiber surface. The only limit associated
to that method is a necessity for water to replace the alkane at the
surface of the fiber during immersion and for the alkane to replace
water during emersion, which is difficult with polar surfaces [41].
The tensile strength of single fibers was measured according to
ASTM C1557. The fiber was mounted on a slotted testing tab with
the fiber aligned along the center of the tab. The fiber was secured
at opposite ends of the slot by an epoxy-based adhesive. Special
care was taken so that the fiber was not misaligned and not
twisted, as recommended by the ASTM standards. After the adhe-
sive was cured, the ends of the tab were grasped in the grips of a
MTS Alliance RT/5 twin screw load frame controlled by the soft-
ware Testworks 4 and equipped with a 5N load cell. Four gauge
lengths were tested: 6.4, 12.7, 25.4 and 50.8 mm (corresponding
to 0.25, 0.5, 1 and 2 inches). A tensile load was applied with a speed
of displacement of 0.5, 1, 2 and 4 mm min~' respectively. 30 sam-
ples per type of fiber were tested for each gauge length. The diam-
eter of each single fiber was first measured with a digital optical
microscope Keyence VH-2500 R at a magnification of x5000.

2.3. Manufacturing of the composite samples

In the case of vinyl ester composites, Derakane 782 from Ash-
land Co. was used. 1.5 wt.% of tert-butylperoxybenzoate (initiator)
was added and thoroughly mixed by the use of a DAMON/IEC CRU-
5000 centrifuge (rotation speed: 3000 rpm, time: 4 min), which
also enabled a degassing of the mix, the radical polymerization of
vinyl ester resins being inhibited by oxygen. The thermal program
for the cure was 1 h at 150 °C.

In the case of epoxy composites, Epon 828 from Hexion Co. was
used, which is a DiGlycidyl Ether of Bisphenol A (DGEBA) epoxy re-
sin. 26.4 phr of Epikure W (curing agent) from Hexion Co. were
added and thoroughly mixed by the use of the centrifuge (rotation
speed: 3000 rpm, time: 4 min). The thermal program for the cure
was 2 h at 85 °C followed by 2 h at 149 °C.

Unidirectional composite panels were obtained by winding the
carbon fibers around a steel frame and placing them in a two-piece
steel mold. The fibers were impregnated with an excess of resin by
layup with use of a roller made out of Teflon®. When closing the
mold with pressure, the excess of resin was expelled. The dimen-
sions of free space in the mold controlled the dimensions of the
composite samples, which was constant. The mold was then placed
in a furnace that was digitally controlled, so that the thermal his-
tory was identical for all the samples, including the cooling to room
temperature after completion of the cure. The volume fraction of
fibers was 50%.

2.4. Assessment of the fiber volume concentration and the level of
porosity of the composite samples

The level of porosity was measured by acid digestion according
to ASTM 3171 in the case of epoxy composites only. Indeed, the vi-
nyl ester matrix could not be digested by that method. Neverthe-
less, due to the fact that the viscosity of the vinyl ester resin was
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Fig. 4. XPS survey spectra of untreated and thermo-chemically surface treated
fibers. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

lower than the viscosity of the epoxy resin, it is assumed that the
porosity of the vinyl ester composites was at least as low as for
the epoxy composites.

A MarsX 1200 W microwave was used to bring the nitric acid to
a boil. 30 mL of 70% nitric acid were used to digest 1 g of compos-
ite. Everything was Kkept in specifically designed vessels equipped
with probes monitoring temperature and pressure. The microwave
was set up to reach 130 °C in 15 min and hold at 130 °C for 10 min,
allowing a rise in the pressure. The protocol was optimized to di-
gest the matrix completely without damaging the fibers signifi-
cantly. The fibers were then filtered and rinsed with distilled
water and Methyl Ethyl Ketone with the use of a Whatman filter
previously dried at 135 °C. The remaining product was dried with
the Whatman paper at 135°C for 1h before further weight
measurements.

Densities of the matrix and the composite samples were mea-
sured by the displacement method using water according to ASTM
D792. The samples were cleaned with ethyl alcohol and dried be-
fore measurement. The density was measured for 20 samples com-
ing from the composite panels and a panel of pure resin that cured
separately.

