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a b s t r a c t
Carbon nanotube (CNT)/epoxy composite ﬁlms were successfully developed by a combination of layer-by-layer
and vacuum-assisted resin transfer molding methods using directly chemical vapor deposition (CVD)-spun CNT
plies. CNT fractions in the composite ﬁlms were found to be dramatically enhanced as the number of CNT plies
increased. The as-prepared CNT/epoxy composite ﬁlms with 24.4 wt.% CNTs exhibited ~10 and ~5 times enhancements in their strength and Young's modulus, respectively, and high toughness of up to 6.39 × 103 kJ/m3. Electrical
conductivity reached 252.8 S/cm for the 20-ply CNT/epoxy ﬁlms, which was 20 times higher over those of the
CNT/epoxy composites obtained by conventional dispersion methods. This work proposed a route to fabricate
high-CNT-fraction CNT/epoxy composites on a large scale. The high toughness of these CNT/epoxy composite
ﬁlms also makes them promising candidates as protective materials.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Carbon nanotubes (CNTs), with remarkable multifunctional properties, such as high strength and Young's modulus of 100 GPa and 1 TPa
[1–3], respectively, ultrahigh electrical conductivity of 3 × 104 S/cm [4,
5] and outstanding thermal conductivity of 2000–3500 W/m·K [6,7],
have attracted great attention over past few decades. CNTs have
been regarded as promising reinforcements for developing highperformance multifunctional composites. However, due to the low
volume fraction, poor dispersion and random orientation of the CNTs
in matrices, most resultant CNT-based composites can only receive limited enhancements and exhibit properties much lower than expected
[8,9]. To overcome these challenges, various CNT preforms, such as
buckypapers [10], CNT arrays [11–13] and CNT yarns [14], have been
developed to pre-arrange the CNTs in a pre-forming structure before
preparing composites.
One traditional approach is to extract CNT ﬁlms from CNT suspensions via solvent evaporation or vacuum-assisted ﬁltration [15,16]. As
surfactants and sonication are commonly involved to achieve a good
dispersion of CNTs, the CNTs dispersed would usually suffer from
inevitable damages or shortenings during this process, and the CNT orientation is also uncontrollable. Towards taking full advantages of the
anisotropic properties of individual CNTs, a number of studies focused
on the developments of aligned CNT architectures and aligned CNT
polymer composites. Many previous works have shown that the well⁎ Corresponding author.
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aligned CNTs could facilitate higher CNT packing densities and yield
greater property enhancements in the composites than their tangled
conﬁgurations [11–13,17–22]. So far, most aligned CNT preforms are
fabricated from the CNT arrays [11–13] or dry-drawn CNT ﬁlms from
aligned CNT arrays [23]. Wardle et al. [11] reported the densiﬁcation
of CNT arrays reaching a high CNT volume fraction of up to ~ 20%,
which nearly approached the theoretical limit of the intertube spacing
in CNT arrays. Jiang et al. [24] reported a dry-drawing method to produce CNT sheets by directly pulling out the CNTs from CNT arrays.
These as-prepared CNT sheets were further applied to fabricate
CNT/epoxy composites which demonstrated improvements of 716%
and 160% respectively in their Young's modulus and strength compared
with pure epoxy [25]. Although these array-based methods provide a
higher CNT content in the composites, a scaled-up fabrication is
still restrained by the low production and the limited size of the
CNT arrays [26].
Recently, continuous and large-scaled CNT sheets have been successfully synthesized via a ﬂoating catalytic chemical vapor deposition
(FC-CVD) method [27,28]. In this process, aligned CNT sheets with
controlled thickness and dimensions can be directly collected from the
self-assembled CNT aerogels in the CVD furnace. Song et al. [29]
reported CVD-grown CNT ﬁlms with lateral dimensions of several tens
of square centimeters, which exhibited Young's moduli of up to
