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Drawing, winding, and pressing techniques were used to produce horizontally aligned carbon nanotube
(CNT) sheets from free-standing vertically aligned CNT arrays. The aligned CNT sheets were used to
develop aligned CNT/epoxy composites through hot-melt prepreg processing with a vacuum-assisted
system. Effects of CNT diameter change on the mechanical properties of aligned CNT sheets and their
composites were examined. The reduction of the CNT diameter considerably increased the mechanical
properties of the aligned CNT sheets and their composites. The decrease of the CNT diameter along with
pressing CNT sheets drastically enhanced the mechanical properties of the CNT sheets and CNT/epoxy
composites. Raman spectra measurements showed improvement of the CNT alignment in the pressed
CNT/epoxy composites. Research results suggest that aligned CNT/epoxy composites with high strength
and stiffness are producible using aligned CNT sheets with smaller-diameter CNTs.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Since carbon nanotubes (CNTs) were discovered by Iijima in
1991 [1], they have attracted extensive research interest because
of their extraordinary mechanical, electrical, and thermal proper-
ties [2–4]. Their exceptional mechanical properties along with
their low density make CNTs an ideal choice for reinforcement of
high-performance composite materials. However, most CNT com-
posites have incorporated CNT powders dispersed in polymer
matrices or deposited as thin films, which rely on unorganized
CNT architectures having limited properties [5–7]. Therefore,
recent studies related to CNTs have emphasized obtaining control
of the engineering of organized architectures with determined ori-
entations such as vertically aligned CNT arrays [8–10]. The orga-
nized CNT materials such as aligned CNT sheets can be produced
from vertically aligned CNT arrays [11–13]. The easiest means of
creating long-aligned CNT sheets from the CNT arrays is the use
of a solid-state drawing technique [11]. This technique has been
upgraded towards the goal of providing a continuous process for
the solid-state fabrication of long-aligned and multi-ply CNT
sheets [12,13].

Highly aligned and multi-ply CNT sheets have been particularly
promising as reinforcement for high-performance composite
materials. Recently, composites based on aligned multi-ply CNT
sheets have been developed using infiltrating, resin transfer mold-
ing, and hot-melt prepreg processing methods [14–17]. Although
those composites contain aligned CNTs, their mechanical proper-
ties are low partly because of waviness and poor packing of CNTs
in the composites. Therefore, mechanical stretching has been
applied to reduce wavy and poorly packed CNTs, thereby improv-
ing the mechanical properties of aligned CNT-reinforced compos-
ites [18–21]. More recently, stretch–winding and resin spraying
techniques have been applied to fabricate CNT-reinforced polymer
composites with high strength and stiffness [22]. Most recently, a
simple press–drawing technique has been applied to produce
superior aligned CNT sheets from CNT arrays for the development
of aligned CNT-reinforced epoxy composites [23]. However, the
strength and stiffness of such composites remain inadequate, prob-
ably because of large-diameter multi-walled CNTs.
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The literature describes theoretical and experimental studies
dedicated to the diameter-dependent elastic properties of CNTs
[2,5]. The CNT diameter and the number of CNT walls have some
noticeable effects on the elastic properties of multi-walled CNTs.
For multi-walled CNTs, Inoue et al. [12] have described diameter
-dependence on the strength and stiffness of multi-walled CNT
sheets. The reduction of multi-walled CNT diameter has increased
the effective cross-sectional area of testing samples, thereby
improving CNT sheet strength and stiffness. The composite rein-
forced by thin CNTs with outer diameter of 7–9 nm has showed
extremely high strength and stiffness [22]. In addition,
Thostenson and Chou [24] reported that the properties of
nanotube-based composites are affected strongly by the nanotube
diameter. Nevertheless, studies of the influence of CNT diameter
change on the mechanical properties of aligned CNT-reinforced
polymer composites are rare. Therefore, this study was conducted
to examine the effects of CNT diameter change on the mechanical
properties of aligned CNT sheets and CNT/epoxy composites. The
non-pressed and pressed CNT sheets were used to develop corre-
sponding aligned CNT/epoxy composites using hot-melt prepreg
processing with a vacuum assisted system (VAS).
2. Experimental

