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To synthesize carbon nanotube/carbon matrix (CNT/C) composites rivaling or exceeding
the mechanical and electrical properties of current carbon fiber/carbon matrix composites,
it is essential to align carbon nanotubes in the composite. In this work, we fabricated CNT/
polyacrylonitrile (PAN) precursor composites with high degree of CNT alignment, and car-

bonized and graphitized them at high temperatures. Carbonizing the precursor composites

significantly improved their elastic modulus, strength, and electrical conductivity. The

matrix was uniformly carbonized and highly graphitized. The excellent mechanical and

electrical properties make the CNT/C composites promising for many high temperature

aerospace applications.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon fiber reinforced carbon matrix (C/C) composites have
attracted tremendous attention from aerospace industries
due to their high temperature resistance, high strength, low
density, and extremely low coefficient of thermal expansion
[1-4]. Compared with carbon fibers, carbon nanotubes (CNTSs)
possess theoretical strengths that are up to an order of mag-
nitude higher, as well as much higher electrical and thermal
conductivities [5-10]. These excellent properties, combined
with the high specific surface area, make carbon nanotubes
a promising substitute for carbon fibers to meet the chal-
lenges of the next generation aerospace technologies.
Inspired by the processing methods of C/C composites,
chemical vapor infiltration (CVI) [11-15] and polymer infiltra-
tion pyrolysis (PIP) [16-22] methods have been explored to
synthesize CNT/C composites. Existence of CNTs was found
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to induce graphitization in the matrix under high tempera-
tures [23-27]. Increase in CNT content and degree of align-
ment were also found to assist the formation of graphitic
regions [21,28]. However, the tensile strength and Young’s
modulus of previously reported CNT/C composites are far
lower than those of their C/C counterparts [13]. In addition,
the electrical properties were not investigated in detail. Chal-
lenges in preparing CNT/C composites with desirable proper-
ties include achieving CNT alignment in the structure and
homogeneous CNT dispersion in the carbon matrix.

In our previous work [29,30], we developed a one-step
winding infiltration method to utilize long and aligned CNT
sheets and produced high strength CNT/polymer composites.
This method has a unique advantage in producing aligned
CNT composite structures, in which nanotubes are uniformly
distributed in the matrix. In this current work, we applied this
method to fabricate CNT/polyacrylonitrile (PAN) precursor
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composites and then pyrolyzed the PAN matrix to make
aligned-structured CNT/C composites. PAN is a commercially
important polymer, which is used as the predominant precur-
sor for carbon fibers [31]. PAN has the advantages of high car-
bon yield, simple carbonization process and the ability for
surface functionalization [32]. CNTs have been added to PAN
fibers in small quantities to improve their properties [33-35].
Other works have studied the stabilization and carbonization
of similar materials [28,32,33,36-41], which has been pro-
posed as the next generation carbon fiber products
[28,32,38-41]. While that method is very promising for pro-
ducing carbon fibers, there is a growing interest in making
composites that contain no carbon fibers and only a high fiber
volume fraction of CNTs as the reinforcing phase. However,
there are only limited studies on PAN/C composites films or
CNT/C composites produced directly from CNT structures
[25,26,36,37]. Producing CNT/C composites by dispersing short
CNTs with random orientation and entanglements into car-
bon precursors and then carbonizing it typically results in
very brittle and weak composites.

This work presents a new technique to produce CNT/C
composites directly from aligned CNT sheets and PAN precur-
sor, which exhibit mechanical properties superior to other
CNT/C composites that are not in a fiber form. The CNT/
PAN precursor composite were stabilized, carbonized and fur-
ther graphitized to produce CNT/C composites. The morphol-
ogy and mechanical properties were investigated in both the
precursor and carbonized states. Raman spectroscopy and
electrical properties of the precursor, carbonized and graphi-
tized composites were also analyzed.