700 GPa. By a similar approach, Ma et al. [30] produced strong and highly conducting ﬁlms, which possessed strength of 360 MPa and electrical
conductivity of over 2000 S/cm. Feng et al. [31] reported a one-step fabrication of double-walled CNT ﬁlms and further enhanced their electrical conductivity to approximately 8000 S/cm. Such direct CVD-grown
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method, therefore, not only provides an effective way to fabricate CNT
ﬁlms on a large scale, but also favors the fabrication of unidirectional
CNT-based composites in a mass production.
Resin transfer molding (RTM) is a very common and cost-effective
method to fabricate composites in industries, in which the liquid resins
are ﬁrst injected to the preforms and then cured to be solid [25,32,33].
Given its capability of making composites with large sizes and complex
shapes, RTM is expected to be appropriate for preparing large-scaled
CNT/epoxy composites using the CVD-grown CNT ﬁlms. For the
as-prepared CNT/epoxy composite ﬁlms, understanding the effects of
CNT-ply numbers on their multifunctional properties can also provide
a basis for the optimization of their properties.
In this work, we report a simple yet controllable strategy to fabricate
large-scaled CNT/epoxy composite ﬁlms. The multi-plied CNT ﬁlms
were prepared by uniaxially stacking 1, 5, 10 and 20 CNT plies, which
were continuously collected from CNT aerogels via FC-CVD. The CNT/
epoxy composite ﬁlms with high CNT volume fractions were readily
obtained through a following vacuum–assisted resin transfer molding
(VA-RTM) process. Multifunctional properties of these as-prepared
CNT/epoxy ﬁlms were characterized as a function of the numbers
of their CNT plies. This work reports a novel approach to prepare
high-volume-fraction CNT-based composites, and also seeks to identify
the factors limiting their mechanical performance.
2. Experimental section
2.1. Materials
Ferrocene, thiophene and ethanol were purchased from SigmaAldrich Company Ltd. Methane, hydrogen and helium were purchased
from Chem-Gas Pte Ltd. Epicote 1004 epoxy resin and Epicote 1004
hardener were obtained from Polymer Technologies. All the chemicals
above were used as received.
2.2. Fabrication of CNT ﬁlms
CNT ﬁlms were synthesized via a FC-CVD method [34]. A mixture of
methane (CH4), hydrogen (H2), ferrocene and thiophene was injected
into a heated reactor at 1200 °C under nitrogen (N2) environment.
CNT aerogels were continuously formed at the heating region, blown
out by the carrier gas and winded on a roller to form the CNT ﬁlms, as
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shown in Fig. 1(a). In this work, an as-rolled CNT ﬁlm from a 10-min
continuous collection was deﬁned as 1 CNT ply. Multiple CNT plies (containing 5, 10 and 20 individual CNT plies) were then stacked in the same
CNT direction to form the CNT preforms, as shown in Fig. 1(b).
2.3. Fabrication of CNT/epoxy composite ﬁlms
To fabricate the CNT/epoxy composite ﬁlms, the as-prepared CNT
ﬁlms above were ﬁrst placed in a self-made RTM mold, and then the
epoxy resin was allowed to pass through the CNT ﬁlms under vacuum.
As recommended by the manufacturer, the mix ratio of Epicote 1004
and Epicote 1004 hardener was in a weight ratio of 5:2, while the curing
condition was at the room temperature for 24 h. In order to minimize
the air bubbles in the composite ﬁlms, loads of ~20 kg were placed on
the top of the molds during curing. CNT/epoxy composite ﬁlms were
eventually obtained by carefully releasing the samples from the RTM
mold, as the process illustrated in Fig. 1(c)–(d). In order to investigate
the effects of CNT-ply numbers, CNT/epoxy ﬁlms with 1, 5, 10 and 20
CNT plies were prepared.
2.4. Characterization
Tensile tests were conducted along the CNT direction on an Instron
5500 tensile tester. Gauge length and crosshead speed were set to
15 mm and 1.5 mm/min, respectively. Thickness of the ﬁlms was measured by a micrometer. Mechanical properties of these ﬁlms were ﬁnally
obtained by testing at least three samples at ambient conditions.
Theoretically, effective mechanical properties of the CNT ﬁlms could
be calculated from a modiﬁed rule of mixtures (ROM) [9,25] as below:

Ec ¼ η0  ηL  V f  E f þ 1−V f  Em


σ c ¼ η0  ηL  V f  σ f þ 1−V f  σ m

ð1Þ
ð2Þ

where Ec, Em and Ef and σc, σm and σf are Young's modulus and strength
of composite, epoxy and CNTs, respectively. ηL and η0 are introduced as
length efﬁcient factor and CNT orientation factor respectively, both of
which could be set to be 1 for aligned CNTs with a high aspect ratio.
After the tensile tests, fracture surfaces of the composite ﬁlms were
coated with gold and subjected to ﬁeld emission scanning electron microscope (FE-SEM, Model S-4300, Hitachi, Japan) to investigate their

Fig. 1. Fabrication process of the CNT/epoxy ﬁlms. (a) Schematic illustration of the fabrication of CNT plies by a FC-CVD method. (b) Schematic illustration of the arrangement of CNT plies.
(c) Experimental set-up of the RTM process for preparing CNT/epoxy ﬁlms. (d) As-prepared CNT/epoxy ﬁlms with 1, 5, 10 and 20 CNT plies. (e) A ﬂexible CNT/epoxy ﬁlm bent by tweezers.
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Fig. 2. An SEM image of the as-prepared CNT ply.

fracture morphology. To evaluate the CNT weight fractions in the
composite ﬁlms, thermogravimetric analysis (TGA) was conducted on
an SDT Q600 thermo gravimetric analyzer from room temperature to
1000 °C in nitrogen with a heating rate of 10 °C/min.
Electrical property of the CNT/epoxy composite ﬁlms was tested by a
two-probe method using a multimeter (Fluke 73III). Two ends of
the composite ﬁlms were separately ﬁxed on two glass slides with a
distance between of 1.5 cm. Silver paste was applied to ensure good
electrical contacts between the test ﬁlms and electrodes. Electrical
conductivities of all the CNT/epoxy composite ﬁlms were measured in
the direction parallel to the CNT alignment.

3. Results and discussion
3.1. Morphology of CNT/epoxy ﬁlms
Fig. 2 shows a SEM image of the as-prepared CNT ply with a good
CNT alignment. The as-prepared CNT/epoxy ﬁlms containing 1, 5, 10
and 20 CNT plies all have a lateral dimension of 4 cm × 3 cm, while
their thickness monotonically increase with the number of CNT plies,
as shown in Table 1. Compared with the pure epoxy ﬁlm of 70.2 μm,
CNT/epoxy ﬁlms with 1, 5, 10 and 20 CNT plies possess greater thicknesses of 101.9, 128.5, 223.3 and 267.7 μm. Evidently, the increments
of the ﬁlm thicknesses are shown to be inferior, compared with the
simple multiplication of the thickness of several 1-ply CNT/epoxy
ﬁlms. For example, the thickness of the 20-ply CNT/epoxy ﬁlm is only
twice that of the 1-ply CNT/epoxy ﬁlm. Therefore, the CNT plies
involved in the CNT/epoxy ﬁlms are speculated to be effectively
condensed during the fabrication processes. Notably, as all the asprepared CNT/epoxy ﬁlms are very thin in thickness, a good ﬂexibility
is still observable. As shown in Fig. 1(e), the ﬁlm is found to be easily
bent to a radius of several millimeters by a pair of tweezers.

Fig. 3. TGA curves of pure CNT ﬁlms, pure epoxy and CNT/epoxy ﬁlms with 1, 5, 10 and 20
CNT plies.