2.1. Materials

Vertically aligned multi-walled CNT arrays with about 0.8 mm
height were grown on quartz substrates using chloride-mediated
chemical vapor deposition with single-gas flow of acetylene only,
as presented by Inoue et al. [8]. As-grown multi-walled CNTs
examined in this study have average diameters of 22 nm, 30 nm
and 38 nm, which are designated respectively as CNT-22, CNT-30
Fig. 1. STEM images and histograms of diameter distribution for the CNTs with mean di
colour in this figure legend, the reader is referred to the web version of this article.)
and CNT-38. Fig. 1 displays scanning transmission electron micro-
scopy (STEM) images and histograms of diameter distribution for
the different CNTs. Transmission electron microscopy images illus-
trating the high quality of CNTs have been presented in recent
papers [8,12]. High crystal quality of the CNTs was also proven
by Raman spectra measurements with a high intensity ratio
between G-bands and D-bands [12]. The B-stage epoxy resin sheet
covered with release paper and plastic film was obtained from
Sanyu Rec. Co. Ltd. (Osaka, Japan) with the recommended cure con-
dition of 130 �C for 2 h. The areal weight of B-stage epoxy resin
sheet with density of 1.2 g/cm3 was controlled to approximately
12 g/m2.
2.2. Production of aligned CNT sheets

The vertically aligned CNT arrays used for this study are
self-oriented and highly drawable. Therefore, CNT webs were
easily drawn from the vertically aligned CNT arrays and were
wound on a rotating spool to produce a horizontally long-aligned
CNT sheet (Fig. 2a). Detailed procedures for the CNT sheet process-
ing by drawing and winding method have been reported elsewhere
[12,17,20–23]. In addition, a top steel roll with transverse width of
30 mm and approximate mass of 450 g was used to press the CNT
sheet (Fig. 2b). The pressing was applied directly where the CNT
web enters the rotating spool to straighten wavy CNTs and to
enhance the dense packing of CNTs in the sheets, as presented by
Nam et al. [23]. The non-pressed and pressed 100-ply CNT sheets
with average CNT diameters of 22 nm, 30 nm and 38 nm are desig-
nated respectively as NSX and PSX, where X corresponds to mean
diameter of the CNTs in number (22, 30 and 38). The stacked
100-ply and 200-ply aligned CNT sheets were used for composite
fabrication.
ameters of: (a) 22 nm; (b) 30 nm; (c) 38 nm. (For interpretation of the references to



Fig. 2. Schematics showing aligned CNT sheet processing: (a) drawing and winding; (b) drawing, winding, and pressing.
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2.3. Processing of aligned CNT/epoxy composites

The aligned CNT–reinforced epoxy composites were developed
using hot-melt prepreg processing with the VAS. This method
maintains the alignment of CNTs during epoxy resin impregnation.
The VAS was used during the composite fabrication to minimize air
voids within the composites. First, an aligned CNT sheet with
20 mm width and 50 mm length was covered with an epoxy resin
sheet and was set between two release films (WL5200; Airtech
International Inc., CA, USA) to create an aligned CNT/epoxy pre-
preg. The prepreg was fabricated under 0.5 MPa pressure for
5 min at 100 �C using a test press (Model MP-WNL; Toyo Seiki
Seisaku-sho Ltd., Tokyo, Japan). Subsequently, the prepreg was
peeled off from the release paper and was placed on the VAS.
Finally, the prepregs were cured at 130 �C for 2 h under 2 MPa in
the test press to produce aligned CNT/epoxy composites. A sche-
matic representation of the VAS for the composite curing is
depicted in Fig. 3.
2.4. Thermogravimetric analysis (TGA)

The thermal degradation processes of epoxy resin, the CNTs,
and their composites were analyzed up to 800 �C in argon ambient
at a flow rate of 300 ml/min using a thermogravimetric analyzer
(DTG-60A; Shimadzu Corp., Kyoto, Japan). About 5 mg of each
specimen was loaded for each measurement at a heating rate of
10 �C/min.
2.5. Characterizations and testing

