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Abstract Carbon nanotubes (CNT) possess excellent intrinsic characteristics such
as exceptionally high mechanical and conductive properties which make them the
prime candidate to reinforce high-performance composite structures. However,
location and dispersion state of the CNTs are of particular importance to achieve
the mechanical and electrical enhancement of carbon-reinforced composites. In the
frame of European Project SARISTU, different approaches were investigated by
the different partners (e.g., veils, powdered doped prepreg, and doped adhesives).
Each approaches required specific dispersion solution. Along its existence, Nanocyl
has developed a large experience in incorporation of CNTs in different resins
(thermoplastics, thermosets, etc.) using improved innovative mixing process, CNT
surface modification (functionalization) or by adding some dispersing agents or
compatibilizers. Applying this expertise to SARISTU context, the requested
products were delivered in the suitable form for each scenario. As an example,
ground CNT/thermoplastics compounds were produced for powdered doped pre-
preg and different grades of doped thermoplastics for veils production.

Nomenclature

BET Brunauer, Emmet, and Teller theory to determine specific surface area
CNTs Carbon nanotubes

CFRC Carbon fiber-reinforced composite

MVR Melt volume flow rate

MWCNTs Multiwalled carbon nanotubes

TEM Transmission electron microscopy

TGA Thermal gravimetric analysis
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1 Introduction

Since the first observation of CNTs in the early 1990s [1], huge progresses have
been made in the understanding of this cutting-edge material. For a long time,
carbon nanotubes were only categorized and used as “highly conductive fillers,” but
nowadays this nanotechnology is starting to exhibit its true potential and proves that
it can improve or even impart new properties to polymers (mechanical, chemical, or
thermal properties). At the end, the composite will not only offer electrical con-
ductivity but will also present better mechanical or chemical or heat resistance
under operation, which will allow researchers and engineers to develop, create, and
design breakthrough materials and unprecedented technologies.

Nanocyl is one of the first companies to be established in Europe for the
commercial supply of this family of novel material. From 2002, Nanocyl has built
up its worldwide recognition by providing high-quality products adapted to the
customer’s needs. Its expertise in tuning the carbon nanotubes properties and
morphologies to obtain the best out of their intrinsic potential has made Nanocyl
one of the most recognized producers of specialty carbon nanotubes and of mate-
rials and technologies using carbon nanotubes. Moreover, this knowledge and
expertise has led Nanocyl to exploit further the CNT advantages by preparing
concentrates, dispersions, and semi-formulated products out of various material
families (thermoplastics, thermosets, elastomers, silicones, liquids, etc.).

2 Carbon Nanotubes

Numerous different carbon nanotubes can be produced by playing with carbon
sources, catalyst, process, and temperature. At Nanocyl, large volumes of thin
MWCNT (NC 7000) are produced by catalytic chemical vapor decomposition.
A primary interest of NC 7000 is low percolation threshold for electrical conduc-
tivity toward other conventional carbon-based fillers. In Fig. 1, a micrograph of NC
7000 is shown and their intrinsic characteristics are given in Table 1.

Nanocyl is also leading pro-actively health, safety, and environment matter all
long the life cycle of product containing MWCNT NC 7000. Interaction with
several key players and participation to different European projects has led to
numerous data collection and positioning [2] on hazard [3, 4], exposure, use phase
[5, 6], and end of life. As a consequence, registration dossiers under REACH have
been filed and provide information on the safe uses of MWCNT.

Further, NC 7000 functionalized with amino groups (NH2-NC 7000) was pro-
duced by a patented plasma process. The amino groups should improve the dis-
persion of the CNTs into the matrix leading to an increase of mechanical
performances and a lower percolation threshold for electrical conductivity.
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Fig. 1 Transmission electron
microscopy of multiwalled
carbon nanotube NC 7000

Table 1 Characterization of multiwalled carbon nanotube NC 7000

Property Unit Value Method of measurement
Average diameter Nanometers 9.5 TEM
Average length Microns 1.5 TEM
Carbon purity %o 90 TGA
Metal oxide % 10 TGA
Surface area m*/g 250-300 BET

3 Carbon Nanotube-Doped Epoxy Concentrates

In order to enhance and achieve good performances, dispersion of CNTs in the
matrix is from prime importance. Over years, Nanocyl developed knowledge on
incorporation processes and good dispersion of CNTs. Based on this expertise,
several grades of CNTs epoxy concentrates were developed (Epocyl™). Two of
them are dedicated to mechanical reinforcement (grade name: Epocyl 128-02 and
Epocyl 128-06) and one for electrical conductivity application (grade name Epocyl
128-05).

SARISTU project was targeting notably the electrical conductivity, and Epocyl
128-05 was therefore chosen. Dilution factor has to be calculated accordingly to the
desired level of conductivity (see Fig. 2).

In order to enhance the mechanical performance, a modified grade of Epocyl
128-05 was also produced with amino groups functionalized CNTs. Studies
undertaken by Fraunhofer and EADS with those two products show no significate
effect on mechanical and electrical properties of amino groups functionalized CNTs
in comparison with unfunctionalized.
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Fig. 2 Resistivity (Q.cm) 1,00E+09
versus parts of 128-05 in the 1,00E408
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4 Carbon Nanotube-Doped Thermoplastics

Nanocyl’s expertise for the dispersion of CNTs in thermoplastics is used to produce
high value masterbatches or compounds (PLASTICYL™ grades).

