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Abstract

A novel manufacturing method for hybrid composites filled with carbon nanotubes (CNTs) and aramid
fibers is proposed. To disperse the CNTs in the epoxy matrix with the presence of aramid fibers,
CNT/polyethyleneoxide (PEO) composites are prepared and utilized because PEO is miscible in the epoxy
resin. After thin films are made of the CNT/PEO composite and placed together with the aramid fibers, the
epoxy resin is infused to them. The PEO is dissolved in the epoxy and then the CNTs are dispersed in the
PEO/epoxy matrix between aramid fibers before the pre-heated matrix is cured. It is found that the PEO
is completely miscible with the epoxy resin and CNTs are dispersed well in the space between the aramid
fibers.

© Koninklijke Brill NV, Leiden, 2008

Keywords
Composite material, carbon nanotube, nanocomposite

1. Introduction

Fiber-reinforced composites have been widely used in aerospace, automotive and
marine industries because they have attractive advantages such as outstanding me-
chanical properties, light weight, low fabrication cost and easy handling. Many
fiber composites are manufactured by the liquid composite molding (LCM), which
encompasses resin transfer molding (RTM) [1-9], vacuum assisted resin trans-
fer molding (VARTM), resin film infusion (RFI), and structural reaction injection
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molding (SRIM) [10]. To sustain the fiber preform, pure polymer resins have been
commonly employed as matrices but the polymer resins have some limitations in
physical and thermal properties. Hence, polymers with high cross-linking density
are proposed or elasticizers such as powder, viscous liquid, and monomer mixture
are introduced into the resin to get over the shortcomings [11]. Moreover, some
studies on application of polymer nanoclay composites have been reported [12,
13]. However, there still exist several problems to be resolved, namely, viscosity
increase of the matrix resin, difficulty in particle dispersion and onset of the matrix
monolithization. Since carbon nanotubes (CNTs) possess fascinating mechanical,
thermal and electrical properties, composites with high stiffness and toughness
could be achieved at even low loading of the CNTs [14—-16]. However, few studies
on the fiber-reinforced composites with the CNT-filled matrix have been reported
[17, 18].

Thermosetting polymer matrices have been used in fiber-reinforced composites.
Among the thermosets, epoxy resin is one of the most important resins and ther-
moplastic resins are blended with the epoxy resin to improve the toughness [19,
20]. In general, it is difficult to obtain homogeneous blends because intermolecu-
lar interactions are more complicated in thermosetting blends than those in linear
polymer blends. Recently, several miscible epoxy blends have been reported and
one of them is the epoxy/PEO blend. The epoxy/PEO blend is found to be misci-
ble when cured with 4,4’-diaminodiphenylmethane (DDM) and phthalic anhydride
(PA). In aromatic amine curing systems, the miscibility is attributed to formation of
intermolecular hydrogen-bonding interactions [21, 22].

Figure 1 depicts the main idea of the current study schematically. Hybrid com-
posites reinforced by aramid fibers and CNTs are manufactured by using a ther-
moplastic/epoxy blend. First of all, thermoplastic nanocomposites are filled with
CNTs and nanocomposite films are prepared with good CNT dispersion. Then, the

PEO/CNT

/ composite film

CNT

Filament in the yarn
(@) (b)
Figure 1. Schematic description of the manufacturing process for CNT/fiber hybrid composites:

(a) before infusion and (b) after infusion of epoxy resin. The CNT particles are dispersed into the
epoxy resin as the PEO is blended with the epoxy resin.
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nanocomposite film is placed selectively in the region where additional reinforce-
ment is required. The epoxy resin that has been heated up to melting point of the
thermoplastic resin is infused into the fiber preform and the nanocomposite film is
dissolved by the epoxy resin. The CNT particles embedded in the nanocomposite
are dispersed in the region between aramid fibers. It is expected that the shear stress
generated by the resin flow in LCM is large enough to drive CNT particles into
the matrix [18]. Finally, the epoxy resin is cured, and the CNT/aramid fiber hybrid
composite is prepared.

In this study, PEO is adopted as the thermoplastic polymer for the nanocom-
posite because CNTs are dispersed well in PEO that is miscible with the epoxy.
Furthermore, the PEO can lower processing temperature and time, which has re-
cently become one of the vital issues in the aerospace industry [23]. Thermal and
morphological characterization of the CNT/PEO composites are made to verify dis-
persion state of the CNTs by using differential scanning calorimetry (DSC) and
field emission scanning electron microscopy (FESEM). The CNT/aramid fiber hy-
brid composites consist of four components, i.e. carbon nanotubes, aramid fibers,
PEO and epoxy resin.

2. Experimental

Muti-walled carbon nanotubes [24-29] with the average diameter of 13 nm and the
length of 10 um and aramid fibers with the diameter of 12 um were utilized. PEO
resin with molecular weight of 100 000 g/mol was purchased from Aldrich and its
melting temperature is 65°C. Epoxy resin selected in this study was diglycidyl ether
of bisphenol A (DGEBA, YD-128) with the epoxide equivalent weight of 185-190
and 4,4'-diaminodiphenylmethane (DDM) was used as the curing agent.