2. Experimental
2.1.  Precursor composites fabrication

CNT/PAN precursor composites were fabricated using one-
step winding infiltration approach. CNT arrays were synthe-
sized from one step chemical vapor deposition (CVD) method
using FeCl, as catalyst [42]. The CNTs were mutiwalled
(MWNTs) with outer diameter of 25-60 nm, as shown in
Fig. 1, and had a length of 1mm. PAN with an average

Fig. 1 - TEM image of an individual CNT.

molecular weight of 150,000 obtained from Sigma-Aldrich,
was used as the matrix precursor. Dimethylformamide
(DMEF) (99.8%, Sigma-Aldrich) was used as solvent. CNT/PAN
films with different CNT weight fractions were fabricated by
using PAN/DMF solutions of different concentrations, specifi-
cally 10, 20 and 50 g/L. Unidirectional CNT sheets were drawn
from spinnable CNT arrays and wound onto a rotating Polytet-
rafluoroethylene (PTFE) spool. During the CNT sheet winding,
PAN/DMF solution droplets were applied layer by layer on the
sheets to ensure sufficient infiltration. The films were then
vacuum dried to remove any residual solvent and then hot-
pressed at 160 °C for 2 h. The resultant samples had a thick-
ness of 10-20 ym and were cut into strips with dimensions
of 15x 0.5 mm.

2.2.  Stabilization and pyrolysis process

The precursor films were first heat-treated in air to stabilize
and oxidize the PAN matrix. A tension device was used to
keep the films under tension during the heat treatment. The
samples were heated to 250 °C at a heating rate of 5 °C/min
and then held for 120 min, followed by heating up to 320 °C
at a heating rate of 1 °C/min and then held for 25 min.

The stabilized samples were carbonized at 1300°C in a
vacuum furnace for 60 min under vacuum (below 1E-2 mili-
bar) after an initial ramping at 5 °C/min. A set of the samples
was then heated in argon gas (99.999% and then run through
an in-line O,/H,0 trap) to graphitize them. They were first
heated up to 1500 °C at 25 °C/min and held for 15 min, then
heated to 2000 °C at 15 °C/min and held for 15 min. Finally,
the treatment temperature ramped to 2150 °C at 3 °C/min
and held for 30 min. The films were sandwiched and pressed
between two polished graphite plates during carbonization
and graphitization.

2.3.  Materials characterizations and testing

Scanning electron microcopy (SEM) analysis of the CNTs net-
work and composite fracture surface was carried out on a
JEOL 6400F microscope at an acceleration voltage of 5kV.
Raman spectra were recorded with a Renishaw Ramascope.
The laser has a wavelength of 632 nm and a spot size of about
1-2 pm.

Mechanical property testing was performed using a Shi-
madzu EZ-S tensile testing machine at a crosshead speed of
0.5 mm/min and a gauge length of 10 mm. The sample thick-
ness was measured with a micrometer and verified by SEM
image. At least five samples were tested for each composite
group. Electrical resistance was measured using the two-
probe method by a 34410A 6.5 digit multimeter. Silver epoxy
obtained from SRA Soldering Products was coated on the
sample as an electrode.

3. Results and discussion

3.1.  Mechanical properties

The mechanical properties of precursor and carbonized com-
posites are summarized in Table 1. Fig. 2 shows the typical
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stress—strain curves of composite films made using the 10 and
20 g/L PAN solutions, respectively. The strength and stiffness
increased after carbonization and the tensile failure strain
decreased. When using the 20 g/L concentration, the carbon-
ized composites showed stiffness up to 143 GPa and strength
up to 551 MPa, which were 200% and 58% improvement,
respectively, comparing to their precursor composites. The
carbonized composites obtained at both 10 and 50 g/L con-
centrations have lower property values, which suggests that
20 g/L may be close to the optimal concentration.

It should be noted that in the current work, CNT function-
alization was purposefully avoided due to the potential
damages to CNTs and the uncertainty on their effect on
carbonization. Millimeter-long CNTs were used to develop
effective load transfer over their length through van der
Waals interactions with the matrix. In addition, high temper-
ature has been shown to induce graphitic structure formation
from PAN in the interphase region, which can improve the
interaction between CNTs and the matrix. The formation of
this structure is expected to enhance the mechanical proper-
ties of the composites [13,28,33,38]. The carbon matrix is
more brittle than the PAN matrix making the CNT/C compos-
ites more sensitive to flaws, giving a lower failure strain in
comparison to the CNT/PAN composites.