2.5. Testing on unidirectional composites

Short beam shear and flexural tests were done according to
ASTM D2344 and ASTM 790-92 respectively. For each carbon
fiber-resin system, 10 samples were tested in the case of the

Table 5
Atomic composition of the surface of the fibers measured by XPS analysis.
C (%) 0 (%) N (%)
No surface treatment 98 2 <1
Electro-chemical surface treatment 88 7 5
Thermo-chemical surface treatment 73 20 3
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flexural 0° and the flexural 90° tests. The dimensions of the spec-
imens were 127 mm x 12.7 mm x 3.2 mm and the span-to-depth
ratio was 16. In the case of the short beam shear test, 2 batches of
10 samples coming from 2 different composite panels were tested.
The dimensions of the specimens were 19.2 mm x 6.4 mm x
3.2 mm and the span-to-depth ratio was 4. A MTS Alliance RT/5
twin screw load frame was used with a 5 kN load cell. The testing
device was controlled by the software Testworks 4. For the
observation of the surface of the fractured composites, a Hitachi
S3400 Variable Pressure Scanning Electron Microscope (SEM)
was used, in high vacuum and secondary electron mode. The
samples were coated with gold and fixed on the sample holder
with carbon tape. The acceleration voltage was 20kV and the
intensity of the emission current was 60 pA.
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Pyrrolidine,
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34

28

30

3. Results and discussions

Amines amides
nitriles

32

Non surface treated Panex® 35 fibers presented typical grooves
in their axis (Fig. 2). Those grooves were formed during the spin-
ning of the PolyAcryloNitrile (PAN) precursor. At the microscopic
scale, high magnification pictures showed that no large surface
defects were created but it was not possible to discriminate the
- o« surfaces regarding the depth of the grooves. Detailed surface
topography images were obtained by AFM and are reported here-
after. The cross-section of those fibers being circular, the diameter
P of single fibers could be measured by image analysis, and 20 val-
ues were obtained for each reference. No significant change of the
average value of the diameter was observed after the oxidation of
the carbon fiber surface (Table 3). A significant scattering was no-
ticed but it was characteristic of the original fibers. The average
value matched the data given by the manufacturer.

2 um x 2 um surface section of the fibers before and after sur-
face treatment were scanned by AFM. The characteristic features
of their surfaces are shown in Fig. 3. The 3D equivalents of the 2D
images are given for a better representation of the shape and
depth of the features. The topography of the non surface treated
fibers was made of 200-400 nm width ridges that were oriented
along the fiber axis. The height of those ridges was around 200-
250 nm. The surface of the ridges was very smooth. Some grains
(contamination) with an average diameter of several hundred
nanometers were randomly found on the surface, constituting
pyrolitic by-products produced during the carbonization step.
© ~ © After the electro-chemical surface treatment, the ridges appeared
to be similar but their height slightly decreased to 150-200 nm.
- = = The contamination was removed. Electro-chemical surface treat-
ments typically create microporosity (the diameter of the holes
being inferior to 2 nm) at the surface of carbon fibers [23,24].
z Although the electro-chemical surface treatment created 7% of
Ola o oxygen atomic content on the surface, there was no creation of
roughness. In the case of the thermo-chemical surface treatment,
the height of the ridges was diminished to around 100-150 nm
and a secondary structure made of smaller pits (<10 nm) was
generated. The contamination was also removed after the
thermo-chemical surface treatment. The observed surface topog-
raphy features obtained from ten AFM images are summarized
in Table 4. The topography looked similar between non-surface
treated fibers and electro-chemically surface treated fibers with
the exception of a slight decrease of the height of the ridges and
the contamination. After the thermo-chemical surface treatment,
the original topography was eroded (ridges) and replaced by
pits with much smaller dimension. That effect was also reported
by Jin et al. [34]. Gao et al. [42] claimed that only the fiber surface
roughness that is under a few tens of nanometers contributes
to interfacial adhesion through mechanical interlocking.
Therefore, more mechanical interlocking with the matrix should
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Table 6
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be generated by the surface of the thermo-chemically oxidized
fibers, thus improving interfacial adhesion, but it is necessary to
verify that this change in topography is not responsible for a loss
of the mechanical properties of the fibers, which will be investi-
gated hereafter.

