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Abstract 
 

Carbon nanotubes (CNTs) have attracted great interest because of their 
outstanding mechanical, thermal, and electrical properties. Their excellent 
properties along with high aspect ratio, high surface area available for stress transfer, 
and low density make CNTs attractive as potential reinforcement agents for the next 
generation of high-performance structural materials. However, large-scale 
applications of individual CNTs remain challenging because of their poor 
processability and difficulty of structural control. To enable practical applications of 
CNTs, bulk CNT-reinforced polymer composites have been developed and assessed. 
Most have specifically addressed the development of randomly oriented and 
discontinuous CNTs dispersed in polymer matrices, which rely on unorganized 
CNT architectures. Therefore, the mechanical properties of such composites fall far 
short of the corresponding properties of high-performance composite materials.  

Organized CNT architectures with determined orientations such as vertically 
aligned CNT arrays have been demonstrated to be advantageous for the 
development of high-performance CNT composite structures. Vertically aligned and 
spinnable multi-walled CNT (MWCNT) arrays used in this habilitation thesis were 
grown on bare quartz substrate using chloride-mediated chemical vapor deposition 
(CVD) method. Solid-state drawing and winding techniques were applied to 
transform a vertically aligned MWCNT array into horizontally aligned and multi-
ply MWCNT sheets. Highly aligned MWCNT sheets have been used to develop 
aligned MWCNT-reinforced polymer composites. The introduction of aligned 
MWCNTs in polymer matrices represents a novel direction for the development of 
high-performance composites. The aligned MWCNT-reinforced polymer 
composites are great interest because they are envisioned as a revolutionary 
advanced composite material for a host of demanding applications.  

Lightweight composites based on epoxy resin and differently aligned MWCNT 
sheets were developed using hot-melt prepreg processing method. The hot-melt 
prepreg processing maintained the alignment of MWCNTs during epoxy resin 
impregnation. The mechanical properties of the aligned MWCNT sheets, aligned 
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MWCNT/epoxy prepregs and composites were studied. Although the composites 
made of epoxy resin and different MWCNT sheets contain aligned MWCNTs, their 
mechanical properties are low partly because of the waviness and poor packing of 
MWCNTs in the composites. Therefore, stretching and/or pressing of the aligned 
MWCNT sheets were conducted to reduce the wavy MWCNTs and to increase the 
dense packing of MWCNTs. The stretching and/or pressing of the MWCNT sheets 
improved the mechanical properties of aligned MWCNT sheets and their 
composites considerably. Particularly, application of both stretching and pressing is 
most effective to produce superior aligned MWCNT sheets for the development of 
high volume fraction MWCNT/epoxy composites with high strength and stiffness.  



 vii

Anotace 
 

Výzkum a vývoj uspořádaných vrstev vícestěnných uhlíkových nanotrubic, 
jejich prepregů a kompozitů 

Uhlíkové nanotrubice (CNTs) vzbuzují v poslední době velký zájem pro své 
vynikající mechanické, tepelné a elektrické vlastnosti. CNTs jsou perspektivními 
výztužemi pro nové generace kompozitních konstrukčních materiálů pro své 
vynikající vlastnosti jako je vysoký poměr l/d (aspect ratio), velký specifický 
povrch výhodný pro přenos napětí a nízká hustota. Široké aplikaci CNTs však stále 
brání náročnost jejich zpracování a obtížnost řízení architektury kompozitu. V 
současnosti byly vyvinuty a odzkoušeny polymerní kompozity vyztužené krátkými 
rozptýlenými CNTs, které již mají praktické využití. Většina z nich má CNTs 
náhodně orientované a diskontinuálně rozptýlené v polymerní matrici. Proto 
mechanické vlastnosti těchto kompozitů s neřízenou CNTs architekturou však 
zdaleka nedosahují mechanických vlastností vysoce pevných kompozitních 
materiálů.  

Současný výzkum CNTs kompozitů je zaměřen na řízení architektury výztuže 
zejména na její orientaci jako např. využití vertikálně uspořádaných struktur CNTs 
(forests). Vertikálně uspořádané struktury vícestěnných uhlíkových nanotrubic 
(MWCNT), které byly vypěstovány na křemenném substrátu pomocí metody 
chemického napařování z plynné fáze (CVD), byly využívany pro výrobu 
rozsáhlejších kompozitních celků v této habilitační práci. Z těchto vyrovnaných 
struktur pak byly tažením vyrobeny vodorovně uspořádané různě tlusté vrstvy 
MWCNT. Tyto vysoce vyrovnané MWCNT vrstvy pak byly použity jako výztuž 
lehkých MWCNT/polymer kompozitů. Zavedení vyrovnaných MWCNT v 
polymerních matricích ukazuje nový směr pro vývoj vysoce výkonných kompozitů. 
Polymerní kompozity vyztužené souběžně srovnanými vrstvami MWCNTs jsou 
dnes ve středu zájmu, protože jsou považovány za revoluční moderní kompozitní 
materiály využitelné pro řadu náročných aplikací. 



 viii

Lehké kompozity s matricí z epoxidových pryskyřic byly vyrobeny z prepregů 
zhotovených metodou hot-melt z vhodně uspořádaných MWCNT vrstev. Použití 
hot-melt metody k výrobě prepregů zajistilo neměnné uspořádání MWCNTs během 
impregnace pryskyřicí. V rámci výzkumu byly stanoveny mechanické vlastnosti 
uspořádaných MWCNT vrstev a jejich kompozitů. Přestože kompozity byly 
vyrobeny z vyrovnaných MWCNT vrstev, jejich mechanické vlastnosti nebyly 
optimální částečně kvůli zvlnění a nerovnoměrnému napakování MWCNTs. Ke 
snížení zvlnění a zvýšení hustoty napakování MWCNTs byla vyvinuta metoda 
tažení a/nebo stlačování vyrovnaných MWCNT vrstev. Tažení a/nebo stlačování 
vrstev značně zlepšilo mechanické vlastnosti vyrovnaných MWCNT vrstev a 
kompozitů z nich vyrobených. Zvláště kombinace současného tažení a stlačování je 
nejúčinnější při výrobě kvalitních MWWCNT vrstev pro výrobu kompozitů s 
vysokými objemovými podíly MWCNT a s vysokou pevností a tuhostí. 
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The habilitation thesis presents selected results of author’s research in the area of 
aligned CNT materials. The main research interests of the habilitation thesis include 
new development and studies with emphasis on improving the mechanical properties 
of aligned MWCNT sheets, aligned MWCNT-reinforced polymer prepregs and 
composites for applications in the lightweight advanced structures. The lightweight 
composites reinforced with aligned MWCNTs will bring a big change in material 
weight, and will contribute to significant reduction of carbon dioxide exhausted from 
fossil fuel consumption. 

The habilitation thesis consists of two parts. The first part presents a short overview 
of CNTs and CNT-based composites, processing methods of aligned MWCNT sheets, 
their prepregs and composites, devices and methods for characterizations and testing 
of aligned MWCNT sheets, their prepregs and composites. Special emphasis is put on 
the structural modifications of the aligned MWCNT sheets through stretching and/or 
pressing techniques for improving their composite properties. 

The second part contains the research results and is presented as a collection of 
following eight most important papers of the thesis author [Papers A–H]. Some of 
them have been published in international journals indexed by Web of Science. 
Moreover, several manuscripts related to my recent research are under preparation and 
review. The author of the habilitation thesis coordinated all works from concept 
proposals to conducting researches and publications. 
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Introduction 
 

Nanomaterials represent a new class of materials with at least one external 
dimension between 1 and 100 nanometers. Nanomaterials with structure at the 
nanoscale often have unique optical, electronic, thermal and mechanical properties. 
Carbon is known to be the most versatile element that exists on the earth. It has 
many different properties which can be used in different ways depending on how 
the carbon atoms are arranged. Carbon-based nanomaterials including carbon 
nanotubes (CNTs), graphene oxide, fullerenes and nanodiamonds have been 
potential materials for various applications in optics, electronics, biomedical 
sciences and other fields. CNTs are allotropes of carbon with a cylindrical 
nanostructure formed by rolling up of graphite sheets into tubes. Therefore, they are 
regarded as molecular-scale tubes of graphite carbon [1]. A CNT may consist of one 
tube of graphite carbon, a one-atom thick sheet of graphite (called graphene sheet) 
rolled into a single-wall carbon nanotube (SWCNT), or a number of concentric 
tubes called a multi-walled carbon nanotube (MWCNT) [2]. CNTs are considered 
one of the most remarkable nanomaterials.  

CNTs have attracted much interest for use in widely diverse applications because 
of their superior performance such as excellent mechanical properties, outstanding 

electrical and thermal conductivity [322. Their excellent mechanical properties 

along with their low density and high aspect ratio make CNTs attractive as a 
potential reinforcement material for high-performance structural materials. 
Nevertheless, large-scale applications of individual CNTs remain challenging 
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because of their poor processability and difficulty of structural control. To enable 
practical applications of CNTs bulk CNT-reinforced polymer composites have been 

developed and assessed [2326]. However, most CNT composites have 

incorporated short CNTs dispersed in polymer matrices, which rely on unorganized 

CNT architectures having limited properties [2730]. Mechanical properties of such 

composites fall far short of the corresponding properties of high-performance 
structural composite materials. These composites could not fully take advantage of 
the exceptional properties of individual CNTs. Therefore, recent studies related to 
CNTs have emphasized obtaining control of the engineering of organized 
architectures with determined orientations, such as vertically aligned CNT arrays 

[3138].  

Vertically aligned CNT arrays are attractive for a wide range of macroscopic 
applications. Therefore, great efforts have been undertaken to synthesize millimeter-
scale aligned CNT arrays for the production of large-scale CNT structures [36–38]. 
Inoue et al. [38] reported a particularly rapid, simple, and cost-effective method to 
grow vertically aligned and spinnable MWCNT arrays. Along with this 
optimization in vertically aligned CNTs growth, horizontally long-aligned CNT 
sheets in macroscopic lengths have come to be produced easily [39–41]. The easiest 
means of creating long-aligned CNT sheets from the CNT arrays is the use of a 
solid-state drawing technique. Based on a solid-state drawing technique, Zhang et 
al. [39] created highly oriented, continuous and free-standing CNT sheets of a meter 
long from a CNT array. The drawing 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. Inoue et al. [40] fabricated large-scale anisotropic well-
aligned MWCNT sheets by stacking and shrinking long-lasting MWCNTs webs 
without binder materials. Highly aligned and multi-ply MWCNT sheets have been 
particularly promising as the reinforcement agents for high-performance composite 
materials. 

The introduction of aligned CNTs in polymer matrices represents a new direction 
for the development of composite materials for a wide range of applications [42]. 
Polymer composites based on aligned CNT sheets have been developed using 
infiltrating, resin transfer molding, and hot-melt prepreg processing methods [43–
45]. In addition, several approaches such as domino-pushing [46] and shear-
pressing [47] have been used to produce aligned CNT preforms that are applicable 
to fabricate aligned CNT composites. These aligned CNT composites have 
exhibited better properties than those obtained from CNT dispersions and 
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buckypaper composites [45]. However, although the composites produced as 
described above contain aligned CNTs, their mechanical properties are inadequate 
partly because of wavy and poor-packed CNTs in the composites. The wavy CNTs 
do not carry the load efficiently and cannot be packed densely, leading to limited 
mechanical properties of the resulting composites. Consequently, the reduction of 
the wavy and poor-packed CNTs in the composites is necessary to improve the 
mechanical properties of aligned CNT-based composites. The decrease of the wavy 
CNTs by stretching of the aligned CNT sheets [48–50] or composites [51,52] 
improved significantly the mechanical properties of aligned CNT-based composites. 

For this habilitation thesis, aligned MWCNT sheets, their prepregs and 
composites have been developed and studied. Composites based on epoxy resin and 
differently aligned MWCNT sheets have been fabricated using hot-melt prepreg 
processing. Besides, aligned MWCNT-reinforced thermoplastic polyimide (TPI) 
composites have been developed and assessed. Pristine aligned and multi-plied 
MWCNT sheets were produced from vertically aligned MWCNT arrays using 

solid-state drawing and winding processes [41,45,5367,]. Although most of 

MWCNTs are aligned unidirectionally, many wavy and poor-packed MWCNTs 
were observed in the pristine MWCNT sheets. Therefore, stretching and/or pressing 
techniques were applied to the aligned MWCNT sheets to straighten the wavy 
MWCNTs and to enhance the MWCNT dense packing in the sheets for improving 

the mechanical properties of the composites [5364]. Effectiveness of mechanical 

stretching the aligned MWCNT sheets and their prepregs in improving the 

mechanical properties of the composites was studied [5355,6164]. Direct 

pressing of aligned MWCNT sheets was conducted to reduce the wavy MWCNTs 
and particularly to increase the dense packing of MWCNTs, thereby enhancement 
of the composite properties [56]. Influences of pressing along with decreasing the 
MWCNT diameter on improving the mechanical properties of the MWCNT sheets 
and MWCNT/epoxy composites were investigated [57]. A combination of both 
stretching and pressing was proposed to develop superior aligned MWCNT sheets 
for additional improvement of the composite properties [58]. In addition, improving 
the mechanical properties of aligned MWCNT/TPI composites by hot stretching 
was studied [59]. Effects of high-temperature thermal annealing on properties of the 
aligned MWCNT sheets and their composites were examined [60]. In general, 
research and development of aligned MWCNT sheets, their prepregs and 
composites with emphasis on improving their mechanical properties are presented 
in the habilitation thesis. 
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1.1. Motivation and objectives 

CNTs are regarded as the potential reinforcements for advanced composites 
because of their high aspect ratio, high surface area available for stress transfer, and 
excellent electrical, thermal and mechanical properties. Polymer composites 
reinforced by CNTs have progressed rapidly during the last two decades. Most have 
specifically addressed the development by dispersing randomly oriented CNTs in 
polymer matrices. However, the mechanical properties of such composites are far 
from satisfactory to be used as high-performance structural materials. A few 
drawbacks such as low volume fraction and dispersion quality of CNTs have been 
shown to be critically important for production of dispersed CNT-reinforced 
polymer composites. Achieving high volume fractions of dispersed CNTs in 
polymer matrix is difficult because the resulting high viscosity complicates further 
processing. In order to fully take advantage of the unique properties of CNTs in 
structural materials, several critical aspects need to be achieved, such as high CNT 
loading, aspect ratio, high alignment, and dense packing [52].  