CNT weight fractions in these CNT/epoxy ﬁlms were determined by
their TGA curves [35,36], as displayed in Fig. 3. From the results obtained
at 600 °C, CNT weight fractions in the 1-, 5-, 10 and 20-ply CNT/epoxy
ﬁlms are calculated to be 5.1, 15.0, 20.9 and 24.4 wt.%, respectively, further indicating the CNT condensations in the VA-RTM process. The CNT
weight fractions and the thickness of CNT/epoxy composite ﬁlms are
plotted in Fig. 4 as a function of CNT plies.
3.2. Mechanical properties of CNT/epoxy ﬁlms
Fig. 5 shows typical stress–strain curves of the CNT/epoxy ﬁlms with
different CNT plies. Table 1 summarizes the Young's modulus and tensile strength of these ﬁlms. As the increase of CNT plies, CNT/epoxy
ﬁlms exhibit a dramatic enhancement in their modulus and strength.
The 1-ply CNT/epoxy ﬁlm containing 5.1 wt.% CNTs only possesses a
1.14 GPa modulus and 16.12 MPa strength, slightly higher than the
pure epoxy ﬁlm, while the 5-, 10- and 20-ply CNT/epoxy ﬁlms show signiﬁcantly higher moduli of 2.94, 3.62 and 5.28 GPa, and higher strengths
of 67.04, 89.27 and 143.71 MPa, respectively. As the CNT plies are increased in the CNT/epoxy ﬁlms, such great improvement is probably
contributed by the increased CNT weight fractions and denser CNT
packing. During the layering and RTM processes, CNT plies are mechanically pressed and inﬁltrated by epoxy under vacuum, which therefore
greatly reduce the porosity within the resultant ﬁlms and also generate
good CNT–CNT and CNT–epoxy contacts.
As the volume densities of these CNT/epoxy ﬁlms increase with
higher CNT weight fractions, the enhanced interactions between CNT–
epoxy and inter-tubes would largely beneﬁt the load transfer under external tensile stresses. Besides, the utilization of a VA-RTM process has
shown to be an effective way for eliminating air bubbles in the composites [25]. These results above indicate that our layering and the RTM

Table 1
Properties of the CNT/epoxy composite ﬁlms.
Property

Thickness (μm)
CNT mass fraction (wt.%)
CNT volume fraction⁎ (vol.%)
Electrical conductivity (S/cm)
Young's modulus (GPa)
Tensile strength (MPa)
Tensile toughness
(×103 kJ/m3)

Pure epoxy

70.2 ± 2.2
0
0
–
1.14 ± 0.15
15.35 ± 2.27
0.14 ± 0.01

⁎ Densities for calculation: epoxy 1.2 g/cm3, CNT 2 g/cm3.

CNT/epoxy composite ﬁlms
1-ply

5-ply

10-ply

20-ply

101.9 ± 9.4
5.1
3.1
44.3 ± 5.6
1.14 ± 0.26
16.12 ± 5.45
0.11 ± 0.01

128.5 ± 7.4
15.0
9.6
161.7 ± 25.4
2.94 ± 0.05
67.04 ± 6.77
2.08 ± 0.01

223.3 ± 19.4
20.9
13.7
187.9 ± 18.5
3.62 ± 0.44
89.27 ± 11.71
2.50 ± 0.31

267.7 ± 8.3
24.4
16.2
252.8 ± 35.8
5.28 ± 0.28
143.71 ± 8.96
6.39 ± 0.19
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clearly observed for the 20-ply ﬁlm, consistent with the improvement
in ductility. With the presence of CNT bundles, a plastic shear yielding
of the epoxy may also be a possible reason for the plastic deformation
[39]. Considering the fabrication process of combining layer-by-layer
(LBL) and VA-RTM, the structure of the CNT/epoxy ﬁlms developed in
this work may be close to the laminated composite structure as reported
by Mirjalili et al. [40]. Above all, the CNT/epoxy ﬁlms in this work exhibit
good ﬂexibility and high toughness, which could make them promising
candidates as protective materials and also structural materials that are
sensitive to catastrophic failure [41–43].
3.3. Fracture mechanisms

Fig. 4. The CNT weight fractions and the thickness of CNT/epoxy composite ﬁlms as a
function of CNT plies.