The survey spectra of untreated and thermo-chemically surface
treated fibers are displayed in Fig. 4. The intensity of the signals
was normalized to the intensity of the C(1s) peak of the surface
treated fibers. The only elements present at the surface of the fibers
were carbon, oxygen and nitrogen. As expected, the signal of the
O(1s) peak is weak in the case of untreated fibers and strong in
the case of surface treated fibers. The atomic composition of the
surface of the fibers is given in Table 5. The oxygen content was in-
creased from 2% to 7% after the industrial electro-chemical surface
treatment and up to 20% after the thermo-chemical surface treat-
ment. It can be noticed that the presence of nitrogen was barely
detected at the surface of the untreated fibers, which can be due
to the fact that it is covered with highly graphitic residue coming
from the graphitization of the fiber. The nitrogen content increased
after the electro-chemical surface treatment up to 5%. It is known
that commercial surface treatments are optimized for epoxy resin
applications [43], so the creation of amines groups at the surface of
the fiber in order to create covalent bonding is targeted. After the
thermo-chemical surface treatment, the atomic content of nitrogen
was only 3%. A fitting of the C(1s), O(1s) and N(1s) peaks was done
in order to identify the nature of the chemical functionalities that
were created at the surface of the fibers (Table 6). As an example,
the fitting of the peaks corresponding to the spectrum of the ther-
mo-chemically surface treated fibers is displayed in Fig. 5.The sur-
face chemistry of the non surface treated fibers was made of low
concentrations of alcohol, ether, epoxide, carbonyl and lactone
functionalities. After the electro-chemical surface treatment, some
ether and epoxide functionalities, hydroxyl and carbonyl groups
and a small amount of carboxylic acid and lactone functionalities
were generated. The fitting of the O(1s) peak revealed that the
majority of the C—0 bonds were belonging to ether, epoxide or
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alcohol functionalities. The surface treatment produced some
amines, apart of some nitrogen that was incorporated in the gra-
phitic structure of the fiber. A significant amount of water was ad-
sorbed at the surface, which can affect interfacial adhesion. The
thermo-chemical surface treatment created preferentially hydro-
xyl groups (phenol functionalities in majority as shown by the fit-
ting of the O(1s) peak) and carboxylic acid functionalities. Some
carbonyl groups were found as well. Although a limited amount
of nitrogen was incorporated in the graphitic structure, barely
any amine was generated on the surface. The carbon material that
constituted the outer layers of the fiber became less graphitic be-
cause the creation of more functionalities induced more defects
in the lattice. A significant amount of adsorbed water was observed
for both surface treatments, but that amount was reduced in the
case of the thermo-chemical treatment. The fitting of the peaks
was combined to the atomic percentage of each element in order
to compare the relative surface concentrations of the three main
types of functionalities that were generated (carboxylic acid, car-
bonyl group, hydroxyl group) (Fig. 6). The concentration of car-
bonyl groups existing at the surface of the non surface treated
fibers was arbitrarily chosen to be equal to 1 and the values of
the other densities were calculated proportionally. The electro-
chemical surface treatment generated the three types of function-
alities with equivalent concentrations, thus not considered very
discriminative. In comparison, the thermo-chemical surface treat-
ment preferentially created hydroxyl groups and carboxylic acids,
the concentration of carbonyl groups being significantly lower.
The thermo-chemical surface treatment functionalized the fiber
surface with a narrow distribution of moieties centered on desired
chemical groups which are strategic for the improvement of inter-
facial adhesion in carbon fiber composites because it has been
demonstrated that hydroxyl groups and carboxylic acids create
covalent bonding with epoxy resins [44,45].

Since the size of the tow was large (50 k), it was necessary to as-
sess the homogeneity of the surface treatment. The tow was sepa-
rated in the middle in two equal half tows and the surface that was

12000
— Signal
—Ph=0, Ph-C=0
c=0 Ols 10000
—R-0H, C-0-C
Ph-OH, C-O
Chemisorbed H,0 8000
—thstsorbed H O )
-Plasmon i
Background | 6000 E
—Envelope g
—Residual ©
4000
2000
T — T 0
545 543 541 539 537 535 533 531 529 527 525

Binding energy (eV)

N1ls

610\‘" 408 U 406

Fig. 5. Fitting of the C(1s),
in this figure legend, the reader is referred to the web version of this article.)