Recently, great efforts have been undertaken to synthesize vertically aligned 
CNT arrays and convert them into continuous aligned and multi-ply CNT sheets 
using solid-state drawing technique. These aligned CNT sheets can be used to 
develop high volume fraction aligned CNT composites. Nevertheless, waviness and 
poor packing of CNTs in the sheets caused by drawing technique are two main 
weaknesses restricting their reinforcing efficiency in the composites. The 
mechanical properties of these composites remain inadequate for applications in 
high-performance lightweight structures. Therefore, the decrease of wavy CNTs and 
the increase of CNT dense packing need to be conducted to enhance their 
reinforcing efficiency in composites. The strategy for fabricating lightweight and 
high-performance aligned CNT-based composites is finding the ways to create 
superior aligned CNT sheets before embedding them into a polymer matrix. The 
lightweight and high-performance aligned CNT-based composites can be 
envisioned as a revolutionary advanced composite material for a host of demanding 
applications. They may bring a big change in material weight, and will contribute to 
significant reduction of carbon dioxide exhausted from fossil fuel consumption. 

The major objectives and goals of researches in this habilitation thesis are: 

1. to study and develop highly aligned MWCNT sheets which take full 
advantage of the unique properties of MWCNTs in organized materials; 
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2. to study and develop high-performance polymer composites reinforced with 
aligned MWCNTs for potential applications in the lightweight advanced 
structures; 

3. to examine and evaluate the mechanical properties of the developed MWCNT 
sheets, their prepregs and composites; 

4. to investigate the effects of material parameters such as MWCNT diameter, 
volume fraction, etc. on the mechanical properties of the composites;  

5. to improve the mechanical properties of aligned MWCNT sheets and their 
composites through mechanical and physical treatments.  

In general, research and development of aligned MWCNT sheets, their prepregs 
and composites are necessary paving the road to their practical applications in the 
lightweight and high-performance composite structures. The researches in the 
habilitation thesis provide a new approach for development of the lightweight and 
high-performance aligned CNT composites, giving a big impact to the advanced 
composite science and technology. 

1.2. Thesis structure and Author's contributions 

The habilitation thesis contains two main parts. The first part describes an 
overview of CNTs and their composites, processing of the aligned MWCNT sheets, 
fabrication of the aligned MWCNT-reinforced epoxy prepregs and composites, 
devices and methods for characterizations and mechanical testing. Chapter 1 
presents an introduction, motivation and objectives, thesis structure and author’s 
contributions. Chapter 2 gives a brief summary of the CNTs including their history, 
structures, synthesis, properties, applications, and a short overview of CNT-based 
composites. Chapter 3 describes the processing of horizontally aligned MWCNT 
sheets from vertically aligned MWCNT arrays using solid-state drawing and 
winding method. In addition, stretching and/or pressing techniques used to modify 
the structures of the aligned MWCNT sheets for improving the composite 
properties are also presented in Chapter 3. Chapter 4 depicts the hot-melt processing 
method to fabricate aligned MWCNT/epoxy prepregs and composites. Besides, the 
hot-melt processing method was also used to develop the aligned MWCNT/TPI 
composites. Chapter 5 portrays several devices and methods for characterizations 
and mechanical testing of aligned MWCNT sheets, their prepregs and composites. 
The MWCNT volume fraction of the composites was estimated though 
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thermogravimetric analysis (TGA). The formulas to determine the MWCNT 
volume fraction of the composites were also presented in Chapter 5. Chapter 6 gives 
conclusions linked to the author’s papers and future perspectives. Finally, Chapter 7 
reprints abstracts of the appended papers. 

The second part of the habilitation thesis contains research results on aligned 
MWCNT sheets, their prepregs and composites with emphasis on improving their 
mechanical properties. The research results are presented as a collection of eight 
papers (Papers A-H) of the thesis author [53–60]. Effects of mechanical stretching 
on the microstructural morphologies and the mechanical properties of the aligned 
MWCNT sheets, aligned MWCNT/epoxy prepregs and composites were examined 
and presented in Papers A–C [53–55]. Improving the mechanical properties of the 
aligned MWCNT sheets and aligned MWCNT/epoxy composites by direct pressing 
was studied in Paper D [56]. Influences of MWCNT volume fraction and diameter 
change on the mechanical properties of aligned MWCNT sheets and 
MWCNT/epoxy composites were investigated and assessed in Paper E [57]. 
Enhancement of the mechanical properties of aligned MWCNT sheets and their 
epoxy composites through both stretching and pressing techniques was examined 
and introduced in Paper F [58]. Improving the mechanical properties of aligned 
MWCNT/TPI composites via hot stretching was presented in Paper G [59]. 
Moreover, effectiveness of high-temperature thermal annealing on the mechanical 
properties of aligned MWCNT sheets and their composites was examined in Paper 
H [60]. 

In general, this habilitation thesis is a compilation of the most important articles 

of the thesis author published during the years 20132018 in the new development 

and research of the mechanical properties of aligned MWCNT sheets, their prepregs 
and composites. The author of this habilitation thesis coordinated all works from 

proposed ideas to conducting researches and publications. He is the first, main and 
corresponding author of all published papers [53-64]. He conducted most of the 
works in the publications including processing of aligned MWCNT sheets and 
composites, their characterizations and mechanical testing, data analysis, 
interpretation and writing of the papers. The co-authors helped with experimental 
implementation and testing, and other related works. 
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Carbon nanotubes 
and their composites 
 

2.1. Carbon nanotubes 

Richard Smalley and co-workers discovered a new form of carbon molecule in 
soccer ball-shaped C60 with sixty carbon atoms arranged in a spherical structure in 
1985 [68]. Each carbon molecule is composed of groups of carbon atoms that are 
bonded to one another to form both hexagon and pentagon geometrical 
configurations. The soccer ball-shaped C60 molecule was named 
“buckerminsterfullerene” or “buckyball” for short. After this discovery, other 
related molecules (C36, C70, C76 and C84) composed of only carbon atoms were 
also discovered and they were recognized as a new allotrope of carbon [4]. The new 
class of all-carbon caged molecules was named fullerenes. Fullerenes are geometric 
cage-like structures of carbon atoms that are composed of hexagonal and pentagonal 
faces. A fullerene is a molecule of carbon in the form of a hollow sphere, ellipsoid, 
tube, and many other shapes.  

The discovery of fullerenes led to the discovery of CNTs. Sumio Iijima 
discovered fullerene-related CNTs through an arc-evaporation method for C60 
carbon molecule fabrication in 1991 [1]. The nanotubes contained at least two 
layers and ranged in outer diameter from about 3 nm to 30 nm known as MWCNTs. 
Two years later, Iijima and Ichihashi [69] and Bethune et al. [70] found a way to 
produce a new class of CNTs with only one shell, so-called SWCNT. The word 
nanotube is derived from their size, because the diameter of a nanotube is on the 
order of a few nanometers and can be up to several millimeters in length. Nanotubes 
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are composed of sp² bonds which are similar to those observed in graphite. This 
bonding structure provides nanotubes with their unique strength. Individual 
nanotubes naturally align themselves into ropes held together by van der Waals 
forces, the attraction forces found among atoms, molecules and surfaces, and caused 
by correlations in the fluctuating polarity of other nearby particles.  

The structure of a CNT consists of enrolled cylindrical graphitic sheet rolled up 
into a seamless cylinder with diameter of the order of a nanometer. CNTs may 
consist of one up to hundreds of concentric shells of carbons with adjacent shells 
separation of 0.34 nm i.e. (002). They are normally categorized as SWCNTs and 
MWCNTs depending upon the number of shell walls, as presented in Figure 1. 
SWCNTs consist of a single tube of carbon graphene (Figure 1A), whereas 
MWCNTs consist of multiple layers of carbon graphite rolled on themselves to 

form a tube shape (Figure 1B) [7173]. There are two models which can be used to 
describe the structures of MWCNTs. In the Russian doll model, sheets of graphite 
are arranged in concentric cylinders. In the parchment model, a single sheet of 
graphite is rolled in around itself, resembling a scroll of parchment or a rolled up 
newspaper [74]. The diameter of CNTs varies from a few nanometers in the case of 
SWCNTs to several tens of nanometers in the case of MWCNTs [75].  

 

Figure 1. Graphene and carbon nanotubes as (A) SWCNT and (B) MWCNT 
structures. (https://sustainable-nano.com/2014/03/04/turning-plastic-bags-into-

carbon-nanotubes/) 

A graphene sheet (an individual graphite layer) can be in rolled more than one 
way to produce different types of CNTs. The principle of SWCNT construction 

from a graphene sheet along the chiral vector C


 and the chiral angle θ is depicted in 
Figure 2 [75]. The way the graphene sheet is wrapped along the honeycomb 

graphene structure is given by chiral vector C


 which can be represented by a pair of 
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lattice translational indices (n, m) and the unit vectors 1a
  and 2a

 (Figure 2). There 

are two standard types of SWCNT construction from a single graphene sheet 
depending on integers (n,m). The (n,0) structure is called ‘‘zigzag’’ and the 
structure where n = m is called ‘‘armchair’’. These terms refer to the arrangement 
of hexagons around the circumference. The armchair and zigzag tubes structures 
have a high degree of symmetry. The third non-standard type of SWCNT 

construction when n ≠ m is called ‘‘chiral’’, which is the most common in practice, 

meaning that it can exist in two mirror-related forms.  

 

Figure 2. The principle of forming CNTs from graphene sheet along the chiral 

vector C


. From Prasek et al. [75]. Copyright (2011), Royal Society of Chemistry. 

In general, CNTs are the most exciting new materials and are one of the most 
basic materials in the field of nanoscience and nanotechnology. They are now 
attracting a broad range of scientists and industries because of their potential 
applications. The synthesis, properties, and applications of CNTs will be 
summarized in the next sections. 



Research and development of aligned multi-walled carbon nanotube sheets, their prepregs and composites 

 12

2.2. Synthesis and processing of carbon nanotubes 

Since their initial discovery, researchers have made tremendous progress in 
learning to synthesize CNTs. Primary synthesis methods for the CNTs include arc-
discharge, laser ablation, and chemical vapor deposition (CVD) from hydrocarbons 
[24]. However, the way in which CNTs are formed is not exactly known. Therefore, 
a number of theories have been proposed to describe the CNT growth mechanism. 
A mechanism to describe the formation of CNTs, in the presence of a metal catalyst, 
has been proposed by Sinnott et al. [76]. It postulates that catalyst particles with 
spherical or pear shaped are floating or are supported on graphite or another 
substrate. The carbon diffuses along the concentration gradient and precipitates on 
the opposite half, around and below the bisecting diameter. However, it does not 
precipitate from the apex of the hemisphere, which accounts for the hollow core that 
is characteristic of these filaments. For supported metals, filaments can form either 
by extrusion, in which the CNT grows upwards from the metal particles that remain 
attached to the substrate, or by tip-growth, in which the particles detach and move at 
the head of the growing CNT. These mechanisms are illustrated in Figure 3. 
Depending on the size of the catalyst particles, SWCNTs or MWCNTs are grown. 

 

Figure 3. Schematic of the mechanisms for CNT growth. From Sinnott et al. [76]. 
Copyright (1999), Elsevier. 

Early synthetic methods for CNT production involved either electric arc-
discharge or laser ablation, both of which use a high purity graphite rod as the 
carbon source. Arc discharge belongs to the methods that use higher temperatures 
(above 1700 oC) for CNT synthesis which usually causes the growth of CNTs with 
fewer structural defects in comparison with other techniques [77]. In the arc-



Part I - Overview 

 13

discharge method, a voltage is applied across two graphite rods as electrodes. 
Carbon from the anode vaporizes and condenses on the cathode. In the laser 
ablation method, a laser is used to vaporize a graphite target in a high temperature 
oven and a flow of argon carries the carbon vapor to a water-cooled collector upon 
which the carbon condenses. Both arc-discharge and laser ablation methods yield 
MWCNTs, however, when the graphite target also contains a small amount of 
catalyst particles (Co, Ni, Fe, or Y), SWCNTs are produced. Although both arc-
discharge and laser-ablation methods can produce CNTs in high yields (more than 
70%) [71], they are not amenable for industrial scale production, as a continuous 
process is not possible. In addition, the amount of product is generally limited by 
the amount of graphite target used, although efforts are underway to overcome these 

limitations [7881]. 

