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Abstract
Macroscopic carbon nanotube fibres spun from the gas phase during CNT growth were inte-
grated into thermoplastic and thermosetting matrices at high mass fractions. Composition and
electrical properties of the composite samples are presented and related to the fibre structure
in terms of CNT orientation and on the degree of infiltration of the polymer. The analysis of
the prepared CNT fibre-based composites exhibited a modest improvement in the mechanical
properties of the matrix and a high conductivity in the plane of the fibres. These CNT composite
materials could find applications not only as direct structural elements, but due to their high
electrical conductivity, also as interleaves for aerospace composite structures.

1. Introduction

An efficient route to exploit the properties of carbon nanotubes (CNT) is by pre-assembling
the nanocarbon to form a macroscopic structure and then integrating it into a polymer matrix
to fabricate composite using standard fibre-reinforced plastic (FRPC) manufacturing methods.
CNT fibres can be produced by drawing an aerogel of CNTs directly from the gas-phase during
CNT growth by chemical vapour deposition [1]. The process is based on using a high tempera-
ture reactor (> 1000◦C), hydrogen as carrier gas, and often sulphur to control carbon diffusion
[2], which results in very fast growth rates (> 1mm/s) of unusually long CNTs (around 1mm).
Therefore, the gas-phase is constituted by entangled CNTs which form an aerogel that can be
drawn out directly from the reactor as an elastic smoke. The material spun directly from the
reactor is a low density diaphanous web which can be densified on-line through capillary forces
after contact with a liquid [3] to form a fibre, or collected as a film.

The pristine fibres have low density, high specific surface and are highly porous. When em-
bedded in a polymer matrix, the capillarity forces arising from the porous structure enables
the infiltration of polymer molecules in the fibres; the formed composite acquires a complex
hierarchical structure whose properties are not trivially related to those of the pristine fibres
[4]. Reports on bulk properties of CNT fibre/epoxy composites indicate longitudinal specific
tensile strengths around 250MPa, electrical conductivity 104S/m and thermal conductivity of
30W/mK.
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An innovative processing method was developed by X. Wang et al. [5] with the purpose of
improving the multifunctional performance of CNT composites. The novelty of the process
is that the CNT fibre was stretched and then embedded in the polymer matrix. The resulting
composites were strong (3.8GPa), stiff (293GPa) and good thermal (41W/mK) and electrical
(1.23 · 105S/m) properties.

The present work focuses on the preparation of CNT-fibre based composites and the study of
their properties. Different polymer solutions were infiltrated in CNT-fibres.

2. Sample preparation

The CNT fibres used in this study were produced by floating catalyst chemical vapour de-
position (CVD) [1]. 2-Butanol and ferrocene were used respectively as a carbon source and
catalyst [6] and the furnace temperature was set to 1200◦C. Controlled growth of SWCNT was
achieved by the addition of sulphur as a catalyst promoter [7] The fibre was used to prepare
pre-impregnated (pre-preg) films. Polystyrene (PS), poly(methyl methacrylate) (PMMA) and
8552 epoxy resin films were used as matrices.

The production method was different depending on the choice of the polymer matrix, thermo-
plastic or thermosetting. In the case of thermoplastic matrices, both PS and PMMA, the fibre
was collected on a polytetrafluoroethylene (PTFE) sustrate and subsequently impregnated with
a solution of polymer in dichloromethane . The solvent was allowed to evaporate at room tem-
perature (Figure 1(a)).In the case of thermosetting resins, the fiber was directly collected on
a resin film and then intercaled between a second resin film layer, the multilayered film was
heated at 130◦C and 10KN during 300s. Finally, the sandwich was frozen. Scheme of the
protocol is depicted in Figure 1(b).
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Figure 1. Scheme of how to do CNT fibre-based prepregs

All the prepared thermoplastic matrix composite and its abbreviations are listed in Table 1.
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Description Nomenclature
CNT Fiber noncondensed CNTF-N
CNT Fiber condensed with DCM CNTF-C
CNTF infiltrated with a solution of

1PMMA/CNTF
PMMA in DCM (concentration: 1 g/L)
CNTF infiltrated with a solution of

5PMMA/CNTF
PMMA in DCM (concentration: 5 g/L)
CNTF infiltrated with a solution of

1P/CNTF
PS in DCM(concentration: 1 g/L)
CNTF infiltrated with a solution of

5PS/CNTF
PS in DCM(concentration: 5 g/L)

Table 1. Thermoplastic matrix composites

3. Results

The thermosetting/termoplastic CNT-fibre composites have been characterized in order to ob-
tain relevant information about their morphology (RAMAN, SEM and TEM), composition
(TGA) electrical and mechanical properties.

3.1. Pristine fibre structure

The structure of the CNT fibre was analyzed by different techniques such as Raman spec-
troscopy, SEM and TEM.

The Figure 2 shows the Raman spectrum for the CNTF. The first important observation is the
presence of RBM peaks, which only occurs when there are single or double walled nanotubes
(SWCNTs and DWCNTs). In this case, four RBM peaks, at 153, 172, 182 and 274cm−1 cor-
respond to CNT diameters of 1.63, 1.44, 1.28 and 0.88nm respectively, were observed. From
these four values, 0.88nm seems to be atypical and would correspond to thinner tubes. Since the
interlayer distance between two graphene sheets is 0.34nm, a double wall CNT with the inner
tube having a diameter of 0.88nm would have an outer tube diameter of approximately 1.56nm,
value that would lie around the other RBM values. This can be confirmed further by the lower
Raman intensity of this peak, because of the restricted vibration that inner tubes present.

