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ABSTRACT

An increase and homogenization of electrical conductivity is essential in epoxy carbon fiber laminar aeronau-
tical composites. Dynamic conductivity measurements have shown a very poor transversal conductivity.
Double wall carbon nanotubes have been introduced into the epoxy matrix to increase the electrical conduc-
tivity. The conductivity and the degree of dispersion of carbon nanotubes in epoxy matrix were evaluated.
The epoxy matrix was filled with 0.4 wt.% of CNTs to establish the percolation threshold. A very low value
of carbon nanotubes is crucial to maintain the mechanical properties and avoid an overload of the composite
weight. The final carbon fiber aeronautical composite realized with the carbon nanotubes epoxy filled was
studied. The conductivity measurements have shown a large increase of the transversal electrical conductiv-
ity. The percolative network has been established and scanning electron microscopy images confirm the
presence of the carbon nanotube conductive pathway in the carbon fiber ply. The transversal bulk conductiv-

ity has been homogenized and improved to 10~'S-m™! for a carbon nanotubes loading near 0.12 wt.%.

1. Introduction

Nowadays composite materials are increasingly used by aeronau-
tical companies to reduce the aircrafts weight. In spite of the electrical
conductivity of carbon fibers, composites have a poor isotropic con-
ductivity [1]. This low conductivity made composite structures more
vulnerable to withstand to lightning strikes and unable to prevent
electrostatic accumulation. Carbon fiber/epoxy laminates composites
are heterogeneous materials and physical properties such as electrical
conductivity depend on carbon fiber ply orientation.

Generally an epoxy/carbon fiber composite is comprised of 57% in vol.
of carbon fibers. In the case of epoxy system for Resin Transfer Moulding
(RTM) composites, this high volume fraction of fibers allows a conductiv-
ity of 10~ ' S-m~ ! in transverse laminates. This value is close to the con-
ductivity of an epoxy matrix loaded with carbon (black or short fibers)
[2-5] above the percolation threshold. The new generations of aeronau-
tical composites are made with layers of pre-impregnated carbon fiber
with epoxy resin on both sides [6]. These pre-impregnated layers are
then assembled together and cured in autoclave. The studied example
is an assembly of unidirectional (UD) prepreg. The conductivity of com-
posite structure is a function of the fiber orientation. The thickness of
the inter-laminar epoxy layer could be enough to electrically insulate
the successive carbon fiber layer. It is therefore necessary to increase
the electrical conductivity of the epoxy matrix to improve the transversal
conductivity across the composite section.
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Carbon nanotubes are particles with a high aspect ratio [7] (§ ~1000).
Carbon nanotubes provide the level of conductivity [8] of an epoxy resin
filled with carbon black [4]. Due to their high aspect ratio, this value is
obtained for a very low weight fraction (<0.5 wt.%) [9-13]. This very
low rate allows us to maintain the mechanical properties of epoxy ma-
trix for a relatively small weight gain [14]. A previous study has reported
the elaboration of a hybrid composite architecture of CNTs directly syn-
thesized on a cloth of alumina fibers [15]. The final composite loading of
CNTs corresponds to 1 to 3 vol.% and permits conductivity across thick-
ness direction near 10~#S-m™ . This value indicates a CNT bridging of
the insulating epoxy interlaminar region between plies. Similar results
were observed with glass fiber composites and CNTs dispersed in the
matrix [14] or with Carbon nanofibers [16] as conductive filler. In the
case of carbon fiber composites, interlaminar mechanical reinforcement
using aligned CNTs was studied [17]; an electrical property improve-
ment of 30% was demonstrated in the case of carbon fibers covered
with carbon nanotubes by electrophoresis [18].

The aim of this study is to introduce carbon nanotubes in the
epoxy matrix of the prepreg to homogenize the bulk volume conduc-
tivity of composites structure.