method could successfully achieve an effective load transfer between
the CNT plies and epoxy. For the 20-ply CNT/epoxy ﬁlm, its gravimetric
strength is converted to be 150 MPa/(g/cm3), which is signiﬁcantly
higher than the steel alloy 1040 (75 MPa/(g/cm3)), and comparable to
the CNT/epoxy composite ﬁlms (180 MPa/(g/cm3)) prepared by a similar RTM process yet using continuously drawn CNT sheets [25].
As shown in Fig. 5 and Table 1, ductility (fracture strain) and tensile
toughness (area under stress–strain curves) of these CNT/epoxy ﬁlms
also exhibit an increasing tendency with the increase of CNT plies.
From the 1-ply to 20-ply CNT/epoxy composite ﬁlms, their toughness
ranges from 0.11 × 103 to 6.39 × 103 kJ/m3, corresponding to the ductility from 1.33 to 6.38%. Compared with that of the pure epoxy ﬁlm
(0.14 × 103 kJ/m3), toughness of the 1-ply CNT/epoxy composite ﬁlms
shows a slightly lower decrease due to the cross-linked network formed
by epoxy molecules. However, for the CNT/epoxy ﬁlms having more
than 5 CNT plies, plastic behaviors with increased toughness could be
apparently observed in their stress–strain curves (See Fig. 5 and
Table 1). As reported by Jiang et al. [37], CNTs and epoxy commonly
play the roles of main constitute and adhesive respectively in the composites with high CNT loadings, and their ductility is largely determined
by the CNT assemblies. For this reason, the high ductility and toughness
of the multi-ply CNT/epoxy ﬁlms may probably be results of the
presence of numerous CNT junctions and the occurrence of enormous
slippage between inter-tubes and CNT bundles [26]. However, the tensile toughness here may reveal no direct synergism with the fracture
toughness (KIC) [38]. Future work could deeply investigate the fracture
behavior of these multi-ply CNT/epoxy ﬁlms as a function of CNT plies.
Fig. 6 compares the fracture surfaces of the 1-ply and 20-ply CNT/
epoxy composite ﬁlms, in which a 4-time longer pullout distance is

As the stress–strain curves shown in Fig. 5, the deformation behavior
of a CNT/epoxy ﬁlm includes different stages of elastic, plastic and
damage-fracture [44]. As tensile loading is applied from 0, the ﬁlm
ﬁrst exhibits the elastic deformation governed by the elastic behavior
of individual CNTs and epoxy matrix. As the loading increases, the plastic deformation is then observed; it is mainly caused by the slippage
among CNTs and the plastic deformation of epoxy-coated CNT bundles.
With the accumulation of slippage and further increase of the external
loading, fracture of the composite ﬁlm ﬁnally occurs. Fig. 7 presents
the elastic modulus and tensile strength as a function of CNT volume
fraction. The best ﬁt Young's modulus and strength of CNTs are extracted to be 22.58 GPa and 665.97 MPa respectively, according to
Eqs. (1) and (2). These values are at least one order lower than the
theoretical Young's modulus and strength of individual CNTs. Given
this concern, the inferior mechanical properties of the composite ﬁlms
may probably be ascribed to multiple fracture mechanisms.
First, the perfect load transfer between CNTs and matrix could never
be fulﬁlled, and CNT pullouts and CNT fracture would constantly occur
upon the external tensile loadings [45]. As epoxy molecules have
penetrated and cross-linked through the entire CNT preforms, an
epoxy coating is commonly formed on the surface of CNT bundles. Interfacial debondings, therefore either as CNT fracture or CNT pullouts [46],
would be generated between the matrix and epoxy-coated CNT bundles
[47], rather than between the matrix and individual CNTs. In this case,
an improvement of the interfacial adhesion between CNT preforms
and matrices, such as functionalization of CNTs or selection of polymers
as matrices, may be an effective approach to increase the load transfer
efﬁciency within the composites [48].
Second, the CVD-grown CNT ﬁlms usually possess high strains but
low Young's moduli and strengths due to their unsatisfactory CNT alignment [26,49]. Meanwhile, the waviness of the CNTs would also restrain
the completely straightening of CNTs, thus limiting the stress transfer
along the tensile direction [50]. Our future work is going to involve
pre-stretching to the as-prepared CNT ﬁlms, which is believed to readily
prompt the anisotropic property of the CNT ﬁlms as well as that of the
resultant CNT/epoxy composite ﬁlms.
In addition, the quality of CNTs also plays an important role in the
mechanical properties of the composites. Based on the observation of
interfacial fracture under TEM, several types of defects have been
detected [47]. Typically, the embedded metallic catalyst and the disordered CNT structures would easily cause stress concentration, while
the large diameter and multi-walls of the CNTs would lead to a
sword-in-sheath failure [9]. Additionally, the excessive epoxy layers
on both sides of the true effective composite region could also decline
the mechanical properties of the composite by up to 60% [51], which,
however, might not be signiﬁcant in this work due to the mechanically
pressing during the VA-RTM process.
3.4. Electrical properties of CNT/epoxy ﬁlms