Additionally, the CNT fibre material was inspected by TEM (Figure 3). The catalyst presence
was confirmed and the diameter of the CNTs were calculated to be around 1.4nm, which is con-
sistent with the results obtained by Raman. Although forming bundles, the SWCNTs that make
up the fibre provides a high specific surface (around 300m2/g) and internal porosity accessible
to small foreign molecules such as liquids and polymer.
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Figure 2. Raman spectra of different locations on a CNT fibre

(a) General view (b) Detailed view

Figure 3. CNT fibre TEM images.

This porous structure can be clearly observed in Figure 4, consisting of sem micrographs of
the fibre structure for as-spun (Figure 4(a)) and densified fibres (Figure 4(b)). The lack of
cnt alignment is due to the low drawing rate of 7m/min used in this work, which was kept
deliberately low to produce composites with isotropic properties in the plane.

(a) Noncondensed carbon nanotube fibre (b) Condensed carbon nanotube fibre

Figure 4. CNT fibre SEM images.
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3.2. Mass fraction

Thermogravimetric analysis (TGA) was used to determine the mass fraction of the CNT fiber in
the composite. For this purpose, pristine CNT fibre, neat polymer and composite were analized.
The Figure 5 compares the thermograms for pristine CNTF, neat PMMA and CNTF/PMMA
composite. As can be seen, the degradation of PMMA starts at 225◦C and has only one sharp
and defined step. For the composites, another behavior was observed: two subsequent degra-
dation steps could be distinguished, because the PMMA and CNTF degradation processes are
decoupled. The iron content of the samples 1PMMA/CNTF and 5PMMA/CNTF was deter-
mined by the residue at 900◦C, being 11.5% and 10% respectively. When comparing the CNTF
composites with the pristine fiber, it is also observed that the offset temperature of the CNT
Fiber degradation was shifted towards higher temperature.

Figure 5. TGA and derivative curves of neat PMMA (blue), pristine CNTF (black), 1PMMA/CNTF (red) and
5PMMA/CNTF (green). 10◦C/min and air atmosphere.

The TGA plots were used to determine the fiber mass fraction by Equation 1.

wt.% = A1 f + B1m
wt.% = A2 f + B2m (1)

Where wt.% corresponds to the observed mass fraction of the composite from room temperature
through thermal decomposition, A1 and B1 correspond to the observed mass fraction for the
pristine fiber and the neat polymer, respectively, evaluated at the same temperature. Finally, f
and m represent the calculated mass fraction of CNTF and polymer respectively, present in the
composite material. The values obtained following this method are summarized in Table 2
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Composite wt.% of CNT fiber at 430◦C wt.% of CNT fiber at 880◦C
1PMMA/CNTF 91.4 58.8
5PMMA/CNTF 63.0 51.8
1PS/CNTF 96.3 68.3
5PS/CNTF 82.9 58.0

Table 2. wt.% of CNT fiber at different temperatures

3.3. Electrical resistance

The Figure 6 show as two pairs of square gold electrodes were deposited by physical vapour
deposition (PVD) using a paper mask. The two-points resistance of the sample was measured
between opposite electrodes, both parallel and perpendicular of spun direction. The data was
treated following the Equation 2.

ρ =
R · a

L
(2)

Where R is the value of measurement, L (20mm) is the gap between opposite electrodes and a
(4mm) is the electrode width.
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Figure 6. interleave of PMMA/CNTF specimen by electrical resistance measurements.

The results show that, in all cases, the surface resistance is higher across the width of the fibre
than along the length of it. This anisotropy in electronic conduction is the preferential orienta-
tion of the carbon nanotubes along the fibre winding direction (drawing out the furnace). The
fibre presented slightly lower surface resistance when densified (Figure 7(a)), due to increased
contact between CNTs after capillary densification . Finally, from the samples infiltrated with
PS and PMMA, with the same solvent and concentration, the PMMA one exhibited higher sur-
face resistance (Figure 7(b)). This phenomenon can be explained because the PMMA samples
have a higher quantity of polymer (determined by TGA). These polymer composites show a
very low anisotropy (2.2Ω, 1.5Ω), like the pure CNT fibre. In addition the resistance through
thickness is 0.22Ω, which assuming 25µm. These properties are ideal for interleaves used in
aerospace composite structures.
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Figure 7. Electrical resistance along the length (red) and perpendicular of the fibre (blue) in pure state and in
polymer composite

4. Conclusions

The Raman analysis and SEM images shows that the structure of different batches of CNTF
produced in same conditions have similar morphologies. Moreover, the as-produced fibre had
superior properties along the winding direction, due to preferential alignment in the drawing
direction, although when inspected the electrical resistance of the fibre (Figure 7), it was found
a low anisotropy degree of the measurement proved the the lack of a high alignment. This was
further confirm by SEM (Figure 4).

The polymers used in this work are electrical insulators, therefore an electrical resistance in-
crease will be expected when higher amounts of polymer are infiltrated in the CNTF. When the
comparison is done between the pristine CNTF and the polymer infiltrated fibre, the electrical
resistance barely changes, especially along the fibre length. This can be explained because at
the CNTF fibre the percolating network of CNTs is formed and the polymer infiltration does not
affect their interconnections. An additional reason for maintaining a high electrical conductivity
and a low degree of anisotropy is that this fibre consists mainly of SWCNT, so that the specific
surface is very high, hence has a high probability of contact.
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