2. Experimental section
2.1. Materials and sample preparation
The composite was T700GC/M21 and supplied by Hexcel compos-

ites and the carbon fibers have an electrical conductivity around 104~
10°S-m™ ' [19]. Double wall carbon nanotubes (DWCNTs) elaborated



by CVD [20] were supplied by Marion technologies with an intrinsic
electrical conductivity of one CNT around 10°-10°S-m~! [21]. The
palmitic acid was supplied by Sigma Aldrich. The M21 resin is a multi-
component epoxy system. M21 epoxy resin was directly supplied by
Hexcel composite with separated components. CNTs were dispersed
in M21 in two steps. A previous work [22] on CNT dispersion in epoxy
has shown a percolation threshold near 0.3 wt.% with palmitic acid as
amphiphilic molecule. In this study, a CNT weight fraction of 0.4%wt
was chosen. The CNTs were dispersed in acetone with palmitic acid
(1:1 by weight). The epoxy component of M21 was also dissolved in
acetone. The dispersed CNTs were then poured into the polymer solu-
tion, and the mixture was submitted to a short sonication pulse for
3 min, corresponding to a dissipated power of 300 W. A suitable disper-
sion of the CNTs in the polymer solution was obtained. The solvent was
evaporated using a magnetic stirrer at 80 °C for 1 h. The epoxy compo-
nent filled with CNTs was poured into the other M21 components. The
M21 filled with CNTs was used to elaborate M21 nanocomposites and
M21 prepregs for carbon fiber (CF) composites. All the prepregs unfilled
and filled with CNTs were made with the same technique and by the
same person in Hexcel Composites. Composites made with and without
CNTs have been identically prepared. The curing process took place for
120 min at 180 °C with a pressure of 7 bars. For CF composites, 8 pre-
pregs were assembled with UD carbon fiber oriented in the same direc-
tion [0°].

2.2. Electrical conductivity

Electrical conductivity measurements were carried out by record-
ing the complex conductivity ™ (®) using a Novocontrol broadband
spectrometer [23]. The measurements were carried out between
1072 and 10° Hz at room temperature. The real part o’(®), of the
complex conductivity was investigated. The value of conductivity og.
is obtained by the low frequency limit of o’(®) at 10~ 2 Hz. A sample
2 mm in thickness was placed between two circular gold plated elec-
trodes (20 mm in diameter). To reduce contact resistance with the
cell electrodes, the samples are silver coated onto both sides using con-
ductive silver paint.

2.3. Electron microscopy

The morphology of nanocomposites and composites was observed by
scanning electron microscopy (SEM) using a JEOL JSM 6700F equipped
with a field emission gun (SEM-FEG). Nanocomposite and composites
samples were cryo-fractured at the liquid nitrogen temperature.

3. Results
3.1. Composite morphology

The M21 UD carbon fiber composite was cryo-cut. The transverse
fracture was observed by scanning electronic microscopy. The SEM
image reported in Fig. 1 shows three interleaf of M21 (B) between
four prepreg carbon fiber layers (A). The thickness of each CF prepreg
is about 200 um and about 35 pm for the M21 interlayer. This observa-
tion explains the poor transversal conductivity (z direction) of carbon
fiber M21 composites. The total conductivity was due to the resistance
of the interlayer rich in polymer. This result confirms the interest of
increasing the polymer conductivity with carbon nanotubes.

3.2. Electrical behavior

The conductivity of M21 was measured and used as the polyepoxy
reference. M21 filled with CNTs were elaborated and its conductivity
measured. Carbon fiber composite with M21 filled with CNTs was as-
sembled and its electrical behavior was determined.

Fig. 1. SEM image of the cryo-fractured surface of a T700GC/M21 epoxy carbon fiber
unidirectional composite. Excess resin interlayers (B) between prepreg UD carbon
fiber layers (A).

Fig. 2 shows the dynamic conductivity response of each constituent
part of the composite structure. The bulk conductivity of the M21 epoxy
reference is frequency dependent. It is consistent with the Jonscher's
universal dielectric response expected for an insulating material. The
real part of the complex conductivity value is equal to 10~ S-m~!
at 1072 Hz. As it is usual in a percolation network, all other morphol-
ogies are not frequency dependent. The evolution of the conductivity
value is associated with the quality of the percolation pathway.

Table 1 reports the value of 04 of the conductivity in the z direction.