Plasticyl products provide easy to use masterbatches containing CNT already
pre-dispersed. In some cases, for equal surface resistivity, a reduction up to 25 % of
CNTs loading could be achieved by using Plasticyl masterbatch (see Fig. 3, surface
resistivity threshold: 10° Q7).

PLASTICYL™ is available in a wide range of thermoplastic resins, including
PC, PP, PA, PET, HDPE, POM, and others. The knowledge for the production of
PLASTICYL™ was used for the production of compounds and concentrates for
veils and powdering applications.

Fig. 3 Effect of the Conductive polycarbonate compounds
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Table 2 Viscosity and melting range of the thermoplastics from same nature used for the veils

Commercial Melting range (°C) Melt viscosity (Pa.s) MVR (160 °C/2.16 kg
name (cm3/ 10 min)
Thermoplastic 1 125-135 1200 (190 °C/2.16 kg) 9

Thermoplastic 2 120-130 600 (160 °C/2.16 kg) 18

Thermoplastic 3 115-125 150 (160 °C/2.16 kg) 70

Thermoplastic 4 130-140 500 (160 °C/2.16 kg) 30

Thermoplastic 5 110-120 350 (160 °C/2.16 kg) 21

4.1 Veils Application

Thermoplastics with suitable compatibility regarding CFRC were selected. This
selection was mainly based on the chemical nature of the thermoplastics.

A second selection was based on the physical properties of the thermoplastics. In
order to melt during the curing cycle and migrate in CFRC, melt temperature of
thermoplastic should be between 110 and 135 °C. Also, the melt viscosity and
MVR should be adapted to industrial veils process. Table 2 shows the properties of
the thermoplastics retained for the production of veils.

A first set of trials based on thermoplastic 1 was performed to identify the
request loading of CNTs to reach the targeted electrical conductivity of 10-20 S.m.

A second set of trials has been performed on thermoplastic 1 with CNTs
functionalized with amino groups. No significate effect of amino group function-
alization was observed on electrical conductivity behavior [7].

Batches of both compounds were produced using industrial twin-screw extruder
and suitable information was collected to conduct the cost/risk/benefit analysis in
WP 132.

Lab scale veils were then produced by TECPAR and integrated in CRFC by
TECNALIA. Evaluation of those CRFC doped with CNTs veils shows an increase
of Kz electrical conductivity up to 18 S.m (baseline at 4 S.m). In terms of damage
tolerance, about 30 % of compression after impact and 100 % increase of G1C are
observed [7].

Due to high viscosity of CNT-doped thermoplastic 1, industrial production of
veils was not possible yet. Therefore, other thermoplastics (thermoplastics 2-5 in
Table 2) were doped with CNTs. Those materials are under veils production
evaluation by TECPAR [8].

4.2 Powdering Application

For this application, thermoplastics with suitable compatibility regarding CFRC
were selected. This selection was mainly based on the chemical nature of the
thermoplastics. Thermoplastic 1 (properties are given in Table 2) was chosen for
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this purpose. As no specific limitations were observed for the powdering applica-
tion, thermoplastic 1 was doped with a maximum loading of CNTs. The
CNT-doped thermoplastic 1 was produced on a twin-screw extruder in pellet form.

The CNT-doped thermoplastic granules were ground with a lab scale grinder at
University of Patras (UoP). The obtained powder was deposited on top of the
prepreg. Those were then evaluated in CFRC by University of Patras and Tecnalia
and showed significant increase in damage tolerance. Compression after impact was
increased by 50 % [7, 9].

Unfortunately, the grinding equipment used by University of Patras showed
limitation in terms of throughput and particles distribution. Indeed, productivity was
very low (few grams per day) and particle size quite high (mean around 250 pm). In
order to find alternatives, Nanocyl tested a selected industrial grinder. This industrial
grinder showed a throughput one thousand times higher than the equipment used by
UoP as shown in Fig. 4, a reduction of mean particles size from 100-250 pm
(UoP) to 45-100 pm (NCYL 1 run). By regrinding the obtained CNT-doped ther-
moplastic powder, a significant increase of particles below 100 um is observed.
Figure 5 shows an increase of 25 % for twofold ground CNT-doped thermoplastic
(NCYL 2 runs) toward one time ground CNT-doped thermoplastic (NCYL 1 run).
Additionally, during grinding trials, suitable information was collected to conduct
the cost/risk/benefit analysis in WP 132.
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Fig. 5 Cumulative particles frequency versus particle size of ground CNT-doped thermoplastics
using lab scale (UoP) and industrial (NCYL) scale grinder equipment

5 Conclusion

In the frame of SARISTU, Nanocyl has explored several approaches to increase the
performances of carbon-reinforced composites. Therefore, based on Nanocyl
knowledge, commercial multiwalled carbon nanotubes (NC 7000) were incorpo-
rated in different media (thermoplastics, epoxy resins) allowing some significant
increase in damaged tolerance and electrical conductivity (Kz).

Furthermore, in order to increase CNT-doped thermoplastic grinding capacity,
industrial grinder was positively evaluated.
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