WJ 93

404 46‘“‘”’ 400
Binding energy (eV)

%J%J\/‘w

0O(1s) and N(1s) peaks of the spectrum corresponding to the thermo-chemically surface treated fibers. (For interpretation of the references to colour


https://www.researchgate.net/publication/248366346_Parameters_affecting_the_interface_properties_in_carbon_fibreepoxy_systems?el=1_x_8&enrichId=rgreq-c6fcf356-5005-4909-9c27-181311c75b28&enrichSource=Y292ZXJQYWdlOzI1NDk5NTEzMDtBUzoxNjMxMTU2NzcyNjU5MjFAMTQxNTkwMTIxNzAxNg==
https://www.researchgate.net/publication/229185063_Bonding_epoxide_functions_to_nitric_acid-oxidized_carbon_fibers_using_epichlorohydrin_A_reliable_analytical_determination_of_epoxide_functions_on_fiber_surfaces?el=1_x_8&enrichId=rgreq-c6fcf356-5005-4909-9c27-181311c75b28&enrichSource=Y292ZXJQYWdlOzI1NDk5NTEzMDtBUzoxNjMxMTU2NzcyNjU5MjFAMTQxNTkwMTIxNzAxNg==

1126

¥ No surface treatment
m Electro-chemical surface treatment
49 Thermo-chemical surface treatment
5 - v
4.1
n 41
=
c
=]
- 3
2 = 27 2.7
x 25
=
< 20
2 1.8
1 10
0
0
COOH C-0-R Cc=0

Fig. 6. Comparison of the relative densities of functionalities existing at the surface
of the non treated and surface treated fibers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 7
Homogeneity of the thermo-chemical surface treatment in the carbon fiber tow,
oxygen content.

C (%) 0 (%) N (%)
External part of the tow 73 20 3
Center of the tow 73 20 3

originally in the center of the tow was analyzed by XPS. The con-
centration of oxygen was the same as the concentration corre-
sponding to single fibers located at the external part of the tow
(Table 7).

The fitting of the C(1s), O(1s) and N(1s) peaks revealed that the
surface chemistry generated at the center of the tow is equivalent
to that created at the external part. As the surface treatment was
continuous, an XPS analysis was carried out on several samples
being separated by a few meters in the spool. It was concluded that
the treatment was consistent, with a concentration of oxygen
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remaining relatively stable with an atomic concentration of 19-
20%. The fitting of the C(1s), O(1s) and N(1s) peaks revealed that
the generated surface chemistry was also consistent.

Since the oxygen content of the fiber surface increased sharply
after both surface treatments, assessing its influence on the evolu-
tion of the surface energy was relevant. The typical curve given by
the electrobalance with the two liquid phase method, in the case of
a non surface treated single fiber and a thermo-chemically surface
treated single fiber, with a dodecane-water system, is given in
Fig. 7. Each time that the single fiber crosses a different phase, a
variation of force is first recorded, and then a plateau is reached.
Knowing the diameter of the fiber, it was possible to calculate
the contact angle, both for immersion and emersion.

For a non-oxidized fiber, the wetting by water was difficult, the
immersion contact angle being 78°. The emersion contact angle in
water was 50°. The hysteresis was then 28°. After the thermo-
chemical surface treatment, the wetting by water was slightly im-
proved, as the immersion contact angle was 76°. The emersion con-
tact angle in water was 41°. The hysteresis was then 35°. In general
the hysteresis can be created by the roughness, the heterogeneity
of the surface chemistry, the swelling of the surface of the sample
by penetration of some of the liquids in the sample or by the reor-
ganization of the surface functionalities [46]. In the present case,
the topography of the surface and the heterogeneity of the surface
energy of carbon fibers seemed to be mainly responsible for the
hysteresis, even for non-oxidized fibers. The calculation of the
advancing dispersive (y°) and polar (y*) components of the surface
energy y was done for the three types of fibers, using the different
alkanes listed in the Section 2, and the results are presented in
Table 8.