Because the pristine CNTs included many impurities, such as amorphous car-
bon, metal catalysts, and graphite particle, the CNTs were purified in a 3:1 mixture
of 65% H>SO4/HNO3 at 100°C for 30 min. The purified CNTs were dispersed in
ethanol under sonication for 2 h and then distilled water and PEO were added to the
solution. The mixture was sonicated for 1 h at 100°C again and kept in a vacuum
oven for 2 days to remove the water and the ethanol. The CNT/PEO mixture was
processed into 20 um thickness film containing CNTs of 2.0 wt% by using com-
pression molding. To prepare CNT/aramid fiber hybrid composites, aramid fibers
were placed in a Petri dish and the film and strings made of the CNT/PEO compos-
ites were placed together with aramid fibers as shown in Fig. 2. To verify blending
of the epoxy and the PEO, PEO film without the CNTs was prepared and employed.
Then, the mixture of the epoxy resin and the curing agent that had been heated up to
100°C was cast in the Petri dish, which was smoothly shaken to dissolve the PEO
in the epoxy. Finally, the Petri dish was kept in a vacuum oven to cure the epoxy
resin.

Differential scanning calorimetric (DSC) measurements were performed using
a TA instruments DSC 2010 to characterize the CNT/PEO composites. Field emis-
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sion scanning electron microscope (FESEM) images were obtained with JEOL
JSM-6700F to verify hybridization of CNTs and aramid fibers morphologically as
well as to observe the dispersion state of the CNTs. Cross-sectional areas of the
specimens fractured under liquid nitrogen were examined by the FESEM.

3. Results and Discussion

Figure 3 shows the PEO/epoxy composite specimen filled with aramid fibers and the
PEO/epoxy hybrid composite specimen filled with CNTs and aramid fibers after the
epoxy resin is cured. Figure 3(a) illustrates that the PEO is miscible with the epoxy

(a) (b)

Figure 2. (a) A film and strings of PEO resin together with aramid fibers and (b) a film and strings of
the CNT/PEO composite with aramid fibers before the epoxy resin is cast in the Petri dish.

(a) (b)

Figure 3. Photographs of (a) PEO/epoxy composite filled with aramid fibers and (b) PEO/epoxy
hybrid composite filled with CNTs and aramid fibers after the epoxy resin is cured.
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resin and that both thin PEO films and strings are appropriate for dissolving the PEO
resin in the epoxy. In contrast to Fig. 3(a), the matrix for the hybrid composite looks
darker as shown in Fig. 3(b) because the CNTs are dispersed in the epoxy resin,
which is blended with the PEO. In addition, the fractured surface of the PEO/epoxy
blend is examined by using FESEM to provide further validation of miscibility
between PEO and epoxy resin. As shown in Fig. 4(a), the PEO/epoxy blend has
no phase boundaries or phase separation, which is apparently similar to neat cured
epoxy resin [30]. This result is also in good agreement with the previous studies
[31, 32]. Figure 4(b) shows that the acid-treated CNTs are dispersed well in the
PEO resin, which proves that the method used in this study is effective for preparing
CNT/PEO nanocomposites. As a result, CNTs dispersed in the thin film can provide
selective reinforcements to local weak areas in the composite in that the PEO films
which contain dispersed CNTs are miscible with the epoxy resin.

SWU SET S5.8kNV <1, 508 18pm WO Brmm

SEI ‘%.UkV X50,000 100|'|;T WD 8.0mm
(®)
Figure 4. FESEM images of (a) PEO/epoxy blends and (b) CNT/PEO nanocomposites.
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Heat flow
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Figure 5. DSC curves at a heating rate of 10°C/min.

To investigate effects of the filled CNT on the thermal properties of the PEO,
thermal analysis is performed with DSC. Figure 5 shows that endothermic peak for
pure PEO is located at 65°C but the presence of the CNT affects crystallization
and particle—particle interactions between the CNTs serve as a chain confinement.
Therefore, the melting temperature is decreased by around 2°C. It is well known
that DSC results can be utilized to understand the dispersion state of CNTs [33].
It can be confirmed from Fig. 6 that the CNTs have good dispersion in the PEO
matrix.

The fractured surface of the composite specimen is shown in Fig. 6. Aramid
fibers are broken and pulled out from the matrix. The weight fraction of the aramid
fiber is 0.15. Since only a small amount of the PEO is mixed with the epoxy resin
and a homogeneous mixture is obtained, it is impossible to detect the PEO phase
in the epoxy. To observe the existence of the CNTs, the small highlighted region
indicated in Fig. 6(a) is magnified as shown in Fig. 6(b). Even though the CNT
loading is very low, CNTs are dispersed in the matrix relatively well. Figure 6
indicates that CNTs are dispersed between aramid fibers which are impregnated
by the PEO/epoxy mixture.

4. Conclusion

The objective of the present study is to introduce a novel manufacturing method for
CNT/aramid fiber hybrid composites, which may make it possible to tailor mechan-
ical properties by means of selective reinforcements. Because it is not easy to infuse
the epoxy resin embedded with CNTs into the fiber preform directly, a CNT/PEO
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Figure 6. FESEM images of the fractured surface for CNT/aramid hybrid composites: (a) Kevlar
fibers and (b) carbon nanotubes.

composite film is employed in order to distribute the CNTs in the desired region
between fibers. Since the PEO has a melting temperature lower than other ther-
moplastic polymers, the PEO is blended with epoxy effectively before postcuring
is completed. It is shown that the CNTs are well dispersed in the matrix between
aramid fibers and that the PEO/epoxy blends are thoroughly miscible. FESEM ob-
servation also indicates that the CNT/PEO composite has good CNT dispersion.
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