Therefore, the arc discharge and laser ablation methods have been replaced by 
CVD method, because the orientation, alignment, nanotube length, diameter, purity 
and density of nanotubes can be precisely controlled in the CVD method [82]. CVD 
is a process in which a hydrocarbon gas (e.g. methane, ethane, etc.) undergoes 
pyrolysis on a heated catalyst-coated surface. CVD is the dominant mode of high-
volume CNT production and typically uses fluidized bed reactors that enable 
uniform gas diffusion and heat transfer to metal catalyst nanoparticles [83]. In 
general, the CVD technique involves the reaction of a carbon-containing gas (such 
as methane, acetylene, ethylene, ethanol, etc.) with a metal catalyst particle 
(typically Fe, Co or Ni, or a combination of these such as Co/Fe) at temperatures 
above 600 °C [71]. Scale-up, use of low cost feedstocks, yield increases, reduction 
of energy consumption and waste production have substantially decreased CNT 
prices [81]. In addition to the conventional thermal CVD process, which produces 
random bundles of CNTs, variations to the catalyst configuration and/or fine tuning 

of the reaction conditions result in the production of aligned CNT arrays [8597]. 
However, large-scale CVD methods yield contaminants that can influence CNT 
properties.  

Unlike the CNTs prepared in the bulk state which are entangled, aligned CNTs 
are useful for a number of applications. Most aligned CNTs are formed 
perpendicular to the substrate surface, however horizontal alignment can also be 
accomplished [94]. Moreover, aligned CNTs can be produced by the application of 
shear forces [98], they are good starting materials for the preparation of composites 
in which impregnating with polymeric matrices is required. Variations on the 
thermal CVD method, such plasma enhanced CVD, hot wire CVD [99] or hot 
filament-assisted CVD [90], rapid thermal CVD [100], microwave plasma CVD 
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[89], and floating catalyst techniques [92,101] have led to improvements in product 
controllability, yield, and cost. Other technological aspects of CNT synthesis 
currently under scrutiny include study of the growth mechanism [100,102,103], 
attempts to control the CNT diameter [87,88,104–107], processes which yield ultra-
long CNTs [95,101,108], optimization of the catalyst composition [109] or other 
synthetic parameters [110,111], and improvements in purity [112]. A major area 
focuses on the production of CNTs at selected sites on a substrate [91,93,113–119].  

A thermal CVD reactor for growing aligned CNTs on a substrate deposited 
metallic catalyst consists of a quartz tube enclosed in a furnace and carbon-
containing gas injection system. The carbon-containing gas is injected into the 
reactor and is pyrolyzed by high temperature. CNTs grow on the metal catalyst by 
pyrolysis. The growth temperature is usually high, 700–1200 oC, in order to 
pyrolyze the reaction gas [120]. To produce vertically aligned CNT arrays, typically, 
a thin metallic film deposited on a substrate is widely used as a catalyst. However, 
Inoue et al. [38] reported a simple and easy way to synthesize vertically aligned 
MWCNTs using a conventional thermal CVD system without predeposited metallic 
film. This method requires no additional process for catalyst preparation 
predeposition and only requires iron chloride powder and acetylene gas used. They 
found that high dehydrogenation activity of iron chloride on acetylene increases the 
growth rate of MWCNTs compared to conventional predeposited metal catalysts. 
The lengths of obtained MWCNTs ranged up to the millimeter scale, and they can 
easily be spun into yarn by hand with the naked eyes.  

Figure 4 shows a schematic of the thermal CVD system for synthesis of 
vertically aligned MWCNTs, as presented by Inoue et al. [38]. In their proposed 
method, a smooth quartz substrate was placed at a center of horizontal quartz tube 
furnace 40 mm in diameter and 30 cm in length with iron chloride (FeCl2) powder 
using a quartz boat. As a pretreatment, the quartz substrate was cleaned using 

ethanol. During heating, the sample was maintained at vacuum of 110−3 Torr, and 
once the optimal growth temperature was reached, it was purged with acetylene 
(98%) gas using a mass flow controller. CVD growth was carried out in a furnace at 
temperature of 820 oC at 10 Torr [38]. The most attractive feature of the proposed 
method is that it is extremely simple, and therefore, could be used in any laboratory 
for bulk production of aligned MWCNTs.  

Figure 5a portrays a vertically aligned MWCNT array that was grown on a bare 
quartz substrate using chloride-mediated CVD method [38]. This vertically aligned 
MWCNT array is highly drawable and spinnable. Therefore, the bulk of MWCNTs 
is easily spun into the yarn by pulling it out the arrays. In addition, MWCNTs are 



Part I - Overview 

 15

easily pulled out from the arrays to form horizontally aligned and multi-ply 
MWCNT sheets. An FE–SEM image showing horizontally aligned MWCNTs 
drawn from the MWCNT array was inserted in Figure 5a. A transmission electron 
microscopy (TEM) image showing the high quality of MWCNTs is presented in 
Figure 5b. The diameter of MWCNTs varies from about 20 nm to 55 nm. This type 
of the vertically aligned MWCNTs arrays was used as initial materials for all 
researches in this habilitation thesis.  

 

Figure 4. Schematic showing thermal CVD system for synthesis of vertically 
aligned MWCNT arrays. 

 

Figure 5. (a) Vertically aligned MWCNT array and an inserted FE–SEM image 
showing horizontally aligned MWCNTs. (b) A TEM image and diameter 

distribution of MWCNTs. From Nam et al. [62].  

2.3. Properties of carbon nanotubes 

CNTs are found to have novel properties (outstanding mechanical, electrical, 
thermal, and chemical properties: much stronger than steel, best field emission 
emitters, can maintain current density of more than 10-9 A/cm², thermal 
conductivity comparable to that of diamond) which make them potentially useful in 
many applications (e.g., optics, sensors, electronics, composite materials, 
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conductive polymers, etc.) [71]. In addition, many other researches also showed that 
CNTs exhibit an exceptional combination of mechanical, electrical, and thermal 
properties because of their highly ordered structure and extensive conjugated π-

system [522]. The exact magnitude of these properties depends on the diameter 
and chirality of the nanotubes and whether they are SWCNTs or MWCNTs.  

Mechanical properties 

The strength of C-C bond gives a large interest in the mechanical properties of 
CNTs. Theoretically CNTs should be stiffer than any other known substance. 
Elastic modulus of the SWCNTs can be as high as 2.8–3.6 TPa and 1.7–2.4 TPa for 
MWCNTs [5] which is approximately 10 times higher than steel, the strongest 
metallic alloy known. There are no direct mechanical testing experiments that can 
be done on individual CNTs with nanoscopic specimens to determine directly their 
axial strength. However, the indirect experiments, such as atomic force microscope 
(AFM) provide a brief view of the mechanical properties as well as scanning probe 
techniques that can manipulate individual CNTs, have provided some basic answers 
to the mechanical behavior of individual CNTs. The first actual mechanical 
measurements were made on MWCNTs produced by the arc discharge process [6]. 
They measured the amplitude of intrinsic thermal vibrations of isolated MWCNTs 
observed in the TEM, and then estimated Young’s moduli of 0.41–4.15 TPa for a 
number of tubes. Later, Poncheral et al. [7] measured Young’s modulus of 
MWCNTs which is between 0.7 and 1.3 TPa by electromechanical resonant 
vibrations. 

Wong et al. [8] used an AFM to measure the stiffness constant of arc-MWCNTs 
pinned at one end and reported an average value for Young’s modulus of 1.28 TPa. 
In addition, they managed to make the first strength measurements and obtained an 
average bending strength of 14 GPa. Salvetat et al. [9] also used an AFM to bend an 
arc-MWCNT that had been pinned at each end over a hole and obtained an average 
modulus value of 0.81 TPa. However, the ultimate measurements were carried out 
by Yu et al. [10,11] when they measured force-strain data for individual arc-CNT 
ropes inside an electron microscope. Experimental values of Young’s modulus are 
reported as high as to 1.47 TPa for SWCNTs and 950 GPa for MWCNTs, nearly 5 
times of steel. The lower measured values of MWCNTs were associated with 
defects in the nanotube and with the slipping of the inner tubes in MWCNTs. More 
interestingly they showed fracture of MWCNT at strains of up to 12% and with 
strengths in the range 11–63 GPa. The relatively high values of modulus and 

strength of 1 TPa and tens of GPa have been measured on high quality SWCNT 
and arc discharge MWCNT. However, the modulus and strength of CVD-
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MWCNTs were displayed significantly reduced values [24]. Young’s moduli for 
CVD-MWCNTs in the range 12–52 GPa were measured using the AFM technique 
[9]. Besides, stress-strain measurements for CVD-MWCNTs have shown Young’s 
modulus values in order of 0.45 TPa, and ultimate tensile strengths of 3.6 GPa [12]. 
The difference in measured values between CVD-MWCNT and arc-MWCNT 
shows the influence of defects on their properties.  

Electrical properties 

Apart from their excellent mechanical performance, CNTs have unique electrical 
properties. The electrical properties of CNTs depend on how the hexagons are 
orientated along the axis of the tube. Depending on their diameter and chirality, 
nanotubes can be either metallic or semiconducting with varying band gaps [28]. 
Armchair nanotubes are always semi-metallic (for simplicity often called metallic). 
Zig-zag and chiral nanotubes, depending on their diameter and in case of chiral 
nanotubes on their exact chirality, may have different widths of bandgaps and 
therefore their electrical properties may range from practically semi-metals up to 
wide bandgap semiconductors. SWCNTs can be metallic or semiconducting 
depending on their structure and their band gap can vary from zero to about 2 eV, 
whereas MWCNTs are zero-gap metals [71]. Theoretically, metallic nanotubes 
having electrical conductivity of 105 to 106 S/m can carry an electric current density 
of 4×109 A/cm2 which is more than 1000 times greater than copper metal [17]. 
Therefore, they can be used as fine electron gun for low weight displays. In addition, 
Ando et al. [18] reported that individual purified MWCNTs have a current density 
in excess of 107 A/cm2 and a high electrical conductivity of about 2×105 S/m along 
the long axis. 

Theoretical study also shows that the overall behavior of MWCNTs is 
determined by the electronic properties of the external shell. Electrical 
conductivities of individual MWCNTs have been reported to range between 20 and 
2×107 S/m depending on the helicities of the outermost shells or the presence of 
defects [19]. The electronic properties of larger diameter MWCNTs approach those 
of graphite. Therefore, there is great interest in the possibility of constructing 
nanoscale electronic devices from nanotubes. SWCNTs have been recently used to 
form conducting and semiconducting layers (source, drain and gate electrodes) in 
thin films transistors. Generally, the high electrical conductivity of CNTs makes 
them an excellent additive to impart electrical conductivity in otherwise insulating 
polymers. Their high aspect ratio means that a very low loading is needed to form a 
connecting network in a polymer compared to make them conducting. 
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Thermal properties 

In addition to their superior electrical and mechanical properties, CNTs are also 
thermally conductive. The thermal conductivity of carbon materials is dominated by 
atomic vibrations or phonons. Prior to CNTs, diamond was the best thermal 
conductor. Nowadays, CNTs have been shown to have a thermal conductivity 
exceeding that of diamond (2000 W/mK) [20]. The thermal conductivity of CNTs 

has been investigated both theoretically and experimentally [2023]. Hone et al. 
[20] measured thermal conductivity of laser-vaporization produced bulk samples of 
SWCNTs with a typical diameter of 1.4 nm. They showed that the thermal 
conductivity increased with increasing temperature from 8 K to 300 K, which is 
different from that of the isolated SWCNT as well as normal crystals with sizes of 
order of micrometer or larger. In addition, Hone et al. [21] reported that a SWCNT 
has a room-temperature thermal conductivity along its axis of about 3500 W/mK 
and MWCNTs have a peak value of ~ 3000 W/mK at 320 K.  

The thermal conductivity of individual CNTs is much higher than that of copper, 
a metal well-known for its good thermal conductivity, which transmits 385 W/mK 
[22]. However, the thermal conductivity for bulk MWCNT foils limits to 20 W/mK, 
suggesting that thermally opaque junctions between tubes severely limit the large 
scale diffusion of phonons [17]. The bulk CNT samples have much lower thermal 
conductivity because of the weak inter-tube coupling, which gives a large thermal 
resistance between individual CNTs. Moreover, the thermal conductivity of CNTs 
perpendicular to the alignment direction (in the radial direction) is just about 1.52 
W/mK, which is approximately as thermally conductive as soil [17]. Therefore, 
CNTs have been very good thermal conductors along the tube, but good insulators 
laterally to the tube axis. Currently, both SWCNT and MWCNT materials are being 
actively studied for thermal management applications, either as “heat pipes” or as 
an alternative to metallic addition to low thermal conductive materials.  

2.4. Application of carbon nanotubes 

With their outstanding properties, CNTs have inspired the scientist, engineer and 
technologist for a wide range of potential applications [121]. CNTs have been 
extensively employed in many applications ranging from electrochemical energy 
storage devices such as fuel cells [122], batteries [123], supercapacitors [124] and 
solar cells [125] to substrates for biological cell growth [126,127] and materials for 
electromagnetic interference (EMI) shielding [128]. For example, Figure 6 
illustrates a schematic of an energy storage device made of polyaniline/CNT array 
composite electrode [129]. In addition, ultra-strong and conductive thin CNT films 
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(sheets) have been produced for innovative applications that require two 
dimensional structures [130,131]. Transparent and conducting thin CNT films have 
been demonstrated for touch screens [132], polarized light emitters [39], 
loudspeakers [133], TEM grids [134] and also high-performance energy storage 
devices [135]. Thin-film polymer composites produced by sandwiching CNT sheets 
between two layers of polymer have shown unique properties, such as optical 
transparency [136].  

 

Figure 6. Schematic of energy storage device made of polyaniline/CNT array 
composite electrode. From Zhang et al. [129]. Copyright (2008), Elsevier. 