The properties of the CNT sheets and their composites were
measured using conventional methods for macroscopic samples.
Tensile tests were conducted for the CNT sheets and composites
in a laboratory environment at room temperature (RT) of
23 ± 3 �C and 50 ± 5% relative humidity. Tensile specimens with
6–10 mm gauge length and 3–5 mm width were tested on a testing
machine (EZ-L; Shimadzu Corp., Kyoto, Japan) with a load cell of
50 N and a crosshead speed of 0.1 mm/min. Specimen widths were
measured using an optical microscope (SZX12; Olympus Corp.,
Tokyo, Japan), whereas their thickness was measured using a
micrometer with 0.001 mm accuracy (102-119; Mitutoyo Corp.,
Kanagawa, Japan). The thickness measurements using this
micrometer were conducted carefully to minimize the
Fig. 3. Schematic showing a vacuum-assisted system for composite curing.
measurement error. The strain of tensile specimens was measured
using a non-contacting video extensometer (TRIViewX; Shimadzu
Corp., Tokyo, Japan) with two targets. Mean tensile properties were
obtained from at least five specimens for each CNT sheet and com-
posite. Polarized Raman spectra were measured to ascertain the
degree of CNT alignment in the composites using Raman spectro-
scope with laser excitation of 532 nm (XploRA-ONE; Horiba Ltd.,
Kyoto, Japan). The microstructural morphologies of CNTs in the
sheets and fracture surfaces of the composites were observed using
a field emission scanning electron microscope (FE-SEM, SU8030;
Hitachi Ltd., Tokyo, Japan).
3. Results and discussion

3.1. CNT volume fraction

The air voids in the composites can be negligible because of
using the VAS. Therefore, the CNT volume fraction was estimated
using TGA data as follows: To begin with the respective mass losses
of the CNTs, epoxy resin, and the composites were measured at
150–750 �C. Subsequently, the CNT mass fraction (mf) of CNTs in
the composite was calculated from the mass loss of the CNTs
(Dmf), epoxy resin (Dmm), and the composite (Dmc) as follows:

mf ¼
ðDmm � DmcÞ
ðDmm � Dmf Þ

ð1Þ

Finally, the CNT volume fraction (Vf) was determined from the
mass fraction of the CNTs, epoxy resin density (qm), and the den-
sity of the composite (qc) as follows:

Vf ¼ 1� ð1�mf Þqc

qm
ð2Þ

The mass losses, CNT mass fractions, and CNT volume fractions
of the composites are presented in Table 1. As Table 1 shows, the
CNT volume fraction in the composites with the same CNT plies
reduces considerably with the decrease of the CNT diameter. This
reduction is explainable by the fact that smaller diameter CNTs
occupied a lower volume fraction in the composite than larger
diameter CNTs do [24]. In addition, the pressing of the CNT sheets
engendered a slight increase in the CNT mass fraction and the CNT
volume fraction of the composites. The increase in the CNT volume
fraction of the pressed composites is explained by the decrease of
the composite thickness [23]. The reduction of the composite
thickness is attributable to straightening of wavy CNTs and dense
packing of CNTs in the sheets caused by the pressing (see Fig. 4).

3.2. Properties and morphologies of aligned CNT sheets and composites

The mechanical properties of epoxy resin, aligned CNT sheets,
and CNT/epoxy composites were measured using tensile tests.
The epoxy resin showed average tensile strength of 64.4 MPa, elas-
tic modulus of 2.6 GPa, and fracture strain of 4.8%. The properties
of the non-pressed and pressed 100-ply CNT sheets are presented
in Table 2. FE-SEM micrographs of the non-pressed and pressed



Fig. 4. FE-SEM micrographs exhibiting the morphologies of (a), (c) and (e) non-pressed; (b), (d) and (f) pressed CNT sheets with mean CNT diameter of (a) and (b) 22 nm; (c)
and (d) 30 nm; (e) and (f) 38 nm.

Table 1
Properties of the non-pressed and pressed composites with the different CNTs.

Materials CNT plies Mean diameter CNTs Thickness (mm) Mass lossa (%) CNT mass fraction (%) CNT volume fraction (vol.%)

Epoxy resin � � � 87.9 � �
CNTs � � � 2.59 � �
Non-pressed composites 100 22 9–10 56.2 37.2 26.2

30 9–11 54.8 38.9 27.6
38b 9–11 45.2 50.0 37.5

200 22 15–17 44.5 50.9 38.4
30 15–19 40.9 55.0 42.4
38 16–20 32.1 65.5 53.2

Pressed composites 100 22 8–9 53.9 39.9 28.4
30 8–10 52.5 41.5 29.8
38b 8–10 41.1 54.8 42.1

200 22 14–16 42.8 52.9 40.2
30 15–17 39.0 57.4 44.7
38 15–18 29.0 69.1 57.3

a Mass loss was measured between 150 �C and 750 �C.
b Results were referred from our earlier report [23].
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100-ply CNT sheets are displayed in Fig. 4. As Table 2 shows, the
thickness and areal weight of the CNT sheets with the same num-
ber of CNT plies decrease slightly with decreasing CNT diameter. In
addition, the thickness and areal weight of the pressed CNT sheets
are less than those of the non-pressed ones. The decreased areal
weight of the CNT sheets is attributed to a slight reduction of their
weight after pressing process. The reduced thickness of the pressed
CNT sheets can be attributed to the straightening of wavy CNTs and



Table 2
Properties of the non-pressed and pressed 100-ply CNT sheets.