4. Discussion

The 04 measurement of the reference M21 carbon fiber compos-
ite confirms the poor conductivity value of the laminate in the trans-
verse direction. The conduction phenomenon is due to a percolation
cluster across the carbon plies. Conduction between fiber plies could
be achieved by few contacts of fibers which connect successive unidi-
rectional ply. The conduction pathway was localized and fragile. The
reproducibility of the conductivity level was dependent upon: the
applied pressure on laminate during the polymerization [1] and the
ability of isolated carbon fiber to cross the epoxy rich layer. The addi-
tion of CNTs was able to fix this phenomenon. In the case of M21 filled
with CNTs the percolative cluster is infinite and the conductivity
value corresponds to carbon black particles conductive composites
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Fig. 2. Frequency dependence of the real part " of the complex conductivity for M21
epoxy resin ([1), carbon fiber composite (O), M21 epoxy filled with CNTs (M) and car-
bon fiber composites with M21 epoxy resin filled in CNTs (@®).



Table 1
M21 reference, nanocomposite and layered composite transverse conductivity
measurements.

Morphology ~ M21 CF+M21  M21+DWCNTs M21 + CF+DWCNTs
Conductivity 5x107'"> 7.1x1073 123x107! 2.17x107!
(S-m~1)

largely filled above the percolation threshold in homogeneous dis-
persed systems. In carbon fiber M21 laminates filled with CNTs, the
conductive pathway could be constituted by the continuity between
conductive cluster of CNTs and carbon fibers.

The conductivity value means that 0.4 wt.% of CNTs is sufficient
to achieve the electrical percolation. The level of conductivity is con-
sistent with values obtain with CNTs dispersed in epoxy [8,10,22].
Fig. 3 shows the dispersion of CNTs in M21 polymer matrix. We ob-
serve thin dispersed bundles of CNTs of 15 nm in diameter. This
value indicates a number of CNTs less than 10 CNTs by bundles. At
the end of the bundle we note an individualization of CNTs.

The dispersion of CNTs needs to be observed in carbon fiber lami-
nates. Fig. 4 focuses on the carbon fiber inter-ply area more rich in
epoxy. The SEM picture shows thin bundles of DWCNTs individually
dispersed in the M21 matrix. The good dispersion of CNTs observed
in epoxy M21 was kept in the laminate final structure.

The conductivity in final carbon fiber composites filled with CNTs
was increased 30-fold. The final composites reach the electrical con-
ductivity value of carbon filled composite above the percolation
value. CNTs play the role of conductive cluster in the M21 layer to elec-
trically link the carbon fiber plies. Fig. 5 shows the epoxy layer on a
carbon fiber. A focus on the direct interface exhibits individual CNTs
dispersed in the matrix in direct contact with the carbon fiber. The
M21 epoxy matrix filled with CNTs has impregnated the UD carbon
fiber layer. The final conductivity value of composite and the SEM ob-
servations confirm a good dispersion of CNTs in the matrix responsible
of the homogenization of the conductivity through the final composite
structure. Our transversal conductivity (2.17x107'S-m™!) is com-
parable to the case of CNTs deposited on CF by electrophoresis [18]
(85%x1072S-m™1).

5. Conclusion
These results illustrate the reasons for the poor transverse conduc-

tivity of aeronautical carbon fiber M21 epoxy composites structures. A
35 um layer of epoxy with a low concentration of carbon fiber was

Fig. 3. SEM image of CNTs/M21 epoxy nanocomposites for 0.4 wt.% of CNTSs.

Fig. 4. SEM picture of the interply epoxy rich zone for carbon fiber composites with
M21 epoxy filled for 0.4 wt.% of CNTs.

formed at the interface of carbon fiber plies. The epoxy layer is not
thin enough to permit a large carbon fiber interply contact necessary
to obtain the highest conductivity value of carbon loaded conductive
composites. The addition of CNTs causes a large increase in the con-
ductivity of the epoxy matrix M21. This work confirms the use of
palmitic acid like dispersing agent in epoxy systems [22]. This disper-
sion process enables the realization of the percolation threshold at
lower rates and achieves a level of conductivity around 10~ 'S-m™"!
for 0.4 wt.% by weight of CNTs in pure M21 epoxy matrix. This level
of transverse bulk conductivity was kept in final assembled laminate
for a loading corresponding to 0.12 wt.% with regard to the carbon
fiber laminar composite. This study demonstrates that the introduc-
tion of a very small fraction of CNTs in the epoxy matrix is sufficient
to induce a 30-fold improvement and a homogenization of the trans-
verse conductivity of carbon reinforced fiber polymer composite. The
process is easily adaptable for the new generation of aeronautical pre-
pregs and permits the charge transport between each ply of structural
carbon fiber composites.
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