Another example of CNT applications is that the aligned CNTs can serve as 
addressable electromechanical switches arrayed across the surface of a microchip, 
storing hundreds of gigabits of information as random access memory (RAM), as 
described in Figure 7a [137]. When an electric field is applied to a CNT, the electric 
field causes the CNT flex downward into a depression onto the chips surface, where 
it contacts metal electrodes (in another design, the CNTs touch other nanotubes 
[138]). The binary 0 state corresponds to the nanotubes suspended and is not 
making contact with the electrode (Figure 7b). When a transistor turns on, the 0 
state transitions to the 1 state, in which the electrode produces an electric field that 
bends the aligned CNTs and touches them on an electrode (Figure 7c). Compared 
with conventional memories, such as dynamic random access memory, static 
random access memory, and flash memory, the CNT-based data storage devices 
have higher cell density, lower programming voltage, and process technology while 
both reading speed and writing speed are fast [137].  
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Figure 7. a) RAM made with aligned CNTs; b) 0 state; and c) 1 state. From 
Bichoutskaia et al. [137]. Copyright (2008), Elsevier 

Moreover, there are other applications of assembled CNTs, such as ultrahigh-
density nanotransistors [139], blackbody absorbers to absorb light perfectly across 
an extremely wide spectral range (0.2–200μm) [140], infrared (IR) detectors [141], 
filters and membranes [142–145], hydrophilicity [146], micro-electro-mechanical-
systems [147], gate MOS transistor [148], varactor [149], piezoelectric generators 
[150], platelet hybrid reactor [151], ion source in mass spectrometry [152,153], 
organic electronic devices [154], microtransducers [155], hazardous industrial 
chemical gas sensors [156], and temperature sensors [157]. As a demonstration, 
nanotube transistor radios are also fabricated [158], in which SWCNT array devices 
provide all of the key functions, including resonant antennas, fixed RF amplifiers, 
RF mixers, and audio amplifiers. However, there are still many interesting 
applications to explore and challenges to overcome. 

In general, individual CNTs have demonstrated exceptional mechanical strength 
and superior conductivities, but extrapolating these properties to macroscopic 
structures of CNTs has been a challenge for researchers all around the world. The 
efforts have been focused on bridging the gap between properties of these structures 
and those of individual CNTs. The CNT dispersion approach is widely used in the 
industrial production of composite films and fibers/yarns, including in solution 
processing, melt processing, electrospinning, and coagulation spinning [25,159]. 
However, the dispersion of long CNTs is hindered by their entanglement and 
aggregation, and the CNTs are often presented with a low fraction (<10 wt. %) and 
random orientation. The reported strengths of the composites processed by this 
approach are usually low [160,161]. Alignment plays a crucial role in determining 
the properties of the final structure. CNTs have a very high aspect ratio, therefore 
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alignment of CNTs in one direction results in anisotropy, which leads to significant 
improvement of properties in that direction [162,163]. This discovery regarding the 
anisotropy and the high aspect ratio has fostered the interest in processing of aligned 
CNT sheets [164]. Highly aligned CNT sheets have been particularly promising as 
reinforcement for high-performance composite materials and provide them great 
potential in many applications such as aerospace and astronautics. 

2.5. Carbon nanotube composites 

CNTs have attracted much interest for use as a potential reinforcement for next-
generation advanced composites because of their high aspect ratio, large surface 
area, low density, and outstanding properties. Studies of CNT-based composites 
have progressed rapidly during the last two decades. Polymers are the most 
commonly used matrices for CNT-based composites. Polymer matrices include 
epoxy resins, polyamide-6 (PA-6), polyacrylonitrile (PAN), polycarbonate (PC), 
polyethylene (PE), ultrahigh molecular weight polyethylene (UHMWPE), 
polyimide (PI), poly(methyl methacrylate) (PMMA), polypropylene (PP), 
polystyrene (PS), polyurethane (PU), poly(vinyl alcohol) (PVA), bismaleimide 
(BMI), nylon 6,6 and others [26,48,51,52]. Although the research focus in CNT-
based composites has mostly been on polymer-based composites, the unique 
properties of CNTs can also be exploited in ceramic- or metal-matrix composites 
[165-172]. Ceramics have high stiffness and excellent thermal stability with 
relatively low density, and their brittleness impedes the use as structural materials 
[166]. The combination of CNTs with a ceramic matrix could potentially form 
composites that have high-temperature stability, exceptional toughness and creep 
resistance [170]. Bakshi et al. [172] reported that studies on CNT-reinforced 
ceramic matrix composites are few as compared to those on polymer matrix, 
whereas those on CNT-reinforced metal matrix composites are even fewer. 
However, the interest on CNT-reinforced ceramic or metal- matrix composites has 
been increasing in the last ten years. 

The traditional methods of preparing CNT-reinforced polymer composites are 
solution processing, melt processing, and in situ polymerization [24,26]. In solution 
processing, CNTs are generally dispersed in a solvent and then mixed with polymer 
solution by shear mixing, magnetic stirring or sonication [24]. Sonication can be 
provided in two forms, mild sonication in a batch or a high-power sonication using 
a tip or horn. CNT-reinforced polymer composite can be obtained by vaporizing the 
solvent from the CNT/polymer solution. However, a few shortcomings such as low 
volume fraction and dispersion quality of CNTs have been shown to be critically 
important for the production of CNT-reinforced polymer composites. The solution 
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and melt processing can be used for both thermosetting and thermoplastic matrices 
[26]. However, melt processing is especially useful for dealing with thermoplastic 
polymers and therefore it is a versatile and common alternative for insoluble 
polymers. In addition, in situ polymerization is considered an extremely efficient 
method to significantly improve the dispersion of CNTs and the interaction between 
CNTs and polymer matrices [24]. This technique is particularly important for the 
preparation of insoluble and thermally unstable polymers, which cannot be 
processed by solution or melt processing.  

There are a number of novel methods for composite preparation that are distinct 
from the traditional methods described above. The simplest method among them 
involves the infiltration of polymer solution into thin CNT sheets (buckypapers). 
Coleman et al. [173] produced thin sheets of SWCNT-reinforced polymer 
composites by Buchner filtration. Wang et al. [174] used a similar technique to 
fabricate CNT-reinforced epoxy composite by infiltrating an epoxy-hardener blend 
into the CNT buckypaper. Another interesting method that was used to build 
composite structures is the layer by layer assembly method [175–177]. This 
involves building up a layered composite film by dipping CNTs into polymer 
solutions. This method has several advantages because thickness and polymer-CNT 
ratio can be controlled easily, and high CNT loading levels can be obtained. 
However, the CNTs in the buckypaper and multi-layer composites are generally 
non-aligned and random orientation. Consequently, the CNT-reinforced buckypaper 
composites exhibited severe limitations in terms of product quality, especially 
mechanical properties, which hinder their commercial applications. 

Recently, aligned CNT fibers, yarns, sheets, and arrays have been developed. 
They are promising materials of use as aligned CNT composites with a high volume 
fraction. Processing methods utilizing CNT fibers, yarns, sheets, and arrays have 
emerged as means of producing preforms and composites with higher CNT volume 
fractions. CNT fibers have been made from wet spinning CNTs with and without 
polymer [178,179], spinning them directly from a CNT aerogel in a CVD furnace 
[180], and drawing untwisted or twisted yarns from aligned CNT arrays [181–183]. 
In addition, aligned CNT-reinforced polymer composites have been produced from 
aligned CNT sheets pulled from aligned CNT arrays [45–47,53–67]. However, 
several reports have described that the waviness and poor packing of CNTs in the 
sheets degraded the mechanical properties of their composites [184–188]. The 
waviness and poor packing of CNTs are two main weaknesses restricting their 
reinforcing efficiency in composites. Therefore, in this habilitation thesis stretching 
and/or pressing techniques were applied to straighten the wavy CNTs and to 
enhance the dense packing of CNTs for improving the physical and mechanical 
properties of aligned CNT-reinforced epoxy composites. 
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Fabrication of aligned 
MWCNT sheets 
 

3.1. Processing of pristine aligned MWCNT sheets 

There are different methods or processes to assemble aligned CNTs into thin 
films (called sheets or papers). One approach to fabricate tightly aligned CNT 
papers from vertically aligned CNT arrays is domino pushing method [46]. The 
vertically aligned CNTs in the array were forced down to one direction by pushing a 
cylinder with a constant pressure to form an aligned CNT paper. A similar method 
called “shear pressing” was used to fabricate the aligned CNT sheets from vertically 
aligned CNT arrays [47].  This method can convert vertically aligned CNT arrays 
into dense aligned CNT preforms. However, the most common approach that can 
form a horizontally aligned CNT sheet from a vertically aligned CNT array is solid-
state drawing [3941]. The solid-state drawing process is scalable for continuous 
and high-rate production. Therefore, the solid-state drawing process is a key and 
innovative procedure to make horizontally aligned CNT sheets from vertically 
aligned CNT arrays. 

In this habilitation thesis the solid-state drawing and winding techniques were 
applied to transform a vertically aligned and drawable MWCNT array into 
horizontally aligned and multi-ply MWCNT sheets. MWCNT webs are easily 
drawn from a sidewall of a vertically aligned MWCNT array and are stacked 
together to form a horizontally aligned MWCNT sheet without using binder 
materials. First, the MWCNT web was drawn by just pinching and pulling out an 
edge of the array using tweezers. Subsequently, the MWCNT webs were wound on 
the rotating spool with a speed of 1 m/min and were stacked together to make an 
aligned MWCNT sheet. Figure 8 describes the processing of a pristine, aligned and 
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multi-ply MWCNT sheet using solid-state drawing and winding techniques and its 
schematic. The aligned and multi-ply MWCNT sheets were densified by spraying 
ethanol, which were then evaporated by air spray. Field emission scanning electron 
microscopy (FE-SEM) images showing microstructural morphologies of the pristine 
MWCNT sheets were presented in Figure 9.  

 

 

Figure 8. Processing of a pristine aligned MWCNT sheet using solid-state 
drawing and winding techniques and its schematic (Paper A) [53]. 

 

Figure 9. FE-SEM micrographs showing horizontally aligned MWCNT sheet. From 
Nam et al. [62]. 

As observed in Figure 9, although most MWCNTs in the sheets are self-aligned 
in the drawing direction, many wavy and poor-packed MWCNTs are visible. The 
wavy and poor-packed MWCNTs in the sheets have restricted their reinforcement 
efficiency in the resulting composites. Because the wavy MWCNTs do not carry the 
load efficiently and cannot be packed densely, leading to low stiffness and strength 

(a a b

10 m 500 nm 
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of the resulting composites. Therefore, the reduction of the wavy and poor-packed 
MWCNTs in the sheets through stretching and/or pressing methods before 
embedding them into the epoxy matrix will be shown in the next sections. 

3.2. Mechanical stretching of aligned MWCNT sheets 

To straight the wavy MWCNTs, mechanical stretching was applied to the 
pristine aligned MWCNT sheets. The stretch ratio  was calculated using the 
following equation. 

2 1

1

L L

L


          (1) 

Therein, L1 and L2 respectively denote the segment lengths of aligned MWCNT 
sheets between the clamped grips before and after stretching.  

A schematic illustration of the stretching device with a mounted sample is 
presented in Figure 10. Microstructural morphologies of the aligned MWCNT 
sheets before and after mechanical stretching are shown in Figure 11. 

 

Figure 10. Schematic showing the stretching device with a mounted sample (Paper 
A) [53]. 

 

Figure 11. FE-SEM micrographs showing microstructural morphologies of (a) 
pristine and (b) stretched MWCNT sheets (Paper B) [54]. 
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The stretching device consists of a base plate with two guidance grooves, a long 
screw, a fixed block and a movable block. A millimeter-scale ruler is secured to a 
sidewall of the base plate (see Figure 10). The movable block is driven by the long 
screw and can move along the guidance grooves. The distance between the fixed 
block and the movable block was fixed initially at 40 mm, which was designated as 
length L1. The MWCNT sheet with 50 mm length were mounted on the stretching 
device, as presented in Figure 10. With stretch ratios of 2, 3, and 4%, the respective 
displacements of the movable block are 0.8, 1.2, and 1.6 mm. The displacement rate 
for the stretching is about 0.2 mm/min. The millimeter-scale ruler is used only to 
determine the approximate displacement of the movable block. The precise 
displacement of the movable block was determined using a Vernier caliper with 
accuracy of 0.02 mm. 

The wavy and poor-packed MWCNTs can be clearly seen in the pristine sheet 
samples (Figure 11a). After stretching, the wavy MWCNTs in the sheets were 
reduced considerably (Figure 11b). The wavy MWCNTs are self-assembled and are 
straightened along the load direction during 
stretching. Therefore, the packing of 
MWCNTs in the stretched sheets (Figure 
11b) became more compact than that in the 
pristine sheets (Figure 11a). To evaluate the 
approximate effectiveness of the stretching, 
the straight, wavy, and entangled MWCNTs 
on the surfaces of the pristine and stretched 
MWCNT sheets were counted from the FE-
SEM images. The straight, wavy, and 
entangled MWCNTs were specified through 
their orientation angle, as shown in Figure 12. 
The number of MWCNTs counted and 
percentages of straight, wavy, and entangled 
MWCNTs are given in Table 1.  

Table 1. The number of MWCNTs and percentages of straight, wavy and entangled 
MWCNTs. 

