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Abstract This article proposes an alternative way to use
carbon nanotubes to improve the performance of carbon
fibre-reinforced composites. A chemical process, based on
esterification of surface groups, is used to anchor nanotubes
onto carbon fibre surface. Anchored nanotubes form a
network surrounding the carbon fibres. After CNT
anchoring, the tow is impregnated with an epoxy resin and
tensile tests are performed on this minicomposite sample.
By enhancing matrix properties and fibre/matrix interface,
the CNT network has a significant influence on the com-
posite strength.

Introduction

Due to their exceptional mechanical properties, carbon
nanotubes (CNT) are proposed for the reinforcement of
carbon fibre-reinforced composites (CFRC). Two ways
are currently being explored by research teams: dispersion
of CNTs in the epoxy matrix or CVD-processing of CNTs
onto CF surface. In the first article, we proposed an
alternative method based on chemical bonding between
CNT and CF [1]. Functionalization of CNT surface is one
of the most important research areas in CNT science [2].
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Among the various techniques, esterification and amida-
tion of surface groups is commonly used [3]. Surface
groups are useful to modify CNT properties like solvent
solubility, biological compatibility, dispersion, etc. In
particular, a sufficient concentration of oxygen-containing
groups increases interfacial bond strength of fibre with
polymer [4]. Surface groups are implanted on free
valences of the graphite carbon atoms, these free valances
are created during oxidation treatment. Our method uses
surface groups to create chemical bondings between
CNTs and CFs and has been completely revisited with
optimisation of temperature, time, solvent, catalyst and
coupling agent.

Some articles have exposed similar methods based on
ester or amide bonds to create permanent links between
CNTs and other kinds of particles. Shan et al. [5] anchored
ZrO, ceramic particles onto carbon surface with ester
bonding. Ogino et al. [6] developed an original procedure
for the preparation of CNT film. With FTIR spectroscopy,
they proved that MWCNT modified with carboxylic acid
and hydroxyl groups was cross-linked through ester bon-
dings. Tensile and Vickers hardness tests of cross-linked
films show significantly improved results compared to
films without ester bondings. He et al. [7] adapted an
anchoring method from Kevlar fibre technology. They
functionalized end caps-MWCNTs with hexamethylenedi-
amine and CFs with acyl chloride. XPS analysis confirmed
formation of covalent bondings. CNTs are uniformly dis-
tributed at the CF surface with a CNT weight fraction of
1.2%. To attach CNTs on Pt electrode, Rosario-Castro
et al. [8] functionalized CNTs with carboxylic groups by
acid treatment and Pt electrode with amino-terminated
groups. With Infrared and X-ray spectrocopies they also
observed creation of amide bondings between CNT and Pt
surfaces.
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Experiment
Anchoring of CNTs onto CF surface

Industrial T700S carbon fibres are used in this study. A CF
tow is composed of 12,000 individual fibres, 7 pm in
diameter. CF tow of 250 mm in length is cut from a com-
mercial reel. CF unsizing is carried out in an oven under
nitrogen at 450°C for 15 min. This first step is followed by
CF oxidation at 450 °C under air for 30 min. During this
step, carboxylic and hydroxyl groups are created on CF
surface [9]. Generally, surface groups are implanted on CF
surface to improve interfacial bond strength between CF
and polymer matrix [4]. Here, surface groups are useful for
chemical bonding between CFs and CNTs.

Multi-wall type carbon nanotubes are synthesized by the
CVD method [10]. Their average diameter varies from 50
to 100 nm and their length from 1 to 4 pm. As-received
CNTs are functionalized in a mixture of concentrated sul-
furic and nitric acids. FTIR analysis of CNT confirms that
functionalization creates carboxylic and hydroxyl groups
on CNT surface [1].

Carbon nanotubes anchoring is made by an esterification
between the carboxylic and hydroxyl groups on CF and
CNT surfaces. The esterification follows the Steglich
method and uses dicyclohexylcarbodiimide (DCC) as a
coupling agent and 4-dimethylamino-pyridine (DMAP) as
a catalyst [11].

The first solution containing 10 mg of CNT dispersed in
50 ml of dichloromethane with 6.43 mg of DCC is pre-
pared and maintained under sonication. Contrary to our
first article [1], we have preferred dichloromethane to
acetone as a solvent because DCC is highly soluble in
dichloromethane and acetone could react with the car-
boxylic group. 11.61 mg of DMAP are dispersed in a
second solution of 50 ml of dichloromethane.
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After thermal treatment, the CF tow is spread on a glass
substrate. The first CNT solution is deposited drop by drop
over the entire length of the tow. The second solution is
then deposited in the same way. The tow is maintained at
20 °C for 1 h and then dried in an oven at 100 °C for 1 h.
The anchoring treatment is followed by intensive washing
to eliminate un-anchored CNTs and residues of chemical
solutions from the tow. CF tows are weighed before and
after the anchoring treatment with a high-precision scale
(Mettler Toledo XS105 with an accuracy of 0.01 mg).
Each sample was weighed five times to obtain a mean
value.

The different micrographs (CF surface, CNT network,
tensile test specimen) have been made with a JEOL 6400
Scanning electron microscope without gold plating.