Fig. 5. Typical tensile stress–strain curves of CNT/epoxy ﬁlms with different CNT plies.

Electrical conductivities of the CNT/epoxy ﬁlms are shown in Table 1
and Fig. 8. Epicote 1004 epoxy is intrinsically an insulator, having the
electrical conductivity of ~ 10−12 S/cm [25]. When increasing the CNT
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Fig. 6. SEM images of (a) 1-ply and (b) 20-ply CNT/epoxy composite ﬁlms after tensile test.

plies from 1 to 20, the electrical conductivities of the CNT/epoxy ﬁlms
show a great improvement from 44.3 to 252.8 S/cm. The highest conductivity of 252.8 S/m, obtained at 24.4 wt.% CNTs (20-ply CNTs), is
~1.6 times higher than that of the CNT/PVA ﬁlms at 20 wt.% CNTs prepared by a spray winding process [52], and much higher than those of
the CNT/epoxy composites obtained by conventional dispersion
methods (generally less than 10 S/cm) [53–55]. Such remarkably
enhanced electrical conductivity with the increase of CNT plies could
be attributed to the increased CNT fractions and the well–preserved
CNT alignments during the layering and RTM processes. It can be expected that as a further increase of CNT plies, the CNT/epoxy ﬁlms
with even higher electrical conductivities could be obtained. In addition,

our method is also capable of being further improved by combining
various pre-treatments, such as pre-stretching and hot-pressing.
4. Conclusions
A combination of layer-by-layer and vacuum-assisted resin transfer
molding method was used in this work to develop CNT/epoxy composite ﬁlms containing 1, 5, 10 and 20 CNT plies. It was found that CNT
fractions in the composite ﬁlms could be easily controlled by altering
the number of CNT plies. A maximum CNT fraction of 24.4 wt.% (16.2
vol.%) has been successfully achieved by 20-ply CNT/epoxy composite
ﬁlms, which overcomes the inter-CNT spacing for aligned CNT arrays.
Compared with pure epoxy ﬁlms, these as-prepared CNT/epoxy
composite ﬁlms exhibited good mechanical properties, up to ~ 10 and
~5 times enhancements in their strength and Young's modulus, respectively. Unlike most other CNT/epoxy composites, the composite ﬁlms
developed in this work also showed increased toughness from
0.11 × 103 to 6.39 × 103 kJ/m3. Besides, a signiﬁcant improvement in
electrical conductivities from 44.3 to 252.8 S/cm has also been obtained.
This work provides a facile approach to fabricate CNT/epoxy composite
ﬁlms on a large scale, and also paves the way to effectively increase CNT
fractions in the composites. The CNT/epoxy composite ﬁlms obtained in
this work would be a promising candidate as protective materials due to
their high toughness, and may also help to better understand the CNT
laminated composites.
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