CNT sheet sample CNT sheet processing Thickness (lm) Areal weight (g/m2) Tensile strength (MPa) Elastic modulus (GPa) Strain at max stress (%)

CNT-22 Non-pressing 5–7 6.5 173.6 ± 20.6 10.8 ± 1.9 2.64 ± 0.36
Pressing 4–6 6.2 349.7 ± 46.8 48.7 ± 7.9 0.84 ± 0.07

CNT-30 Non-pressing 5–7 6.8 163.3 ± 16.6 9.3 ± 1.0 2.37 ± 0.36
Pressing 4–6 6.5 327.4 ± 26.8 41.9 ± 4.8 0.80 ± 0.06

CNT-38a Non-pressing 6–8 7.5 88.6 ± 9.2 6.1 ± 0.7 3.29 ± 0.42
Pressing 5–7 7.2 211.8 ± 16.7 35.7 ± 3.5 0.71 ± 0.06

a Results were referred from our earlier report [23].
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increasing of the dense packing of CNTs in the sheets, as described
above (see Fig. 4). When the CNT sheets are pressed, the CNTs are
compacted in the pressing direction with less interspace between
CNTs [23]. Consequently, the pressed CNT sheet thickness became
less than that of the non-pressed ones.

Typical stress–strain curves of aligned CNT sheets and
CNT/epoxy composites are depicted in Fig. 5. As observed in
Fig. 5, the stress–strain curve of the NS38 is divisible into three
main stages. In the first stage, the stress of the NS38 is enhanced
evenly with increasing strain to about 1.5%. Subsequently, the
stress varies slightly up to the maximum with increasing strain
to approximately 3.5% in the second stage. In the first and second
stages, the wavy CNTs may be straightened under the tension.
The third stage occurs above about 3.5% strain. In this stage, the
stress declines concomitantly with enhancing strain up to the
specimen fractures. Reduction of the stress in the third stage is
attributed to CNT sliding during tensile testing [12]. Unlike the
NS38, the stress of NS22 and NS30 is enhanced gradually up to
the maximum when the strain increases to about 2.5%.
Subsequently, it decreases concomitantly to about 5% strain and
slowly decreases thereafter until the specimen fractures. To
approximate the stress–strain behavior of the NS22 and NS30,
the stress of the pressed CNT sheets is enhanced rapidly with the
increase of the strain to less than 1%. Afterward it declines quickly
to about 1.5% strain, followed by a slow decrease until the sample
fractures.

Unlike the CNT sheets, the aligned CNT/epoxy composites indi-
cated a linear stress–strain relation until the sample fracture with
no bending of the curve at high loads (see Fig. 5). The composites
all broke in a brittle manner during tensile testing, with no perma-
nent change in the original shape. Tensile strength and elastic
Fig. 5. Typical stress–strain curves of aligned CNT sheets and a 200-ply CNT-30
reinforced epoxy composite. Note that the typical stress–strain curves of the NS38
and PS38 were referred from our earlier report [23].
modulus of the non-pressed and pressed 100-ply and 200-ply
CNT/epoxy composites with mean diameters of 22 nm, 30 nm
and 38 nm are presented in Fig. 6. Average fracture strain of the
composites was 0.39–0.53%. FE-SEM micrographs showing the
in-plane CNT distribution in non-pressed and pressed composites
are presented in Fig. 7. Results show that aligned CNT reinforce-
ment greatly enhanced tensile strength and elastic modulus of
epoxy resin. The increase in tensile strength and elastic modulus
is attributed to the reinforcement of aligned CNTs along the tensile
direction. When CNTs are aligned in the loading direction,
Fig. 6. Tensile strength and elastic modulus of non-pressed (hollow markers) and
pressed (solid markers) composites reinforced by 100-ply and 200-ply CNT sheets
with mean CNT diameter of 22 nm, 30 nm and 38 nm. ⁄Results were referred from
our earlier report [23].