MWCNT sheet 
The number of 

MWCNTs 

Percentage (%) 

Straight  Waviness Entanglement

Pristine 804 17.6 61.6 20.8 

2% stretching 482 60.2 19.3 20.5 

3% stretching 538 67.5 12.3 20.2 

Figure 12. The orientation angle 
range of the straight, wavy and 

entangled MWCNTs. 
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For the pristine sheets, with total of 804 MWCNTs counted the respective 
numbers of straight, wavy, and entangled MWCNTs are 142, 495, and 167 
corresponding to 17.6, 61.6, and 20.8% of the total. For the stretched sheets, the 
percentages of straight, wavy, and entangled MWCNTs in the cases of 2% and 3% 
stretching respectively are 60.2, 19.3, and 20.5%, and 67.5, 12.3, and 20.2%. The 
stretching of the MWCNT sheets with ratios of 2% and 3% increased the percentage 
of straight MWCNTs and decreased the wavy MWCNT percentage considerably. 
The marked reduction of the wavy MWCNTs caused by stretching resulted in 
substantial enhancement of the straight MWCNTs. In addition, the percentage of the 
entangled MWCNTs in the pristine sheets differed slightly from that in the stretched 
sheets. This is explainable that stretching affected slightly the entangled MWCNTs.  

3.3. Pressing of aligned MWCNT sheets 

The drawing and winding techniques were applied to produce aligned MWCNT 
sheets, whereas mechanical stretching was used to reduce the wavy and poor-
packed MWCNTs in the sheets. However, poor packing of MWCNTs in the 
stretched sheets is still visible (Figure 11b). Therefore, pressing of the aligned 
MWCNT sheet was used to straighten the wavy MWCNTs and particularly to 
reduce the poor-packed MWCNTs in the sheets for improving the composite 
properties. The pressing was applied directly where the MWCNT web enters the 
winding roll during the MWCNT sheet processing. Top steel roll with transverse 
width of 30 mm corresponding to approximate masses of 450 grams was used to 
press the MWCNT sheet (Figure 13).  

 

 
Figure 13. Processing of pressed aligned MWCNT sheet and its schematic (Paper 

E) [57].  
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FE–SEM micrographs showing the microstructural morphologies of the pristine 
and pressed MWCNT sheets are presented in Figure 14. 

 

Figure 14. FE-SEM micrographs showing microstructural morphologies of (a) 
pristine and (b) pressed MWCNT sheets. 

The existence of the wavy MWCNTs in the pristine MWCNT sheet was revealed 
on the FE-SEM images (Figure 14a). The wavy MWCNTs in the pristine sheets 
decreased considerably after pressing (Figure 14b). Particularly, the pressing 
drastically enhances the dense packing of MWCNTs in the sheets (Figure 14b). The 
diminished waviness of MWCNTs caused by pressing is explainable through the 
mechanism of press load-induced tension in winding [189]. In press-winding 
method, the radial pressure is applied to the MWCNT sheet at the point where the 
MWCNT web enters the winding roll. This pressure increases the tension of the 
MWCNT webs in the MWCNT sheet. A diagram of the press-winding 
configuration is shown in Figure 15.  

 

Figure 15. Press-winding configuration 
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The incoming MWCNT web tension Tin is acting on the sheet. The value of Tin in 
this study can be very small, because the MWCNT web is easily drawn from a 
MWCNT array. The press weight is acted upon by the sheet-induced tangential 
traction Q1. The wound roll is driven by a torque of rotation M and acted upon by 
the MWCNT sheet-induced tangential traction Q2 and the sheet tension force Tout. 
The sheet tension force is expressed as follows: Tout = Tin + Q1 + Q2. This tension 
force is clearly enhanced, resulting in the improved MWCNT waviness and 
alignment in the composites. In addition, the capillary force caused by drawing 
individual MWCNTs into closely packed MWCNT bundles also played an 
important role in improvement of MWCNT waviness and alignment. 

3.4. Combination of both stretching and pressing 

Direct pressing of the MWCNT webs during the sheet processing induced 
straightening of the wavy MWCNTs and particularly increasing the dense packing 
of MWCNTs in the sheets. However, the waviness of several individual and 
bundled MWCNTs is still visible in the pressed sheets (Figure 14b). Therefore, the 
MWCNT webs were travelled throughout the stretching system to reduce the 
waviness of the individual and bundled MWCNTs before pressing (see Figure 16).  

 

 

Figure 16. Processing of stretched aligned MWCNT sheet without pressing. 

Nevertheless, the packing of MWCNTs in the stretched sheets without pressing 
is poor. Therefore, a combination of both stretching and pressing was applied to 
enhance the dense packing of MWCNTs and to reduce further the wavy MWCNTs 
and their bundles. Figure 17 depicts processing of aligned MWCNT sheets using 
both direct stretching and pressing. FE–SEM images showing microstructural 
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morphologies of stretch-pressed MWCNT sheets are presented in Figure 18. As 
observed in Figures 11b, 14b and 18, the stretch-pressed MWCNT sheets showed 
more straight MWCNTs and greater MWCNT alignment than the stretched and 
pressed MWCNT sheets. Consequently, the combination of both stretching and 
pressing improved drastically the MWCNT alignment in the sheets. In general, 
application of both stretching and pressing can produce superior MWCNT sheets 
with high alignment and dense packing of MWCNTs for development of high-
performance MWCNT composites. 

 

 

Figure 17. Processing of stretch-pressed MWCNT sheet using drawing, stretching, 
winding and pressing techniques (Paper F) [58]. 

 

Figure 18. FE-SEM micrograph showing microstructural morphologies of the 
stretch-pressed MWCNT sheets using drawing, stretching, winding and pressing 

techniques.  
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Processing of prepregs 
and composites 

 

Recently, aligned CNT/polymer composite materials were fabricated by 
impregnating polymer resin into aligned CNT sheets using infusion, transfer 
molding, spraying, or hot-melt prepreg processing methods [43–48,50–52]. The 
hot-melt prepreg processing was chosen to fabricate high-performance aligned 
CNT-reinforced epoxy composites in this thesis. There are two stages in this 
processing. The first stage involves impregnating the heated epoxy resin into an 
aligned CNT sheet to create aligned CNT/epoxy prepreg. The second step involves 
curing the prepreg under temperatures and pressures to form an aligned CNT/epoxy 
composite. This method presents some advantages over resin infusion as well as 
resin transfer molding, which are often applied for preparation of CNT-based 
composites. In addition, aligned CNT/epoxy prepregs are applicable to press 
molding for making the desiring structures because CNTs are not continuous 
nanofibers. The prepreg process is readily applicable to mass production. Moreover, 
a prepreg is easier to handle and enables the production of complex structures as 
well as components. By stacking the prepreg sheets in arbitrary directions, tailored 
CNT/epoxy composite structures and materials can be fabricated easily. 

For this habilitation thesis, aligned MWCNT-reinforced epoxy composites were 
developed using hot-melt prepreg processing method with a vacuum-assisted 
system (VAS). By using this processing method the alignment of MWCNTs in the 
composites was maintained during resin impregnation. First, an aligned MWCNT 
sheet with about 20 mm width and 50 mm length was covered with a B-stage epoxy 
resin sheet (Sanyu Rec Co. Ltd., Osaka, Japan) and was set in two release films 
(WL5200; Airtech International Inc., CA, USA) to produce an aligned 
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MWCNT/epoxy prepreg. The prepreg was fabricated under 0.5 MPa pressure for 5 
min at 100 °C using a test press (MP-WNL; Toyo Seiki Seisaku-Sho Ltd., Tokyo, 
Japan). Subsequently, the prepreg was placed on the VAS, and was cured at 130 °C 
for 2 h under 2 MPa to produce the aligned MWCNT/epoxy composite. A 
schematic showing the processing of the aligned MWCNT/epoxy prepreg and 
composite was presented in Figure 19. Figure 20 describes the VAS for the 
composite fabrication. The VAS was used during the composite processing to 
minimize the air trapped (bubbles) or air micro-voids within the composites. 

 

Figure 19. Schematic showing processing of aligned MWCNT/epoxy prepreg and 
aligned MWCNT/epoxy composite. From Nam et al. [62]. 

 

Figure 20. Schematic showing the VAS for composite fabrication (Paper E) [57]. 

In addition, high heat resistance composites made of TPI resin and highly aligned 
MWCNT sheets were developed using hot-melt processing method with the VAS. 
The VAS was used during the composite fabrication to minimize air voids within 
the composites. To begin with, an aligned MWCNT sheet with about 20 mm width 
and 80 mm length was placed between two TPI resin films and was set between two 
UPILEX films supplied by UBE Industries Ltd. (Tokyo, Japan). Afterwards, the 
stacking was pressed at the processing temperature of 410 oC for 10 min without 
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pressure and followed by 10 min under a pressure of 2 MPa using the test press. 
Finally, the MWCNT/TPI composites were cooled naturally by air under 2 MPa 
pressure for creating crystallinity in the composites. A schematic showing the 
processing of the aligned MWCNT/TPI composite was depicted in Figure 21. 

 

Figure 21. Schematic showing processing of aligned MWCNT/TPI composite. 

Moreover, hot stretching of aligned MWCNT/TPI composite samples was 
conducted using a hydraulic servo testing equipment (Servopulser EHF-F1; 
Shimadzu Corp., Kyoto, Japan). The composite samples with 10 mm width and 80 
mm length were used for hot stretching until maximal tensile load. The images 
illustrating the testing equipment with a mounted sample before and after hot 
stretching were portrayed in Figure 22.  

 

Figure 22. Photographs showing the hot stretching equipment with a mounted 
sample before and after hot stretching (Paper G) [59]. 
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The UPILEX film end tabs were bonded on both sides of the sample grip 
portions (Figure 22a inset). The distance between the clamped end tabs of the 
samples was 40 mm. After hot stretching the composites were re-processed at 410 
oC for 10 min under 2 MPa pressure using the test press above and were cooled 
naturally by air under pressure. 
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Characterizations and 
mechanical testing 

 

The properties of the aligned MWCNT sheets, their prepregs and composites 
were measured using conventional methods for macroscopic samples. Because the 
aligned MWCNT sheets, their prepregs and composites are macro-sized objects that 
can be regarded as conventional sheets. Therefore, the parameters of the specimens 
(i.e., width and length, cross-sectional area and weight) for determining the material 
properties were conventional for macroscopic samples. Width of the aligned 
MWCNT sheets, their prepregs and composites was measured using an optical 
microscope (SZX12; Olympus Corp., Tokyo, Japan), whereas their thickness was 
measured using a digital micrometer (IP65; Mitutoyo Corp., Kanagawa, Japan). The 
MWCNT volume fraction of the composites was determined via TGA. 
Microstructural morphologies of the aligned MWCNT sheets and their composites 
were observed using FE-SEM. The degree of MWCNT alignment in the sheets and 
their composites were measured using a polarized Raman spectroscope. The 
mechanical properties of the aligned MWCNT sheets, their prepregs and composites 
were measured using tensile testing in the laboratory environment. 

5.1. MWCNT volume fraction 

Measuring fiber volume fraction properly is very important in designing 
composite materials because the fiber volume fraction mainly determines 
mechanical and thermal properties. In the habilitation thesis, MWCNT volume 
fraction of the composites was obtained by TGA. The air voids in the composites 
can be negligible because of using the VAS during the composite fabrication. 
Therefore, the MWCNT volume fraction was estimated using TGA data.  



Research and development of aligned multi-walled carbon nanotube sheets, their prepregs and composites 

 36

The thermal degradation behaviors of epoxy resin, MWCNTs, and their 
composites were analyzed up to 800°C in argon gas 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. The mass losses of epoxy resin, MWCNTs, and the composites were 
recorded.  

The MWCNT volume fraction of the composites was determined as follows: 
First the respective mass losses of epoxy resin, aligned MWCNT sheets and their 
composites were measured between 150 °C and 750 °C. Subsequently, the 
MWCNT mass fraction (mf) of the composites was calculated from the mass loss of 

the MWCNTs (mf), the epoxy resin (mm), and the composite (mc), as shown 
below. 
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The MWCNT volume fraction (Vf) was finally estimated from the mass fraction 

of the MWCNTs, epoxy resin density (m), and density of the composite (c), as 
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Moreover, the MWCNT volume fraction of the stretched composites ( s
fV ) was 

also estimated through its thickness (hs) and width (ws), stretch ratio (), and 

MWCNT volume fraction ( n
fV ), thickness (hn) and width (wn) of the non-stretched 

one [53], as shown below. 
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Therein, t can be regarded as a width change ratio between the respective 
stretched and non-stretched MWCNT sheets. 

5.2. Polarized Raman spectroscopic measurements 

The alignment of MWCNTs in the sheets and their composites was ascertained 
through polarized Raman spectra using highly versatile Raman spectroscope with 
laser excitation of 532 nm (XploRA-ONE; Horiba Ltd., Kyoto, Japan). Moreover, 
the straightening of wavy MWCNTs caused by stretching and/or pressing was 
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examined using polarized Raman spectroscopy. Raman spectroscopic 
measurements were conducted with incident laser light normal to the MWCNT 
samples, which was polarized parallel and perpendicular to the MWCNT alignment 
(see Figure 23). 

 

Figure 23. Orientation of Raman microscope polarization axes at the MWCNT 
sample (Papers E-H) [57-60].  

5.3. FE-SEM observations 

Microstructural morphologies of the aligned MWCNT sheets and their 
composites were observed via FE-SEM (SU8030; Hitachi Ltd., Tokyo, Japan). 
Hitachi ultra-high-resolution FE-SEM has grown to be an indispensable tool for 
observing the fine surface structure of materials in a wide range of nanotechnology 
and other fields.  