The surface energy of the electro-chemically oxidized fibers was
barely higher than the one of the non surface treated fibers, which
was expected considering that the oxygen content measured by
XPS was very low. Indeed, the polar component increased slightly
but not enough to convey a dramatic increase of the surface energy
of the fiber. In comparison, the polar component of the surface
energy of the fibers that were thermo-chemically surface treated
increased sharply, which resulted in an overall significant increase
of the surface energy. In all cases, the dispersive component
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Fig. 7. Two liquid phase method, non surface treated and thermo-chemically surface treated fibers, dodecane-water system. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Another parameter that must be checked is the evolution of the
mechanical properties of the single fibers after surface treatment. A
loss of the mechanical properties is indeed not acceptable. The ten-
sile strength of the fiber was measured before and after surface
treatment as well. The tensile strength of the single fibers for each
gauge length is given in Table 9. The tensile modulus remained un-
changed and was equal to the value given by the manufacturer so it
was not reported. The tensile strength of the electro-chemical sur-
face treated fibers was slightly lower than the value reported in Ta-
ble 1, which is related to sized fibers. The sizing protects the fiber
against damage generated by friction of one single fiber against an-
other during handling. Then the properties of sized fibers are
potentially unaffected until testing. Moreover, the value of the ten-
sile strength given by the manufacturer was measured with a tow,
not with single fibers. A trend showing an increase of the tensile
strength after the surface treatments was noticed, even if the aver-
age values were not perfectly statistically different when consider-
ing their standard deviation, and this was more pronounced in the
case of the thermo-chemical surface treatment.

Because the tensile strength depends on the gauge length (the
probability of having a flaw leading to the breakage being higher
with a longer gauge), it is necessary to determine parameters re-
lated to the tensile properties that are independent of the gauge
length, i.e. the Weibull modulus and the scale parameter. The
determination of the Weibull modulus and the scale parameter
was done accordingly to Asloun et al. [47], i.e. by plotting the nepe-
rian logarithm of the average tensile strength for each gauge length
in function of the neperian logarithm of the gauge length (Fig. 8
and Table 9). In their approach, the average tensile strength of
the fiber ¢ is related to the gauge length [ according to Eq. (1), with
m and oo being the Weibull modulus and the scale parameter
respectively, and I" being the gamma function:

lna:ilnlﬂn {JOF<1+1>} (1)
m m

The value of the Weibull modulus m and the ultimate tensile
strength ¢ can be easily determined with Fig. 8. This method
was shown to be more appropriate than a regular two or three

Table 9

Ln (gauge length)

Fig. 8. Determination of the Weibull modulus and the scale parameter. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

parameter Weibull analysis, because the latter gave values of the
Weibull modulus and the scale parameter that were depending
on the gauge length.

The fibers that were electro-chemically surface treated ap-
peared to be the less sensitive to the gauge length (higher value
of the Weibull modulus). That can be explained by a higher density
of flaws. The ultimate tensile strength was similar to that of un-
treated fibers. The nature of the flaws is different though and the
break of the fibers might not follow the same mechanism. Indeed,
oxidative surface treatments create defects (pits) in the first gra-
phitic layers on the surface but also remove the weak boundary
layers of graphitic material produced by the graphitization step
during the manufacturing of the fiber. That may explain why the
tensile strength of untreated fibers was generally lower than the
tensile strength of electro-chemically surface treated fibers. The
thermo-chemical surface treatment yielded the lowest value of
the Weibull modulus and the highest ultimate strength. It seems
that the thermo-oxidative surface treatment presented here, with-
in the experimental conditions used, induced a healing of the car-
bon fiber surface by removing surface imperfections and replacing
them with flaws of smaller amplitudes. The AFM images presented
earlier show that the electro-chemical surface treatment only
slightly changed the topography of the fibers, preserving a rough
surface with defects of a larger amplitude (and eventually more
stress at the tip of those defects), which may have made up for
the gain obtained with the removal of some of the weak boundary
layers originally present at the surface of the fiber. The benefit of
removing the weak boundary layers reached its full potential with
the thermo-chemical surface treatment, with the erosion of the
ridges. Last but not least, it is important to remind that the manu-
facture of the samples also discriminates toward the most fragile
single fibers, creating a pre-selection of the single fibers that has

Tensile strength of single fibers and Weibull parameters before and after surface treatments.

Surface treatment Tensile strength (MPa)

Gauge length in mm (inch)

Weibull modulus m  Scale parameter 6o (MPa)

6.4(0.25) 12.7(0.5) 254(1) 50.8(2)
No surface treatment Average value 3930 3875 3565 3351 12.346 4952
Standard deviation 421 386 407 434
Electro-chemical surface treatment Average value 4171 3847 3764 3530 13.333 4843
Standard deviation 365 441 379 386
Thermo-chemical surface treatment  Average value 4302 4061 3730 3496 9.901 5421

Standard deviation 414 372 359 400
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Table 10
Measurement of the level of porosity in the epoxy-based composites.