Minicomposite specimen for tensile tests

A special mould has been designed to obtain regular
specimens for tensile tests (Fig. 1a). Minicomposite spec-
imen, comprising one single tow, is one-dimensional
composite useful to characterize easily and rapidly
mechanical performances of modified fibre. After anchor-
ing treatment, only the central part of each tow is used for
composite sample manufacturing, 160 mm in length. As
sample width is equal to 3 mm, sample thickness is
adjusted by the compression of elastic springs with screws
and is fixed at 0.4 mm to obtain a value of 40% for the fibre
volume fraction. After tow impregnation by an epoxy
matrix, bisphenol A type associated to a low-reactivity
amine hardener, the polymerization cycle begins with a
12 h stage at room temperature followed by a final 4 h
curing at 100 °C. It should be noted that, after mixing and
prior to tow impregnation, the epoxy resin is degassed in a
vacuum chamber for 1 h to extract air bubbles formed
during epoxy mixing.

(b)

Fig. 1 a Sectional view of minicomposite mould. b End-tapped tensile specimen

@ Springer



1324

J Mater Sci (2011) 46:1322-1327

Once the sample is cured, each extremity is pasted
between two aluminium tabs with a high shear resistant
adhesive (Fig. 1b); minicomposite gauge length is equal to
80 mm. To minimize parasite bending moment and to
facilitate specimen alignment, a pivot axis, with a cylin-
drical joint, is integrated in the tabs. Tensile tests were
conducted on a servo-hydraulic testing machine (Instron
8801), equipped with a 5 kN load captor. All the tests were
performed at room temperature with a testing speed of
0.5 mm/min.

Results and discussion
Thermal stability of carbon fibre

The thermal and oxidation treatment is necessary for CF
unsizing and the creation of carboxylic and hydroxyl
groups on CF surface. These groups are the basis of the
ester bondings between CNTs and CFs. However, thermal
treatment is known to be a source of degradations of carbon
fibre structure and properties.

The thermal stability of the carbon fibres has been
investigated by Thermogravimetric Analysis (TGA) (Per-
kin-Elmer TGA 7), at a 10 °C/min heating rate in nitrogen
and in air. Under nitrogen, CF mass decreases gradually
between 100 and 420 °C to 97.1% of the initial mass
(Fig. 2). This 2.9% mass loss corresponds to the degrada-
tion of the sizing that is a thin layer of organic polymer. It
should be noted that this value is superior to the usual value
of 1-1.5%. At 580 °C a new phase is started, mass
decreases slightly and progressively, reaching 96.6% of the
initial value at 900 °C. Under air, carbon fibres are not
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Fig. 2 Thermal stability of carbon fibre examined by Thermogravi-
metric analysis
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thermally stable [12]. During the first stage, between 96
and 395 °C, thermal behaviour is roughly similar and the
mass loss is limited to 1.2%. At 520 °C, the CF combustion
occurs and is completely finished at 850 °C.

To refine these results, the complete thermal treatment
has been reproduced in the TGA apparatus. During the first
stage, the temperature is increased from 50 °C to the
treatment temperature (450, 500 or 600 °C) and the
atmosphere is nitrogen. After 15 min, the atmosphere is
switched to air for a period of 30 min. The sample mass is
monitored all over the treatment (Fig. 3).

Whatever may be the treatment temperature (450, 500 or
600 °C), the sample mass decreases during the first treat-
ment step under nitrogen. This mass loss of about 1.5%
corresponds to CF unsizing. With a treatment temperature
of 600 °C, when atmosphere is switched to air, the CF
undergoes a constant degradation. At 450 and 500 °C, the
CF mass remains constant. Moreover, compared to fibre
treated at 450 °C, SEM micrographs of 600 °C treated fibre
reveal explicit degradations of CF surface (Fig. 4). At
600 °C, numerous stitches and pores are present on CF
surface whereas, at 450 °C the CF surface remains smooth.
Oxidative treatment preferentially occurs at the amorphous
regions of CF surface [4, 13]. When thermal treatment is too
intensive, oxidation extends to crystallized regions. Some
graphite particles are pulled, creating pores and pitting.

To complete the evaluation of the impact of thermal and
anchoring treatment, CF mechanical properties have been
evaluated with minicomposite sample tensile tests. Mini-
composite specimen made with as-received fibres with
sizing are compared to composites made with fibres that
have undergone the complete thermal and CNT anchoring
treatments, but with solutions containing no CNTs.
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Fig. 3 Evolution of CF mass during unsizing and oxidation treatment
for various treatment temperatures measured by TGA
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Fig. 4 SEM micrographs of CF
after thermal treatment a 600 °C
and b 450 °C. The micrographs
have been made after CNT
anchoring treatment

Ultimate tensile strength of sized CF composite samples is
estimated at 1,450 MPa, with a standard deviation value of
270. For 450 °C treated fibres, CFRC strength collapses to
680 MPa, standard deviation value of 115. We suppose
that, even if mass loss is reduced at 450 °C and SEM
micrographs have not revealed pitting on CF surface,
thermal treatment creates some new defects in CF struc-
ture. These defects increase dramatically the CF strength.