5.4. Mechanical testing 

The mechanical properties of aligned MWCNT sheets, their prepregs and 
composites were determined through tensile test using testing machine (EZ-L; 
Shimadzu Corp., Kyoto, Japan) with a load cell of 50 N in a laboratory environment 

at room temperature of 23  3°C and 50  5% relative humidity. For the MWCNT 
sheets and their prepregs, tensile samples with about 10 mm gauge length and 5 mm 
width were tested with a crosshead speed of 0.05 mm/min. For the composites, 
tensile specimens with about 10 mm gauge length and 3 mm width were tested with 
a crosshead speed of 0.1 mm/min. Figure 24 portrays tensile specimen, testing 
machine, and tensile test fixture. The strain of tensile samples was measured using a 
non-contact digital video extensometer (TRIViewX; Shimadzu Corp., Kyoto, 
Japan) with two targets. Two adhesive targets were bonded on the specimen as 
target markers of gauge length (Figure 24c). A high-resolution digital video camera 
and advanced real-time image processing were used to make precise strain 
measurements of the tensile samples. The longitudinal strain was measured by 
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tracking contrasting gauge marks placed on the specimen. The specimen strain was 
then calculated from the mark separation at the start of the test and the current mark 
separations. 

 

Figure 24. (a) Tensile test specimen, (b) testing machine, (c) tensile test fixture. 

The ultimate tensile strength () and elastic modulus (E) of aligned MWCNT 
sheets, their prepregs and composites were calculated using the following equations: 

F

A
          (5) 
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Therein,  is strain of tensile specimen, F and A are the ultimate load and cross-
sectional area of the tensile specimen, respectively. 

The different MWCNTs used in the habilitation thesis have the length of about 
0.8 mm. The aspect ratio (length to diameter ratio) of the MWCNTs is extremely 
high (>10,000). Therefore, the elastic modulus of the aligned MWCNT-reinforced 
polymer composites might be estimated using the rule of mixtures. The effective 
elastic modulus of a MWCNT CNTE  in the composites was estimated using the 

following equation: 
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Therein, Ec and Em respectively are elastic modulus of the composite and epoxy 
matrix, Vf is volume fraction of MWCNTs. 

(a) (b) (c) 

Video camera



Part I - Overview 

 39

 

Conclusions and 
future perspectives 
 

The habilitation thesis presents author’s research results on aligned MWCNT 
sheets, their prepregs and composites with emphasis on improving their mechanical 
properties in recent years 2013–2018. The research works have been done under 
collaboration with Dr. Ken Goto, Dr. Yoshinobu Shimamura, Dr. Yoku Inoue and 
the support of several students from Japan. The research and development of thin 
aligned MWCNT sheets, their prepregs and composites were presented in the 
author’s publications. The aligned MWCNT sheets were produced from vertically 
aligned MWCNT arrays. The aligned MWCNT sheets were used to develop aligned 
MWCNT/epoxy prepregs and composites using hot-melt processing method. The 
mechanical properties of the aligned MWCNT sheets, aligned MWCNT/epoxy 
prepregs and composites were examined and assessed. In addition, the effects of 
material parameters, such as MWCNT diameter and volume fraction, on the 
mechanical properties of the aligned MWCNT composites were investigated. 
Particularly, improving the mechanical properties of the MWCNT sheets and 
composites through stretching and/or pressing techniques was studied 
systematically. The following results represent the findings and achievement of the 
research purposes of the habilitation thesis. 

Horizontally aligned and multi-ply MWCNT sheets were developed using solid-
state drawing and winding method. Most MWCNTs in the sheets are well self-
aligned in the drawing direction. This self-alignment is a great advantage of solid-
state drawing and winding method. Although most MWCNTs are aligned in the 
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drawing direction, wavy and poor-packed MWCNTs were observed in the pristine 
sheets. The waviness and poor packing of MWCNTs in the sheets degraded the 
mechanical properties of the aligned MWCNT composites. Therefore, mechanical 
stretching methods presented in Papers A–C were applied to the pristine MWCNT 
sheets and their prepregs to reduce the wavy and poor-packed MWCNTs. Effects of 
mechanical stretching of aligned MWCNT sheets and their prepregs on the 
mechanical properties of aligned MWCNT/epoxy composites were investigated. 
The author discovered that mechanical stretching can create highly aligned and 
dense-packed MWCNT sheets. In addition, the mechanical stretching of the 
MWCNT sheets and hot stretching their prepregs improved the mechanical 
properties of the MWCNT/epoxy composites significantly. 

Although mechanical stretching of aligned MWCNT sheets enhanced the 
mechanical properties of aligned MWCNT/epoxy composites considerably, the 
handling of the MWCNT sheets without resin for mechanical stretching is difficult 
because of static electricity. Furthermore, the packing of MWCNTs was still 
relatively poor in the stretched sheets. Therefore, direct pressing the MWCNT webs 
in the winding process for producing the highly aligned and denser-packed 
MWCNT sheets was proposed and presented in Paper D. Effects of direct pressing 
on the mechanical properties of both the aligned MWCNT sheet and the 
MWCNT/epoxy composites were studied. The author detected that direct pressing 
produces thin aligned MWCNT sheets with high strength and stiffness. In addition, 
direct pressing of the aligned MWCNT sheets enhanced drastically the mechanical 
properties of the aligned MWCNT/epoxy composites.  Consequently, the author 
concluded that direct pressing is an important step to produce superior MWCNT 
sheets for development of high-performance MWCNT-based composites. 

Moreover, the new combination of both stretching and pressing described in 
Paper F was proposed to develop highly aligned and denser-packed MWCNT sheets 
for additional improvement of the composite properties. Stretching and pressing 
techniques were applied directly during the MWCNT sheet processing to straighten 
the wavy MWCNTs and their bundles, and to enhance the dense packing of 
MWCNTs in the sheets. The author proved that the combination of both stretching 
and pressing of the MWCNT sheets enhanced the mechanical properties of high 
volume fraction MWCNT/epoxy composites considerably. The increased 
mechanical properties of the composites are attributed to the increase of the 
MWCNT volume fraction caused by dense packing of MWCNTs, and to the 
straightening of wavy MWCNTs and their bundles. The aligned MWCNT/epoxy 
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composite with high strength of 851 MPa and high stiffness of 147 GPa was 
obtained in this study. It was concluded that application of both stretching and 
pressing is most effective for production of superior MWCNT sheets with high 
alignment and dense packing of MWCNTs, thereby supporting the development of 
high-performance MWCNT composites. 

The studies in Paper E dedicated that the reduction of MWCNT diameter has 
induced considerable enhancement in the mechanical properties of the aligned 
MWCNT sheets and MWCNT/epoxy composites. The composite reinforced by thin 
MWCNTs has showed extremely high strength and stiffness. The reduction of 
MWCNT diameter has increased the effective cross-sectional area of testing 
samples, thereby improving the MWCNT sheet strength and stiffness. However, the 
change of MWCNT diameter did not strongly affect the MWCNT alignment and 
straightening of wavy MWCNTs caused by pressing of the aligned MWCNT sheets. 
In addition, the decrease of MWCNT diameter along with pressing of the aligned 
MWCNT sheets greatly improved the mechanical properties of the MWCNT sheets 
and their composites. Research results suggested that high-performance 
MWCNT/epoxy composites can be achieved if using the stretch-pressed MWCNT 
sheets with smaller-diameter MWCNTs. 

Apart from the research and development of aligned MWCNT/epoxy composites 
described above, the high heat resistance composites based on TPI resin and aligned 
MWCNT sheets were studied and presented in Paper G. The aligned MWCNT/TPI 
composites were developed using hot-melt processing method with the VAS. The 
hot-melt processing method maintained MWCNT alignment and created a good 
impregnation of the TPI matrix into the aligned MWCNT sheets. Effects of the 
MWCNT volume fraction, processing conditions, and hot stretching on the 
mechanical properties of the composites were examined. The author discovered that 
the best mechanical properties of the aligned MWCNT/TPI composites were 
achieved at the MWCNT volume fraction of about 50%. In addition, hot stretching 
of the aligned MWCNT/TPI composites at the temperatures above the glass 
transition temperature and below the melting temperature improved the mechanical 
properties of the composites considerably. The experimental results suggest that the 
aligned MWCNT/TPI composites can be used as lightweight and high heat 
resistance materials for aerospace applications. 

Effects of high-temperature thermal annealing on properties of the MWCNT 
sheets and their composites were examined in Paper H. Thermal annealing of 



Research and development of aligned multi-walled carbon nanotube sheets, their prepregs and composites 

 42

aligned MWCNT sheets at high temperature from 1800 oC to 2600 oC improved the 
nanostructure of MWCNTs in the sheets. High-resolution TEM images of 
MWCNTs and polarized Raman spectra measurements proved the removal of the 
MWCNT structural defects and straightening the MWCNT walls caused by thermal 
annealing. High-temperature thermal annealing increased the elastic modulus of the 
MWCNT sheets significantly, although their tensile strength was not to be 
improved. Moreover, high-temperature thermal annealing enhanced the elastic 
modulus of aligned MWCNT/epoxy composites considerably and increased their 
tensile strength slightly. The tensile strength and elastic modulus of thermally-
annealed aligned MWCNT/epoxy composites increased with increasing the 
annealing temperature. The increase in the tensile strength and elastic modulus of 
the thermally-annealed composites is mostly attributed to improving the MWCNT 
nanostructure. 

In general, the stretching and/or pressing of the aligned MWCNT sheets 
enhanced the mechanical properties of the aligned MWCNT-based composites 
considerably. Pressing without stretching is more effective than stretching without 
pressing. The combination of both stretching and pressing is the most effective 
solution to produce superior aligned MWCNT sheets for the development of high 
volume fraction MWCNT/epoxy composites with high strength and stiffness. The 
highest strength and stiffness of the composites were achieved in the case of 
combining both stretching and pressing of the MWCNT sheets with small-diameter 
MWCNTs. Polarized Raman spectroscopic measurements showed better MWCNT 
alignment in the MWCNT sheets and their composites after the stretching and/or 
pressing. However, the Raman shift did not change considerably for the variation of 
MWCNT diameter. High-temperature thermal annealing improved the 
nanostructure of MWCNTs, thereby increasing the stiffness of aligned MWCNT 
sheets and their composites considerably. In short, the composites reinforced with 
highly aligned and dense-packed MWCNTs can bring a big change in material 
weight, and can be used for making the high-performance and lightweight structures. 

Although stretching and pressing techniques improved the mechanical properties 
of aligned MWCNT/epoxy composites considerably. However, the mechanical 
properties of such composites remain inadequate for applications in aerospace 
structures to meet the demands of future space explorations. Therefore, novel 
aligned MWCNT-reinforced polymer composites will continue to be studied in the 
future to satisfy the needs of lightweight and high-performance aerospace structures. 
The polymer matrices like PEEK, polyester, polyamide, poly (vinyl alcohol), and 
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etc. can use for the composite development. In addition, fatigue strength, creep 
behavior, thermal and electrical properties of aligned MWCNT-reinforced epoxy 
composites have not been investigated. Consequently, the fatigue, thermal and 
electrical properties of the composites will be studied. Particularly, a new 
combination of stretch-drawing, press-winding and resin spraying will be applied to 
improve the mechanical, thermal and electrical properties of the composites further. 
These techniques are advantageous in terms of the capability to preserve MWCNT 
alignment, the reduction of wavy MWCNTs, the increase of MWCNT dense 
packing, easy fabrication and potential for industrial scale-up. 

In addition, physical and chemical treatments for functionalization of MWCNTs 
such as acid treatment and atmospheric plasma treatment will be applied to improve 
the MWCNT compatibility with polymer matrices. The aim of the treatments is to 
create the chemical reactions and conjugation of hydrophilic organic molecules on 
the surface of MWCNTs. The functionalization of MWCNTs is to introduce various 
functional groups such as carboxyl (–COOH) and hydroxyl (–OH) on the surface of 
MWCNTs for increasing the interfacial adhesion between the MWCNTs and 
polymer matrices. The common method for improving the MWCNTs compatibility 
and linking MWCNTs directly with a polymer matrix is acid treatment. Using acid 
treatment the linkage can be achieved by a reaction of functional groups with 
polymer matrix, which enables a stress transfer between the MWCNTs and polymer. 
Functionalization reactions of MWCNTs require reactive reagents such as nitric or 
sulfuric acid. Another method of MWCNT functionalization which can improve 
their wettability and interfacial adhesion with the polymer through the increased 
number of functional groups on the MWCNTs is atmospheric plasma treatment. 
Depending on the plasma atmosphere used (air, oxygen, nitrogen, ammonia), 
different functional groups can be formed on the MWCNTs surface, thereby 
supporting the development of high-performance MWCNT composites. 

Moreover, modeling and numerical computation of the mechanical behavior of 
the aligned MWCNT-based composites will be conducted to validate the results 
measured experimentally. The Young’s modulus of aligned MWCNT/epoxy 
laminates can be estimated using classical laminate theory. Effects of MWCNT 
waviness, poor packing and volume fraction on the effective mechanical properties 
of aligned MWCNT-reinforced composites will be analyzed by finite element 
method (FEM) using a 3D nanoscale representative volume element (RVE) based 
on continuum mechanics. In addition, multiscale micromechanical modeling of 
aligned MWCNT-reinforced composites on the basis of nanoscale RVE will be 
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carried out to determine the effective elastic properties of the composites. Molecular 
dynamic (MD) simulations will be also conducted to ascertain the equivalent elastic 
properties of the composite constituents or transversely isotropic MWCNT/epoxy 
composite at the atomic scale. Finally, a combination of MD simulation, 
micromechanics, and finite element approach will be developed for multiscale 
constitutive modeling of aligned MWCNT-reinforced polymer composites. 
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Summary of 
appended articles 
 

 
Paper A - Effects of stretching on mechanical properties of aligned multi-
walled carbon nanotube/epoxy composites 

Tran Huu Nam, Ken Goto, Hirokazu Nakayama, Kahori Oshima, Vikum Premalal, 
Yoshinobu Shimamura, Yoku Inoue, Kimiyoshi Naito, Satoshi Kobayashi. 