Void volume
fraction (%)

Fiber volume
fraction (%)

Surface treatment

No surface treatment 50.2 1.9

Electro-chemical surface 51.6 1.5
treatment

Thermo-chemical surface 51.2 1.8
treatment

an obvious influence on the final results. The decrease of the tensile
strength because of the presence of defects at the surface of the
single fiber, and then the healing of those defects after surface
treatment, are underestimated because of that pre-selection.

In the case of the thermo-chemical surface treatment, the sur-
face density of strategic functionalities and the surface energy
were higher and the tensile properties of the single filament were
better. The topography created by the thermo-chemical oxidation
was also more efficient for providing mechanical interlocking with
the matrix. The accumulation of those parameters is directly influ-
encing interfacial adhesion. Therefore, the mechanical properties
of unidirectional composites were measured in order to assess
the potential change of those properties with a change of the sur-
face properties of the fibers.

The porosity of composite materials has an imperative effect on
their mechanical performance. It was measured by acid digestion
to make sure that it was remaining at acceptable levels, that is to
say less than 2% in volume fraction. The fiber volume fraction
and the porosity corresponding to the epoxy composites made
with the three types of fiber are presented in Table 10.

The vinyl-ester composites could not be digested in boiling ni-
tric acid, as vinyl ester resins are designed to be chemically resis-
tant. As mentioned earlier, with the viscosity of the vinyl ester
resin being lower than the viscosity of the epoxy mix during the
manufacture of the composite panels, the level of porosity was as-
sumed at least as low as in the epoxy composites. With an accept-
able level of porosity in the composite samples, a potential change
of their mechanical properties could be linked to a modification of
the interfacial properties.

The 90° and 0° flexural properties and the values of the inter-
laminar shear strength obtained before and after surface treatment
are reported in Table 11. Drzal and Madhukar [48] showed that the
property of a unidirectional composite most sensitive to interfacial
adhesion is the 90° flexural strength. When it comes to the vinyl-
ester composites, a clear increase of the 90° flexural strength was
noticed after the electro-chemical surface treatment (+58%) and
the thermo-chemical surface treatment (+116%) in comparison to
untreated fibers, the modulus of the composites remaining the
same. All the tested coupons broke according to a tensile failure
mode. A SEM observation of the fracture profiles is given in
Fig. 9. In the case of untreated fibers, the profile presented a brush
like aspect, with long fibers that were individually separated,

Table 11
Mechanical properties of vinyl ester and epoxy composites.

randomly oriented and without matrix remaining on their surface,
which is typical of an interfacial failure. With electro-chemically
surface treated fibers, the fracture profile still had a brush like as-
pect with naked fibers, so the rupture mode was still interfacial.
Removing the weak boundary layers and generating some oxy-
gen-containing functionalities at the surface of the fibers increased
the density of physical interactions between the fiber surface and
the matrix (and thus improved the wetting of the fibers by the ma-
trix). Nevertheless, the density of interactions at the interface was
still too low to prevent an interfacial failure in the composite. With
thermo-chemically surface treated fibers, the fracture was flatter,
showing fewer fibers individually separated. Some pieces of matrix
could be randomly seen at the surface of the fibers but the amount
was still far from what can generally be seen with a cohesive rup-
ture. It appeared that the rupture mode switched slightly from a
pure interfacial rupture mode to a mixed mode interfacial/cohesive
rupture. The 0° flexural strength, which is much less sensitive to
the interface properties than the 90° flexural strength and more
sensitive to the mechanical properties of the fibers, did not in-
crease significantly. The modulus was also the same for the three
composites. All the tested coupons broke according to a compres-
sion failure mode but some obvious interlaminar shear failure
mode was also noticed in the case of untreated fibers. The fracture
profile of the zone under tension during the test can also indicate
the level of interfacial adhesion in the composite (Fig. 10). In the
case of untreated fibers, long protruding fibers without matrix on
their surface were noticed, which again is a clear proof of poor
interfacial adhesion. With the electro-chemical surface treatment,
the length of the protruding fibers was slightly reduced and some
bundles of fibers were noticed. Clear interfacial failure could still
be seen. In the case of the thermo-chemical surface treatment,
more resin could be seen around the fibers (picture with a magni-
fication of x500), with the protruding length also reduced. Again
some bundles of fibers were randomly observed, with more matrix
around the fibers, but the failure was again clearly interfacial. It
was then obvious that there was an increase of interfacial adhesion
that was greater after the thermo-chemical surface treatment but
its level was still too low to induce a change of the rupture mode
from interfacial to cohesive. The values of the interlaminar shear
strength increased by +17% with the electro-chemical surface
treatment and by +25% with the thermo-chemical surface treat-
ment. All the tested coupons broke according to an interlaminar
shear failure mode. The interlaminar shear strength is sensitive
to the mechanical properties of the matrix (toughness, shear mod-
ulus), the level of porosity and the level of interfacial adhesion.
Since the same matrix was used for all the samples and the level
of porosity was low, the increase was attributed to the improve-
ment of interfacial adhesion.