Fig. 7. FE-SEM micrographs showing in-plane CNT distribution of (a), (c) and (e) non-pressed; (b), (d) and (f) pressed 200-ply CNT/epoxy composites with mean CNT diameter
of (a) and (b) 22 nm; (c) and (d) 30 nm; (e) and (f) 38 nm.
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excellent mechanical properties of CNTs, having a cylindrical struc-
ture, might be used effectively [23]. The aligned CNTs carry the
load along the length of CNTs and provide strength and stiffness
in the loading direction. As Fig. 4 shows, most CNTs in the sheets
are self-aligned in the drawing direction. The alignment of CNTs
in the composites is maintained during resin impregnation using
hot-melt prepreg processing (see Fig. 7). The non-pressed
CNT/epoxy composites contained many wavy and entangled
CNTs (Fig. 7a, c and e). The pressed CNT/epoxy composite showed
marked straightening of wavy CNTs caused by pressing the CNT
sheets (Fig. 7b, d and f).

The straightening and alignment of CNTs after pressing can be
examined using polarized Raman spectroscopy [25,26]. Typical
polarized Raman spectra in the range of 1000–2000 cm�1 are pre-
sented in Fig. 8. Raman spectroscopic measurements were con-
ducted with incident light normal to the composite samples,
which was polarized parallel and perpendicular to the CNT align-
ment (see Fig. 8 inset). Raman spectra for all samples show two
main peaks located at approximately 1350 cm�1 and approx.
1580 cm�1, which are attributed respectively to the
disorder-induced D band and the graphic-like G band. Results
show that the Raman shift does not change considerably for the
variation of mean CNT diameter from 22 nm to 38 nm. Compared
with the non-pressed samples, the pressed ones showed a higher
intensity of D and G bands at 0� and lower D and G band peaks
at 90�. Particularly, the G band peaks decreased greatly for the
pressed composites at the angle of 90�, which proves that the
CNT alignment in the composites was improved considerably after
pressing the CNT sheets.

Furthermore, the changes of the intensity ratio between the
G-bands and D-bands (IG/ID) and the G-band intensity ratio for
the two polarizations (R ¼ IGk=IG?) are presented in Table 3. The
high intensity ratio IG/ID indicates high crystal quality of CNTs
and low amount of amorphous carbon, similarly to that presented
by Inoue et al. [12]. In addition, the intensity ratio IG/ID increases
concomitantly with increasing CNT diameter. Singh et al. [27]
showed that the enhancement of CNT diameter, as the number of
graphene layers increases, led to the reduction in the D-band
intensity. The G-band intensity ratio is widely used for character-
izing the degree of CNT alignment [12,25–28]. The G-band inten-
sity ratio of the pressed composite samples is markedly higher
than that of the non-pressed ones (see Table 3). The enhancement
in R can be ascribed to the better alignment of CNTs in the pressed
CNT/epoxy composites compared with the non-pressed ones.
However, the G-band intensity of the non-pressed and pressed
composites does not change greatly with variation of the CNT



Fig. 8. Polarized Raman spectra of non-pressed and pressed 200-ply CNT/epoxy composites with mean CNT diameter of 22 nm, 30 nm and 38 nm at 0� and 90� (0� and 90�
directions correspond to configurations where the polarization direction of the laser light are, respectively, parallel and perpendicular to the direction of CNT alignment).

Table 3
Change of intensity ratio (IG/ID) and G-band intensity ratio (R).

Composite
sample

CNT sheet
processing

Intensity
ratio (IG/ID)

G-band intensity ratio
(R)

0� 90�

200-ply CNT-22 Non-pressing 2.21 2.67 1.31
Pressing 2.25 2.74 1.75

200-ply CNT-30 Non-pressing 2.27 2.76 1.39
Pressing 2.28 2.83 1.87

200-ply CNT-38 Non-pressing 2.75 3.28 1.43
Pressing 2.85 3.42 1.99

T.H. Nam et al. / Composites: Part A 76 (2015) 289–298 295
diameter. Consequently, the change of CNT diameter only slightly
influences the alignment of CNTs and straightening of wavy CNTs
caused by pressing.