Composites Part A: Applied Science and Manufacturing, 64:194202 

Composites based on epoxy resin and differently aligned multi-walled carbon 
nanotube (MWCNT) sheets have been developed using hot-melt prepreg processing. 
Aligned  MWCNT sheets were produced from MWCNT arrays using the drawing 
and winding technique. Wavy MWCNTs in the sheets have limited reinforcement 
efficiency in the composites. Therefore, mechanical stretching of the MWCNT 
sheets and their prepregs was conducted for this study. Mechanical stretching of the 
MWCNT sheets and hot stretching of the MWCNT/epoxy prepregs markedly 
improved the mechanical properties of the composites. The improved mechanical 
properties of stretched composites derived from the increased MWCNT volume 
fraction and the reduced MWCNT waviness caused by stretching. With a 3% stretch 
ratio, the MWCNT/epoxy composites achieved their best mechanical properties in 
this study. Although hot stretching of the prepregs increased the tensile strength and 
modulus of the composites considerably, its efficiency was lower than that of 
stretching the MWCNT sheets. 

Effects of stretching the MWCNT sheets (20, 50, and 100 plies) on tensile 
strength and elastic modulus of the composites are presented in Figure A1. The 
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improved tensile strength and elastic modulus of stretched composites proceeded 
mainly from dense packing and straightening of the wavy MWCNTs caused by 
mechanical stretching. The dense packing and straightening of the wavy MWCNTs 
in the MWCNT sheets after mechanical stretching are clearly visible in Figure A2. 

 

Figure A1. Effects of stretching the MWCNT sheets on tensile strength and 
elastic modulus of the composites (Paper A) [53].  

 

Figure A2. FE-SEM micrographs of (a) non-stretched MWCNT sheet and 
stretched MWCNT sheets with different ratios (b) 2%, (c) 3%, and (d) 4%. (Paper 

A) [53].  
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Paper B – A study on improving properties of aligned multi-walled 
carbon nanotube/epoxy composites 

Tran Huu Nam, Vu Minh Hung, Vo Quoc Thang. Journal of Science and 
Technology, 12(97):38–42, 2015. 

Composites made of an epoxy resin film and differently stacked aligned 
MWCNT sheets have been developed using hot-melt prepreg processing. The 
horizontally aligned 20-ply MWCNT sheets were created from vertically aligned 
MWCNT arrays using solid-state drawing and winding techniques. However, wavy 
and poor-packed MWCNTs in the sheets have restricted their load-transfer 
efficiency in the composites. Therefore, mechanical stretching was used to straight 
the wavy MWCNTs and to increase the dense packing of MWCNTs in the sheets. 
Improving the composite properties through mechanical stretching of the MWCNT 
sheets was studied. 

The properties of the non-stretched and stretched MWCNT/epoxy composites are 
given in Table B1. Results showed that mechanical stretching of the MWCNT 
sheets improved considerably the mechanical properties of the composites. The 
improvement of the composite properties derived from the straightening of wavy 
MWCNTs and the increase of MWCNT dense packing caused by mechanical 
stretching. The straight MWCNTs have a larger fraction of their length aligned with 
the loading direction, which resulted in improved mechanical properties of the 
stretched composites. The straightening and alignment of MWCNTs after 
mechanical stretching can be examined using polarized Raman spectroscopy. The 
G-band intensity ratio R of the non-stretched composites was 1.33. After stretching, 
the R value of the stretched composites was markedly enhanced to 1.95. The 
decrease of the wavy MWCNTs is more efficient than the enhancement of 
MWCNT dense packing. 

Table B1. Properties of non-stretched and stretched MWCNT/epoxy composites 
(Paper B) [54].  

Property 
Non-stretched composites Stretched composites 

1 sheet 5 sheets 10 sheets 1 sheet 5 sheets 10 sheets 

Thickness (m) 6  7 11  13 16  18 5  6 10  12 15  17 

Density (g/cm3) 1.28 1.50 1.59 1.30 1.52 1.61 

Tensile strength 
(MPa) 105.6  10.1 258.1  29.4 360.6  31.1 180.3  16.1 430.3  49.4 548.5  52.5

Elastic modulus 
(GPa) 23.1  2.9 54.5  6.0 70.3  8.0 35.6  3.6 79.3  7.4 100.4  11.3

Fracture strain 
(%) 0.46  0.08 0.48  0.05 0.51  0.04 0.51  0.07 0.54  0.04 0.55  0.03 
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Paper C – Improving mechanical properties of multi-walled carbon 
nanotube/epoxy composites through a simple stretch-drawing method 

Tran Huu Nam, Vu Minh Hung, Pham Hong Quang. Science and Technology 
Development Journal, 19(7):35–43, 2016. 

Horizontally aligned MWCNT sheets were produced from vertically aligned 
MWCNT arrays using drawing and winding techniques. Composites based on 
epoxy resin and an aligned 100-ply MWCNT sheet have been developed using hot-
melt prepreg processing. However, wavy and poor-packed MWCNTs in the sheets 
have limited reinforcement efficiency of the MWCNTs in the composites. In this 
study, a new simple stretch-drawing method was used to modify the structures of 
the aligned MWCNT sheets for improving the composite properties (Figure C1). 
The stretch-drawing of the MWCNT sheets enhanced the composite properties 
considerably (see Figure C2).  

 

Figure C1. (a) A schematic diagram of the stretch-drawing processes. The images 
showing the processes (b) before stretching and (c) after stretching. (Paper C) [55]. 

 

Figure C2. Mechanical properties of pristine and stretched MWCNT/epoxy 
composites (Paper C) [55]. 
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The improved properties of the composites originated from straightening of the 
wavy MWCNTs and increasing the MWCNT dense packing in the composites (see 
Figure C3). With a 3% stretch ratio, the aligned MWCNT/epoxy composites 
achieved their best mechanical properties in this study. The 3% stretched 
composites exhibit increased tensile strength by 113% and enhanced elastic 
modulus by 34% compared to non-stretched ones. In general, the simple stretch-
drawing is effective to produce highly aligned MWCNT sheets for the development 
of high-performance MWCNT composites. Compared to our previous stretching 
method, the stretch-drawing method in this study is more effective in improving the 
mechanical properties of aligned MWCNT/epoxy composites. 

 

Figure C3. FE–SEM micrographs showing microstructural morphologies of (a) 
pristine, (b) 2% and (c) 3% stretched MWCNT sheets (Paper C) [55]. 

Paper D - Mechanical property enhancement of aligned multi-walled 
carbon nanotube sheets and composites through press-drawing process 

Tran Huu Nam, Ken Goto, Kahori Oshima, E.V.A. Premalal, Yoshinobu 
Shimamura, Yoku Inoue, Kimiyoshi Naito, Shinji Ogihara. Advanced Composite 
Materials, 25(1):73–86, 2015.  

A solid-state drawing and winding process was done to create thin aligned CNT 
sheets from CNT arrays. However, waviness and poor packing of CNTs in the 
sheets are two main weaknesses restricting their reinforcing efficiency in 
composites. This report proposes a simple press-drawing technique to reduce wavy 
CNTs and to enhance dense packing of CNTs in the sheets (Figure D1). Non-
pressed and pressed CNT/epoxy composites were developed using hot-melt prepreg 
processing with a vacuum-assisted system. Effects of pressing on the mechanical 
properties of the aligned CNT sheets and CNT/epoxy composites were examined. 
Pressing with distributed loads of 147, 221, and 294 N/m showed a substantial 
increase in the tensile strength and the elastic modulus of the aligned CNT sheets 
and their composites (Figure D2). The CNT sheets under a press load of 221 N/m 
exhibited the best mechanical properties found in this study. With a press load of 
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221 N/m, the pressed CNT sheet and its composite, respectively, enhanced the 
tensile strength by 139.1 and 141.9%, and the elastic modulus by 489 and 77.6% 
when compared with non-pressed ones. The pressed CNT/epoxy composites 
achieved high tensile strength and elastic modulus. Results show that press-drawing 
is an important step to produce superior CNT sheets for development of high-
performance CNT composites. 

 

Figure D1. FE-SEM micrographs exhibiting surface morphologies of (a) non-
pressed and pressed CNT sheets with press loads of (b) 147, (c) 221, and (d) 294 

N/m (Paper D) [56]. 

 

Figure D2. Effects of pressing on the tensile strength and elastic modulus of 
aligned CNT sheets and composites (Paper D) [56]. 



Part I - Overview 

 51

Paper E - Effects of CNT diameter on mechanical properties of aligned 
CNT sheets and composites 

Tran Huu Nam, Ken Goto, Yudai Yamaguchi, E.V.A. Premalal, Yoshinobu 
Shimamura, Yoku Inoue, Kimiyoshi Naito, Shinji Ogihara. Composites Part A: 

Applied Science and Manufacturing, 76:289298, 2015. 

Drawing, winding, and pressing techniques were used to produce horizontally 
aligned 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. 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 and CNT-38. The reduction of the CNT diameter considerably 
increased the mechanical properties of the aligned CNT sheets and their composites 
(Table E1). The decrease of the CNT diameter along with pressing CNT sheets 
drastically enhanced the mechanical properties of the CNT sheets and CNT/epoxy 
composites (Figure E1). Raman spectra measurements showed improvement of the 
CNT alignment in the pressed CNT/epoxy composites (see Figure E2). The G-band 
intensity ratio of the pressed composite samples is markedly higher than that of the 
non-pressed ones. In addition, the change of CNT diameter did not strongly affect 
the straightening of wavy CNTs caused by pressing of the CNT sheets. The Raman 
shift did not change considerably for the variation of CNT diameter. Research 
results suggest that aligned CNT/epoxy composites with high strength and stiffness 
are producible using aligned CNT sheets with smaller-diameter CNTs. 

Table E1. Properties of the non-pressed and pressed 100-ply CNT sheets (Paper E) [57]. 

CNT 
sheet 

sample 

CNT sheet 
processing 

Thickness

(m) 

Areal 
weight 

(g/m2) 

Tensile 
strength 

(MPa) 

Elastic 
modulus 

(GPa) 

Strain at max 
stress 

(%) 

CNT-22 
Non-pressing 57 6.5 173.6  20.6 10.8  1.9 2.64  0.36 

Pressing 46 6.2 349.7  46.8 48.7  7.9 0.84  0.07 

CNT-30 
Non-pressing 57 6.8 163.3  16.6 9.3  1.0 2.37 0.36 

Pressing 46 6.5 327.4  26.8 41.9  4.8 0.80  0.06 

CNT-38 
Non-pressing 68 7.5 88.6  9.2 6.1  0.7 3.29  0.42 

Pressing 57 7.2 211.8  16.7 35.7  3.5 0.71  0.06 
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Figure E1. 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 22nm, 30 nm and 38 nm (Paper E) [57]. 

 

Figure E2. 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 CNT 
alignment direction) (Paper E) [57]. 
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Paper F - Improving mechanical properties of high volume fraction 
aligned multi-walled carbon nanotube/epoxy composites by stretching 
and pressing 

Tran Huu Nam, Ken Goto, Yudai Yamaguchi, E.V.A. Premalal, Yoshinobu 
Shimamura, Yoku Inoue, Shuichi Arikawa, Satoru Yoneyama, Shinji Ogihara. 
Composites Part B – Engineering, 85:15–23, 2016. 

Aligned multi-walled CNT sheets produced from aligned CNT arrays were used 
to develop high volume fraction CNT/epoxy composites. Stretching and/or pressing 
techniques were applied during 300-ply CNT sheet processing to straighten the 
wavy CNTs and to enhance the dense packing of CNTs in the sheets (see Figure F1).  

 

Figure F1. FE–SEM images showing microstructural morphologies of (a) pristine, 
(b) stretched, (d) pressed, and (d) stretch-pressed aligned CNT sheets corresponding 
to CNT sheet processing methods of drawing and winding [53], stretch-drawing and 

winding [56], drawing and press-winding [57], and stretch-drawing and press-
winding (Paper F) [58]. 

Raman spectra measurements showed better CNT alignment in the CNT sheets 
and the composites after stretching and/or pressing. The straightening of wavy 
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CNTs by stretching and/or pressing produces a higher degree of CNT alignment, 

thereby leading to a higher G-band intensity ratio. The values of /Vf  (tensile 
strength/volume fraction) and E/Vf  (elastic modulus/volume fraction) increased 
concomitantly with the enhancement of the G-band intensity ratio (Figure F2). 
Aligned CNT/epoxy composites with CNT volume fraction up to 63.4% were 
developed using hot-melt prepreg processing with a vacuum-assisted system. 
Stretching and/or pressing of the CNT sheets enhanced the mechanical properties of 
high volume fraction CNT/epoxy composites considerably (Table F1).  

 

Figure F2. Relations of /Vf  (tensile strength/volume fraction) and of E/Vf  (elastic 

modulus/volume fraction) versus the G-band intensity ratio (Paper F) [58]. 

Table F1. Properties of pristine, stretched, pressed and stretch-pressed CNT/epoxy 
composites (Paper F) [58]. 