In real-world aerospace applications, a stronger and
lighter material is critical in terms of saving energy and
enabling advanced technologies. Typical C/C composites have
a density of 1.6-2.0 g/cm ™3 [4]. The aligned CNT/C composites
presented in this study have a density of 1.1 g/cm~>. Conse-
quently, their specific strength is comparable to some of the
best C/C composite properties presented in the literature.
The tensile strengths of previously reported CNT/C compos-
ites are far lower. The comparison is shown in Fig. 3.

3.2 Electrical properties

The electrical conductivity of C/C composites is an impor-
tant property needed for some applications in aerospace
composites. Although CNTs have excellent electrical con-
ductivity, the incorporation of insulating polymer surround-
ing the CNTs in the composites leads to a relatively high
resistance. Table 2 shows the electrical properties of the
CNT/PAN precursor composites and CNT/C composite films.
The carbon matrix has a much higher electrical conductivity
than PAN polymer, giving rise to a much higher electrical
conductivity of the CNT/C composites. It was observed that
the electrical conductivity of the composites (both CNT/
PAN and CNT/C) increased with decreasing concentration
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Fig. 2 - Typical stress-strain curves of precursor and
carbonized composite films. (A colour version of this figure
can be viewed online.)
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Fig. 3 - Comparison of the specific tensile strength with CG/C
composites and other reported CNT/C composites [2-
4,13,43,44]. UD means unidirectional.

of the PAN solution. The lower solution concentrations left
less polymer between CNTs after evaporation, increasing
the CNT fiber volume fraction. When graphitization of the
CNT/PAN composite was performed the electrical conductiv-
ity was increased by one order of magnitude, from 39 to
392 S/cm, which can be attributed to the increased graphiti-
zation degree of carbon.

Table 1 — Mechanical properties of precursor and carbonized composite films.

PAN solution concentration (g/L) Composite sample Young’s modulus (GPa) % Increase Tensile strength (MPa) Strain (%)

10 Precursor 30.0+ 8.8
Carbonized 63.6 +18.6

20 Precursor 31.7 +9.8
Carbonized 95.2 + 26.5

50 Precursor 16.2+4.2
Carbonized 488 +7.2

112 287.5+93.4 0.85+0.23
3175+ 94.1 0.56 +0.15
200 292.0+51.6 1.03 +£0.42
460.2 + 96.2 0.53+0.22
201 109.8 + 36.6 0.80 +0.20
170.0 = 26.5 0.61 +0.08
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Table 2 - Electrical properties of precursor and CNT/C composite films.

PAN concentration (g/L) Sample Electrical resistivity (Q cm) Electrical conductivity (S/cm) % Increase

10 Precursor 1.1x1072 94 289
Carbonized 2.7x1073 368

20 Precursor 3.1x 1072 39
Carbonized 8.7x 1072 190 385
Graphitized 26x1073 392 919

50 Precursor 6.5x10°2 16 622
Carbonized 8.6x1072 117

3.3. Structural characteristics the precursor composites. While the pure PAN films changed

To better understand the improvement of mechanical and
electrical properties of CNT/C composites, structural charac-
terizations were conducted. The morphology of composite
films was observed using SEM. Fig. 4 shows the side view
and fracture surface of the composites. High CNT volume
fraction and uniform CNT distribution were observed for

Precursor

to flakes during carbonization process, the aligned CNTs pro-
vided unidirectional restriction and thus kept the stable
structure of composites to sustain even higher temperature
treatment. The CNT packing became denser after heat treat-
ment due to matrix shrinkage. As the matrix underwent lar-
ger shrinkage than CNTs during pyrolysis, there was stress
accumulation in the matrix, especially at the interfaces,

Carbonized composites

Carbonized composites

Fig. 4 - SEM images of the fracture morphologies (top) and side views (bottom) of precursor and carbonized composite films
produced using 10-(a), 20-(b) and 50-g/L (c) PAN solutions. All scale bars: 1 pm.
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which was suggested to accelerate the formation of graphitic
structure [21]. Better alignment of CNTs can induce higher
extent of stress graphitization.