Fracture surfaces of the non-pressed and pressed CNT/epoxy
composites are shown in the FE-SEM micrographs presented in
Fig. 9. High-resolution micrographs in Fig. 9 show that epoxy resin
was infiltrated well between the CNTs. Many pulled-out CNTs with
length of a few micrometers are exposed on the fracture surfaces of
the non-pressed CNT/epoxy specimens (Fig. 9a, c and e). However,
several pulled-out CNTs apparently disappeared on the fracture
surfaces of the pressed CNT/epoxy composites (Fig. 9b, d and f).
Simultaneously, CNT bundles formed by pressing are visible on
the fracture surfaces of the pressed CNT/epoxy composites. The
CNT bundles caused by pressing are apparent on the surface mor-
phologies of the pressed CNT sheets (Fig. 4b, d and f).
3.3. Effects of CNT diameter on mechanical properties of CNT sheets
and composites

As Table 2 shows, tensile strength and elastic modulus of the
CNT sheets are increased with decreasing CNT diameter. The
NS30 and PS30 respectively exhibited increased tensile strength
by 84% and 55%, and enhanced elastic modulus by 54% and 17%
compared with the NS40 and PS40. The increase in the tensile
strength and elastic modulus is partly due to the decrease of CNT
sheet thickness (see Table 1). In addition, the enhancement in
the tensile strength can be attributed to the increase of effective
cross-sectional area of the CNT sheets as the CNT diameter
decreases [12]. However, the tensile strength and elastic modulus
of the CNT sheets increase only slightly with the reduction of
mean-diameter CNTs from 30 nm to 22 nm. The slight increase of
the tensile strength and elastic modulus is attributable to an incon-
siderable change of the CNT sheet thickness.

As with the CNT sheets, tensile strength and elastic modulus of
the non-pressed and pressed CNT/epoxy composites are enhanced
with the decrease of CNT diameter (see Fig. 6). For example, the
pressed 200-ply CNT/epoxy composite with average CNT diameter
of 22 nm showed tensile strength enhancement of 12% and elastic
modulus increase of 14% compared to that of CNTs with mean
diameter of 38 nm. Thostenson and Chou [24] reported that elastic
properties of CNT-based composites are particularly sensitive to
the CNT diameter because larger diameter CNTs showed a lower
effective modulus and occupy a greater volume fraction in the
composite than smaller diameter CNTs do. Moreover, several
reports have described that the bonding between the walls of the
multi-walled nanotube through van der Waals interactions is
weak, resulting in minimal load transfer between the layers of



Fig. 9. FE-SEM micrographs showing fracture surfaces of (a), (c) and (e) non-pressed; (b), (d) and (f) pressed 100-ply CNT/epoxy composites with mean CNT diameter of (a)
and (b) 22 nm; (c) and (d) 30 nm; (e) and (f) 38 nm.

Fig. 10. Percentage increases of elastic moduli in comparison between the pressed
composites and non-pressed composites. Fig. 11. Effective elastic moduli of CNTs estimated from the rule of mixtures.
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the nanotube [24,29–31]. Therefore, the outermost walls of the
multi-walled nanotube carry almost the entire load transferred at
the nanotube/matrix interface. The large-diameter multi-walled
CNTs in the composites may fracture via the sword-and-sheath
mechanism [17], which implies that inner walls slide and do not
carry much load. All these facts imply that the strength and



T.H. Nam et al. / Composites: Part A 76 (2015) 289–298 297
stiffness of multi-walled CNT-based composites are enhanced as
the CNT diameter decreases.

It is particularly interesting that with the same number of CNT
plies, the pressed composites showed greater mechanical proper-
ties than those of the non-pressed ones, although the CNT diameter
was reduced (see Fig. 6). For instance, the pressed 200-ply
CNT/epoxy composites with average CNT diameter of 38 nm exhib-
ited an increase in tensile strength by 47%, in elastic modulus by
39%, and in fracture strain by 6% compared to the non-pressed ones
with mean CNT diameter of 22 nm. The increase in the mechanical
properties of the pressed composites is explainable by the substan-
tial reduction of wavy CNTs (see Fig. 7) and enhancing the dense
packing of CNTs in the sheets caused by pressing [23]. To evaluate
the effect of pressing and CNT diameter decrease, the percentage
increase of the mean elastic modulus of the pressed composites
compared with that of the non-pressed ones was analyzed, with
results presented in Fig. 10. The percentage increase in the elastic
modulus of the composites varies slightly with the change of CNT
diameter. The large-diameter CNT showed a slight reduction in the
percent increase of elastic modulus compared with small-diameter
CNT. Therefore, the CNT diameter variation does not strongly affect
the quality and alignment of CNTs in the composites as well as
straightening of wavy CNTs caused by pressing, as explained
above. However, the percentage increase in the elastic modulus
of the 200-ply CNT/epoxy composites is lower than that of the
100-ply ones. This reduction might be attributed to decreased
effectiveness of pressing when increasing the CNT volume fraction.
Therefore, the percentage increase of elastic modulus caused by
pressing shows a reduced trend with enhancement of the CNT vol-
ume fraction, which is similar to that which arises from stretching
[21].