Impact of CNT network on the strength of carbon fibre
reinforced composites

The anchoring rate of CNTs on the CF tow is measured by
the evolution of CF weight during the chemical treatment.
The CNT mass rate, on the CF tow mass, varies from 0.17
to 1.36%, with a mean value of 0.76%. CNTs form a
network surrounding the carbon fibres (Fig. 5). Obviously
some CNTs are not anchored onto the CF surface, but are
mechanically interlocked in the CNT network. The CF
covering is not complete and some parts of the fibre are not
covered by CNTs. Even if the tow is carefully spread on
the glass plate, the fibres filter CNTs that can have diffi-
culty in penetrating the tow [14]. Moreover, during thermal
treatment, a fibre can be covered by other fibres. Conse-
quently some areas are not oxidized.

Fig. 5 SEM micrographs of
anchored CNTs on CF surface
and bonding between two CFs

(b)

Fibre distribution in minicomposite samples is not
homogeneous as revealed by observation of the fracture
surface (Fig. 6). Composites are composed of rich and poor
fibre areas. We suppose that high-density fibre areas are
related to groups of fibres linked by CNT networks.

The volume fraction of nanotubes within the composite is
calculated from the mass rate of nanotube grafted onto fibres
and on the assumption that CF and CNT densities are equal
(pcr = 1800 kg/m’, pepoxy = 1230 kg/m?). As CF volume
fraction is around 40%, the CNT volume fraction is very low,
between 0.05 and 0.49%, with an average of 0.30%.

CFRC tensile strength changes significantly when CNTs
are anchored onto CF surface (Fig. 7). Strength increases
by 62% for a CNT volume fraction of 0.5% and reaches the
value of 1,100 MPa (680 MPa for reference samples). It
should be noted that the reference samples, with a CNT
volume fraction equal to 0%, have undergone the complete
thermal and chemical treatments, but with solutions con-
taining no CNTs.

Reinforcement mechanisms of the mechanical proper-
ties of CFRC modified with CNTs are mainly dependent on
CNT morphology. Initially, Downs et al. [15] and Thos-
tenson et al. [16] have grown by CVD a dense forest of
short nanotubes or nanofibres on single carbon fibre.
Downs et al. obtained an improvement over 4.75 times of
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Fig. 6 SEM micrographs of
fracture surfaces of
minicomposite. Rich (a) and
poor (b) fibre areas
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Fig. 7 Composite tensile strength versus CNT volume fraction

the interfacial strength with a polyvinylethylacetate matrix
[15], while the improvement is limited to 15% with an
epoxy resin [16]. Secondly, longer CNTs increase the
efficiency of load transfer between CF and the matrix by a
harpoon effect [17]. Moreover, with high CNT volume
fraction, CNT networks are interlaced and they improve
internal cohesion and matrix properties [18]. Load transfer
between fibres and matrix is increased. As a consequence
crack initiation and propagation are limited which leads to
enhancement of the composite strength.

However, with a strength of 1,450 MPa for composite
made with the original sized fibre, the gain provided by
the nanotubes is not sufficient to offset the loss of prop-
erties caused by fibre thermal degradation. The fibre
preparation treatment is too aggressive and must be soft-
ened. The better solution should be to integrate the CNT
anchoring treatment during the CF synthesis process.
Indeed, all our tests have been carried with commercial
sized fibres and the first step was to unsized the fibres, that
involve some fibre degradations. Integration of CNT
anchoring into the fibre synthesis process would eliminate
the unsizing-oxidation phases. Moreover, in an industrial

@ Springer

process grafting could be done in successive chemical
baths with a continuous passage of fibres. The fibres
would then be better treated by the CNT solutions, and
CNT grafting would cover the entire surface of fibres
without CNT low-density areas. In this case, CNT net-
work would become a real opportunity to emphasize
CFRC properties.

Conclusion

Carbon nanotubes are anchored onto carbon surface using a
chemical process. This process is based on the esterification
of carboxylic and hydroxyl groups created onto CNT and CF
surface by an oxidation treatment. The esterification follows
the Steglich method and uses dicyclohexylcarbodiimide
(DCC) as a coupling agent and 4-dimethylamino-pyridine
(DMAP) as a catalyst.

The CNT mass rate varies from 0.17 to 1.36%, with a
mean value of 0.76%. CNTs form a three-dimensional net-
work surrounding CFs. After chemical anchoring, CF tows
are impregnated with an epoxy resin to obtain minicomposite
samples. As CNTs are homogeneously dispersed all over the
CF tow, initially the matrix is stiffer and secondly interfacial
strength is enhanced. The fibres are shielded from crack
propagation and the composite tensile strength is improved.

Although CNT networks have a significant and rein-
forcement effect, fibre preparation treatment (unsizing-
oxidation) produces some significant degradations of the
fibres. Even if CF oxidation treatment induces a weak mass
loss, limited to 1.5% of the initial CF mass, CF strength is
significantly affected and is divided by 2. To fully benefit
from the CNT effect optimization of fibre preparation
treatment seems to be necessary.
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