This study also highlighted that in the case of carbon fiber-vinyl
ester composites, an optimized oxidation of the carbon fiber sur-
face with a high density of oxygen-containing surface functional-
ities cannot bring the level of interactions that is necessary to

No surface treatment

Electro-chemical surface treatment = Thermo-chemical surface treatment

Derakane 782  Flex 90° strength (MPa) 122
Flex 90° modulus (GPa) 59+0.1
Flex 0° strength (MPa) 1188 + 109
Flex 0° modulus (GPa) 117.6+1.6
ILSS (MPa) (2 batches from 2 different panels) 57+3,59+2

Epon 828 Flex 90° strength (MPa) 34+3
Flex 90° modulus (GPa) 7.3+0.1
Flex 0° strength (MPa) 981 +102
Flex 0° modulus (GPa) 97.2+1.7
ILSS (MPa) (2 batches from 2 different panels) 52+3,51+3

19+3 264
59+0.1 59+0.1
1254 £174 1239+98
115.0£2.2 116.9+2.6
69+4,68+3 74+4,72+4
817 97+8
73+0.1 7.4+0.1
1099 + 88 1133 +44
96.2+2.0 96.1+2.2
72+4,73+3 85+3,87+4
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Fig. 10. Fracture profile of vinyl ester composites after a flexural 0° test. (*Magnification in microscope).

obtain mechanical properties that would be equivalent to those of chemistry generated at the surface of the fibers has an influence
epoxy-based composites. For vinyl ester composites, the surface on both the type of interactions that are generated at the interface
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and the creation of a thick interphase with a fraction conversion
lower than the fraction conversion of the bulk. Indeed, Dirand
et al. [49] showed that the surface chemistry of a material in con-
tact with a vinyl ester resin played a major role in the polymeriza-
tion of that vinyl ester in the vicinity of its surface, leading to
interphases with very large thicknesses, of several hundreds of mi-
crons in some cases. More investigation is also needed to under-
stand the role of styrene in the interactions existing at the
interface. Indeed, its surface energy (33 mj m?) is lower than the
surface energy of the vinyl ester monomers (generally above
40 mJ m? [50,51]), which can potentially lead to a preferential
adsorption of styrene at the surface of the fibers, especially consid-
ering the n-n interactions that can be created with the graphitic
structure of the fiber surface. Such a preferential adsorption had re-
cently been suggested by molecular dynamics simulations [52]. If
the oxygen-containing functionalities present at the surface of
the carbon fibers could have the potential to create strong physical
interactions like hydrogen bonding and eventually covalent bond-
ing with the ester and alcohol functionalities existing in the epoxy-
based vinyl ester monomers present in Derakane vinyl ester resins
(Fig. 11), that potential would be ruined by a layer of adsorbed sty-
rene at the surface of the fibers. All in all, the chemistry created by
oxidative treatments is not adapted to the radical polymerization
of vinyl ester resins. It is confirmed by the fact that better values
of the 90° flexural strength and of the interlaminar shear strength
have been reported with the use of reactive sizings [53] or the cre-
ation of Interpenetrating Polymer Networks (IPNs) with a reactive
epoxy sizing [54], which can prevent the preferential adsorption of
styrene at the surface of the fibers and for which covalent bonding
with the carbon fiber surface is realized. The thermo-chemical sur-
face treatment presented here still represents an optimized surface
for the grafting of coupling agents or reactive sizings, as it provides
a high density of hydroxyl groups and carboxylic acids, which are
usually the functionalities used for grafting [55]. A synergy
between this surface treatment and the use of an appropriate

coupling agent or reactive sizing may lead to very high values of
interfacial adhesion.