Tensile strength and elastic modulus of the non-pressed and
pressed CNT/epoxy composites with different CNT diameters can
be studied as a function of the CNT volume fraction. With the same
mean CNT diameter, the tensile strength and elastic modulus of the
composites increases considerably as the CNT volume fraction is
enhanced (see Fig. 6). As presented above, the length of the differ-
ent CNTs used for this study is about 0.8 mm. The aspect ratio
(length to diameter ratio) of the CNTs is extremely high
(>10,000). Therefore, the elastic modulus of the aligned
CNT/epoxy composites might be estimated using the rule of mix-
tures [17]. The effective elastic modulus of a CNT in the composites
was estimated using the following equation:

ECNT ¼
Ec � ð1� Vf ÞEm

Vf
ð3Þ

Therein, Ec and Em respectively are elastic modulus of the composite
and epoxy matrix.

The effective elastic modulus of a CNT in the composites having
different numbers of CNT plies is presented in Fig. 11. The best fit
effective elastic modulus of a CNT was found to be from about 150
to 220 GPa for the non-pressed composites and from about 200 to
380 GPa for the pressed composites. The higher effective elastic
modulus of a CNT in the pressed composites is attributed to the
higher CNT alignment caused by pressing compared with the
non-pressed composites. As might be inferred from Fig. 11, the
effective elastic modulus of CNT as a function of diameter was
enhanced considerably by reduction of the CNT diameter. The
increase in the effective elastic modulus of CNT is attributed to
the reduction of CNT loading and to the enhancement of the elastic
modulus of the composites (Fig. 6). Treacy et al. [3] showed that
the elastic modulus is highest for the thinner nanotubes. They sug-
gested a trend by which higher moduli are associated with smaller
tube thicknesses. In addition, the multi-walled CNTs used for this
study consist of several concentric walls. Their outer diameter is
large (>20 nm). Those CNTs can render wall slippage in the
multi-walled CNT structure [12]. The larger diameter CNTs with
greater wall numbers exhibited a lower effective modulus because
of wall slippage [32]. Therefore, it was recognized that the reduc-
tion of CNT diameter engenders enhancement of the effective elas-
tic modulus of CNTs.

In general, the decrease of CNT diameter together with pressing
of the CNT sheets drastically improved the mechanical properties
of the CNT/epoxy composites. The pressed 100-ply and 200-ply
CNT/epoxy composites with mean CNT diameter of 22 nm respec-
tively exhibited a substantial increase in tensile strength by 157%
and 95% and in the elastic modulus by 79% and 67% compared to
the non-pressed ones with average CNT diameter of 38 nm.
Results show that the CNT diameter reduction plays an important
role in improving the strength and stiffness of the CNT composites.
The mean tensile strength and elastic modulus of the aligned
CNT/epoxy composites in this study were achieved as high as
676 MPa and 130 GPa, respectively, which were 10.5 and 50.9
times greater than those of the epoxy resin.
4. Conclusions

Effects of CNT diameter on the mechanical properties of the
non-pressed and pressed aligned CNT sheets and CNT/epoxy com-
posites have been studied. The reduction of CNT diameter has
caused considerable enhancement in the mechanical properties
of the aligned CNT sheets and CNT/epoxy composites. The change
of CNT diameter did not strongly affect the CNT alignment and or
straightening of wavy CNTs caused by pressing of the CNT sheets.
The decrease of CNT diameter along with pressing of the CNT
sheets greatly improved the mechanical properties of the aligned
CNT sheets and their composites. Raman spectra measurements
indicated the improvement of CNT alignment in the pressed
CNT/epoxy composites. The Raman shift did not change consider-
ably for the variation of CNT diameter. Overall, experimentally
obtained results suggest that high strength and stiffness of the
aligned CNT/epoxy composites can be achieved if using the pressed
aligned CNT sheets with smaller-diameter CNTs.
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