It was also observed that CNTs in carbonized composites
were thicker and rougher than in the precursor composites,
which may be due to individual CNTs being covered by a layer
of pyrolytic or graphitic carbon. While the formation of the
graphitic structure from PAN in the interphase region directly
adjacent to CNT walls has been reported, the PAN matrix is
mostly disordered carbon at this carbonization temperature
[28,33,38]. Further investigations on the nanostructure and
the formation mechanisms are needed. As compared to the
precursor composites, the CNT/C composites showed shorter
CNT pullout lengths. This suggests higher interfacial shear
strength between CNTs and the carbon matrix, which is also
supported by the higher elastic modulus of the CNT/C
composites.

To further examine the heat treatment effect, Raman
spectra were studied as shown in Fig. 5. The intensity ratio
of graphitic G-band (at ~1580 cm™?) to disorder D-band (at
~1356 cm™) is proportional to the graphite crystal size [45].
Simultaneously, the G-band peak width increases with crystal
disorder. Pure PAN films and CNTs were carbonized and
graphitized under the same conditions for comparison of
composite films. Fig. 5a and b show the Raman spectra curves
of heat-treated PAN films and CNTs, respectively. Due to func-
tional group of PAN, it was difficult to observe the peaks for
the original PAN film. As the pyrolysis temperature increased,
the G-band and D-band peaks became more distinct, as
shown in Fig. 5a. It should be noted that the I¢/Ip ratio was
less than one, which is typical for both carbonized and
graphitized PAN polymer and fibers processed at or below
the temperatures used in this study [46,47]. Fig. 5b shows that
the spectra of heat-treated CNTs have much sharper G-band
peaks as the treatment temperature increased, indicating a
more graphitic structure.

The Raman spectra of the precursor and pyrolyzed com-
posites using 20 g/L PAN solution are shown in Fig. 5c. After
heat treatment, the peak at 1320 cm ™! shifted to 1356 cm™,
which may be due to the formation of a new carbon structure
[36] or the accumulated stress at the interface [48]. Further
investigation is needed to clarify this issue. When carbonized,
the Is/Ip ratio of the CNT/C composites decreased slightly and
the G-band peak width increased, which may be due to the
disordered carbon in the matrix (although some graphitic car-
bon is likely to exist adjacent to CNT walls). The significant
increase in Ig/Ip ratio after graphitization suggests a higher
level of graphitization, i.e. the reduction of CNT defects and
the graphitization of pyrolytic carbon.

Comparing Fig. 5¢c and a reveals that the Ig/Ip ratios of the
pyrolyzed composites were much higher than that of pure
PAN films. It has been reported that the accumulated stresses
in the structure due to matrix shrinkage can accelerate the
atom ordering [21]. CNTs have also been reported to promote
the formation of graphite-like structure [27,28,33,38]. There-
fore, the higher I5/Ip ratio may be partially attributed to the
enhancement of graphitization by the introduction of aligned
CNTs. Furthermore, an enhanced 1620cm™? peak was
observed for the graphitized composites, which was attributed
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Fig. 5 - Raman spectra for (a) pyrolyzed PAN films, (b)
original and heat-treated CNT arrays, and (c) precursor and
pyrolyzed composite films by using 20 g/L PAN solution. (A
colour version of this figure can be viewed online.)

to the structural defects [49] as pyrolytic carbon migrated and
rearranged.
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4, Conclusions

CNT/C composites with excellent unidirectional mechanical
and electrical properties were fabricated using PAN as matrix
precursor. The carbon matrix allows for more efficient load
transfer in the composites than the PAN polymer matrix. The
aligned and evenly distributed CNT structure obtained from
one-step winding infiltration method provided a superior scaf-
fold for the graphitization of the PAN matrix, enhancing the
stress accumulation during pyrolysis and accelerating the
ordering of atoms. The resultant CNT/C has increased graphi-
tization degree than the precursor composites. With compara-
ble specific strength to C/C composites and lower density
(1.1 g/cm3), the aligned CNT/C composites produced here
are promising for aerospace applications where high tempera-
ture resistance, high strength and low density are desired.
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