The 90° and 0° flexural properties and the values of the inter-
laminar shear strength of the epoxy-based composites are also re-
ported in Table 11. A sharper increase of the 90° flexural strength
was measured in comparison to the vinyl ester composites, both
for the electro-chemical surface treatment (+138%) and the ther-
mo-chemical surface treatment (+185%). The flexural moduli of
the composites were the same and all the tested coupons broke
according to a tensile failure mode. The interfacial adhesion was
then greatly improved by surface treatment and particularly by
the thermo-chemical surface treatment. A SEM image of the frac-
ture profiles is given in Fig. 12. With untreated fibers, the fracture
profile had a brush like aspect and no matrix was observed at the
surface of the fibers but it was still a little less fuzzy than the pro-
file obtained with the vinyl ester resin. This profile proved that the
interfacial adhesion is low. With similar level of physical interac-
tions at the interface, the interfacial adhesion will still be worse
in the case of vinyl ester resins because of the influence of the cure
volume shrinkage (5-9% as compared to 2-3% for epoxy resins) [9].
With the electro-chemical surface treatment, the profile was flat,
with no fiber individually separated (only bundles), and some
pieces of matrix were remaining at the surface of the fibers, with-
out covering them completely. With a low density of oxygen-con-
taining functionalities the rupture mode was already switching
from a pure interfacial failure to a mixed mode interfacial/cohe-
sive. Even a limited density of covalent bonding induced by the hy-
droxyl groups and the carboxylic acids located at the surface of the
fiber improved the interfacial adhesion tremendously. The thermo-
chemical surface treatment led to the flattest fracture profile, with
almost no fiber protruding, just a few bundles. The amount of resin
remaining at the surface was large, which indicated a pure cohe-
sive rupture mode. The interfacial adhesion was quite strong.
Regarding the 0° flexural properties, a significant increase was only
noticed with the use of the thermo-chemical surface treatment.
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Fig. 13. Fracture profile of epoxy composites after a flexural 0° test. ("Magnification in microscope).

The modulus was the same for the three composites. All the tested increases both the tensile and compressive strength of composites
coupons broke according to a compression failure mode but some so it is expected to see a change in the 0° flexural strength. To
obvious interlaminar shear failure mode was also noticed in the observe this effect, the increase in interfacial adhesion has to be
case of untreated fibers. An increase in interfacial adhesion sharp. The corresponding fracture profiles are presented in
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Fig. 13. With untreated fibers, the zone that was under tension
showed long and naked protruding fibers, with a clear interface
failure located at their base. The interfacial adhesion was low. With
the electro-chemical surface treatment, the length of the protrud-
ing fibers was considerably reduced, and a lot of fibers stayed stuck
together in bundles. With the thermo-chemical surface treatment,
no fiber was protruding at all, which indicated a pure cohesive rup-
ture mode. The value of the interlaminar shear strength was in
accordance with the increase in interfacial adhesion. It increased
to +38% with the electro-chemical surface treatment and to +65%
with the thermo-chemical surface treatment. All the tested cou-
pons broke according to an interlaminar shear failure mode.

4. Conclusions

Chemically and physically modified carbon fiber surfaces using
two different surface treatments were characterized and the effect
on interfacial adhesion was investigated. The thermo-chemical
surface treatment generated homogeneously and consistently a
higher concentration of hydroxyl groups and carboxylic acid func-
tionalities at the surface of the fibers, thus increasing the surface
energy of the fiber, which led to a better wetting of the fibers by
the matrix. A topography adapted to the transfer of load from
the matrix to the fiber by mechanical interlocking was created as
well, and it did not lower the tensile properties of the single fibers.
Some healing effect was even suggested by an analysis of the val-
ues of the tensile strength at different gauge lengths. The increase
of interfacial adhesion with vinyl ester resin was limited. But the
high density of hydroxyl groups and carboxylic acids is suitable
for the grafting of adapted coupling agents and reactive sizings.
In the case of epoxy resins, the increase of interfacial adhesion
was really sharp, and the fibers could be directly used after surface
treatment for optimal properties. Depending on the application,
the surface can also interact strongly with an epoxy compatible
sizing.
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