Composite
CNT sheet 
processing 

Thickness
(m) 

Density 
(g/cm3) 

Tensile 
strength 
(MPa) 

Elastic 
modulus 

(GPa) 

Fracture 
strain (%) 

Pristine 
Drawing and 

winding 2124 1.42 592.6  51.7 105.5  10.6 0.56  0.04 

Stretched 
Stretch-

drawing and 
winding 

1720 1.44 674.5  63.6 117.9  11.5 0.57  0.04 

Pressed 
Drawing and 
press-winding 1618 1.45 724.4  60.3 126.1  11.4 0.58  0.06 

Stretch-
pressed 

Stretch-
drawing an 

press-winding 
1618 1.46 780.2  71.2 133.6  13.4 0.59  0.06 
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Stretching and pressing increased tensile strength of the composites by 32% and 
elastic modulus of the composites by 27%. In general, applying stretching and 
pressing is effective for production of superior CNT sheets with high alignment and 
dense packing of CNTs, thereby supporting the development of high-performance 
CNT composites.   

Paper G - Improved mechanical properties of aligned multi-walled 
carbon nanotube/thermoplastic polyimide composites by hot stretching 

Tran Huu Nam, Ken Goto, Toshiki Kamei, Yoshinobu Shimamura, Yoku Inoue, 
Satoshi Kobayashi, Shinji Ogihara. Journal of Composite Materials. First Published 
on September 3, 2018.  

High heat resistance composites based on TPI resin and aligned multi-walled 
CNT sheets have been developed using hot-melt processing method with a vacuum 
assisted system. The horizontally aligned CNT sheets were produced from vertically 
aligned CNT arrays using drawing and press-winding techniques. Effects of 
processing conditions, CNT contents, and hot stretching on the mechanical 
properties of the composites were examined. The aligned CNT/TPI composites 
were fabricated successfully at a temperature of 410 oC under 2 MPa pressure. The 
surface morphologies of the composites showed high alignment and dense packing 
of CNTs, and a good impregnation of the TPI matrix into the aligned CNT sheets 
(see Figure G1). The best mechanical properties of the aligned CNT/TPI composites 
were achieved at the CNT volume fraction of about 50% in this study.  

 

Figure G1. FE-SEM micrographs illustrating (a) the microstructure of an aligned 
CNT sheet and (b) in-plane CNT distribution of the 400-ply CNT/TPI composite 

(Paper G) [59]. 
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Higher alignment and higher tension of CNTs in the aligned CNT/TPI 
composites can lead to increasing their mechanical properties. Therefore, hot 
stretching of the aligned CNT/TPI composites was conducted to enhance the CNT 
alignment at the temperatures above the glass transition temperature and below the 
melting temperature. The 100-ply and 400-ply aligned CNT/TPI composites were 
hot-stretched at the temperatures of 350 oC and 380 oC. The tensile strength and 
elastic modulus of the non-stretched and hot-stretched CNT/TPI composites are 
presented in Figure G2. Results showed that hot stretching of the aligned CNT/TPI 
composites at the temperatures above the glass transition temperature and below the 
melting temperature improved the mechanical properties of the composites 
considerably. 

 

Figure G2. Effects of hot stretching at different temperatures on tensile strength 
and elastic modulus of the 100-ply and 400-ply aligned CNT/TPI composites (Paper 

G) [59]. 

Paper H - Effects of high-temperature thermal annealing on properties of 
aligned multi-walled carbon nanotube sheets and composites 

Tran Huu Nam, Ken Goto, Hayato Uchiyama, Yoshinobu Shimamura, Yoku Inoue, 
Go Yamamoto, Keiichi Shirasu, Toshiyuki Hashida. Submitted to the Journal of 
Composite Materials, August 2018.  

The pristine MWCNT sheets labeled as S-0 were thermally annealed at different 
temperatures of 1800, 2200, and 2600 oC yielding the S-X samples, in which X 
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corresponds to annealing temperatures in number. Pristine and thermally-annealed 
aligned MWCNT/epoxy composites were fabricated using hot-melt prepreg 
processing. Effects of thermal annealing on properties of the MWCNT sheets and 
their composites were examined. Transmission electron microscope images and 
Raman spectra measurements of thermally-annealed MWCNT sheets showed an 
improvement of the MWCNT nanostructure. The changes in the MWCNT 
nanostructure caused by high-temperature thermal annealing was observable by 
high-resolution TEM images (Figure H1). High-temperature thermal annealing 
reduced the structural defects of the MWCNTs and induced highly ordered graphitic 
structure with straightening of the MWCNT walls (see Figure H1).  

 

Figure H1. TEM images showing nanostructures of pristine and thermally-annealed 
MWCNTs: (a) S-0, (b) S-1800, (c) S-2200, and (d) S-2600 (Paper H) [60]. 
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High-temperature thermal annealing increased the MWCNT sheet thickness 
(Table H1). The increased thickness of the MWCNT sheets caused by thermal 
annealing is ascribable to the expansion of air trapped within the voids of the sheets 
along the cross-plane direction. The variability in the nanostructure of the 
thermally-annealed MWCNTs affected to the mechanical properties of aligned 
MWCNT sheets. Although the tensile strength of thermally-annealed MWCNT 
sheets was not improved, their elastic modulus was enhanced significantly. 
Moreover, thermal annealing improved the tensile strength and elastic modulus of 
the aligned MWCNT/epoxy composites considerably (see Figure H2). The 
enhancement in the tensile strength and elastic modulus of the composites is mainly 
attributed to improving the MWCNT nanostructure by high-temperature thermal 
annealing. Generally, high-temperature thermal annealing improved the stiffness of 
the MWCNT sheets and their composites considerably. 

Table H1. Properties of pristine and thermally-annealed MWCNT sheets. 

MWCNT 
sheet 

Thickness 
(m) 

Areal 
density 
(g/m2) 

Breaking 
force (N) 

Tensile 
strength 
(MPa) 

Elastic 
modulus 

(GPa) 

Fracture strain
(%) 

S-0 57 6.48 8.32  1.26 321.5  26.6 41.4  4.42 0.71  0.05 

S-1800 911 6.41 11.8  1.11 262.4  21.5 42.0  2.82 0.67  0.06 

S-2200 910 6.37 11.4  1.32 264.9  24.2 46.4  3.73 0.62  0.04 

S-2600 910 6.32 12.2  1.24 290.2  19.2 60.4  4.92 0.52  0.05 

 

 

Figure H2. Effects of high-temperature thermal annealing at different temperatures 
on the tensile strength and elastic modulus of aligned MWCNT/epoxy composites 

(Paper H) [60]. 
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have been developed using hot-melt prepreg processing. Aligned MWCNT sheets were produced from
MWCNT arrays using the drawing and winding technique. Wavy MWCNTs in the sheets have limited
reinforcement efficiency in the composites. Therefore, mechanical stretching of the MWCNT sheets and
their prepregs was conducted for this study. Mechanical stretching of the MWCNT sheets and hot stretch-
ing of the MWCNT/epoxy prepregs markedly improved the mechanical properties of the composites. The
improved mechanical properties of stretched composites derived from the increased MWCNT volume
fraction and the reduced MWCNT waviness caused by stretching. With a 3% stretch ratio, the MWCNT/
epoxy composites achieved their best mechanical properties in this study. Although hot stretching of
the prepregs increased the tensile strength and modulus of the composites considerably, its efficiency
was lower than that of stretching the MWCNT sheets.

� 2014 Published by Elsevier Ltd.
1)
7],
Carbon nanotubes (CNTs), discovered in 1991 [1] and regarded fibers and yarns [18,19], buckypapers [20,21], and sheets with

as molecular-scale tubes of graphite carbon, are classifiable int
single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs
[2,3]. Because of their superior performance, CNTs have attracte
much interest for use in widely diverse applications. They hav
high mechanical properties [4–7], high electrical conductivity [8
and high thermal conductivity [9]. Research results have reveale
CNTs as excellent reinforcement agents for the next generation o
high-performance structural materials. However, large-scale appli
cations of individual CNTs remain challenging because of CNTs
poor processability and difficulty of structural control. To enabl
practical applications of CNTs, bulk CNT reinforced polymer com
posite materials have been developed and assessed [10–12].

Studies of CNTs as reinforcing agents of polymer composite
have been conducted during the last two decades. Methods t

http://dx.doi.org/10.1016/j.compositesa.2014.05.013
1359-835X/� 2014 Published by Elsevier Ltd.

⇑ Corresponding author. Tel.: +81 (0)50 3362 7624; fax: +81 (0)42 759 8431.
E-mail address: tran.huunam@jaxa.jp (T.H. Nam).
polymer matrix. Moreover, several approaches such as shear-
pressing [22] and domino-pushing [23] have been developed to
produce aligned CNT preforms that are applicable to fabricate
CNT composites. These aligned CNT composites have exhibited
better properties than those obtained from CNT dispersions and
buckypaper composites, but their mechanical properties fall far
short of traditional high-performance structural composites.

Recently, great efforts have been made to produce horizontally
aligned CNT sheets from vertically aligned CNT arrays [24–30].
Highly oriented aligned CNT sheets have been particularly promis-
ing for use as reinforcement for high-performance composites
[24,25]. Using aligned CNT sheets, Cheng et al. [26,27] produced
unidirectional CNT/epoxy composites with tensile strength (TS)
of 231 MPa and elastic modulus (EM) of 20.4 GPa. Ogasawara
et al. [29] also developed unidirectional CNT/epoxy composites
with maximal TS of 181 MPa and EM of 50.1 GPa. Although the
composites produced as described above contain aligned CNTs,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesa.2014.05.013&domain=pdf
http://dx.doi.org/10.1016/j.compositesa.2014.05.013
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Fig. 2. Schematic illustration of the stretching device with a mounted sample. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

sites:
their mechanical properties are inadequate partly because of wav
and entangled CNTs. The wavy CNTs do not carry the load effi
ciently and cannot be packed densely, leading to low stiffnes
and strength of the resulting composites. Therefore, mechanica
stretching has been applied to the aligned CNT sheets [28] an
composites [30] to improve the composite properties.

For this study, horizontally long-aligned MWCNT sheets wer
produced from vertically aligned MWCNT arrays using a drawin
and winding technique. Aligned MWCNT sheet reinforced epox
composites were developed using hot-melt prepreg processing
The hot-melt prepreg processing can maintain the alignment o
MWCNTs during resin impregnation. Mechanical stretching wa
applied to both MWCNT sheets and their prepregs to reduce wav
MWCNTs for improvement of the composite properties. Effects o
stretching on the mechanical properties of the composites wer
investigated. The MWCNT volume fractions were ascertained usin
thermogravimetric analysis (TGA). Field emission scanning elec
tron microscopy (FE-SEM) was used to investigate the respectiv
microstructures of the MWCNT sheets.

2. Experimental

2.1. Materials

Inoue et al. rapidly grew vertically aligned MWCNT arrays wit
about 0.8 mm height on a bare quartz substrate using chlorid
mediated chemical vapor deposition with single gas flow of acety
lene only [17]. The mean diameter of MWCNTs used for this stud
was 40 nm [19]. The B-stage epoxy resin sheet covered wit
release paper and plastic film was obtained from Sanyu Rec Co
Ltd. (Osaka, Japan) with the recommended cure condition o
130 �C for 2 h. The areal weight of B-stage epoxy resin sheet wit
density of 1.2 g/cm3 is about 12 g/m2.

2.2. Processing of horizontally aligned MWCNT sheets

A solid-state drawing and winding technique was applied t
transform a vertically aligned MWCNT array into horizontall
aligned MWCNT sheets. The MWCNT webs were easily draw
and stacked together to form horizontally aligned MWCNT sheets
Fig. 1 portrays the processing of a horizontally aligned MWCN
sheet by drawing and winding MWCNT webs on a rotating spoo
As-stacked aligned MWCNT sheets were densified by spraying eth
anol, which was then evaporated. Detailed procedures for the fab
rication of MWCNT sheets are described in the literatur
[17,25,29]. In this study, aligned MWCNT sheets with 20, 50, an
100 plies were used for composite fabrication.

T.H. Nam et al. / Compo
Fig. 1. Processing of aligned MWCNT sheets by drawing and winding MWCNT webs. (F
to the web version of this article.)
2.3. Fabrication of aligned MWCNT/epoxy prepregs and the composites

A stacked aligned MWCNT sheet of 20 mm width and 50 mm
length was covered with an epoxy resin sheet and set in two
release films (WL5200; Airtech International Inc., CA, USA) to pro-
duce a prepreg. The prepregs were fabricated under 0.5 MPa pres-
sure for 5 min at 100 �C using a test press (MP-WNL; Toyo Seiki
Seisaku-Sho Ltd., Tokyo, Japan). Subsequently, the prepregs were
peeled off from the release films and release paper. Finally, the pre-
pregs were placed between two release films and were cured at
130 �C for 2 h under 1 MPa to produce the composites. The non-
stretched prepregs and composites are designated respectively as
PX and CX, in which X corresponds to non-stretched (as-received)
MWCNT plies in number (20, 50, and 100).

2.4. Mechanical stretching the aligned MWCNT sheets and the
prepregs

In this study, mechanical stretching with ratios of 2–4% was
applied to as-received MWCNT sheets and their prepregs to reduce
wavy MWCNTs in the composites. The stretch ratio D was calcu-
lated using the following equation.

D ¼ L2 � L1

L1
ð1Þ

In that equation, L1 and L2 respectively denote the segment
lengths of MWCNT sheets and prepregs between the clamped grips
before and after stretching. A schematic illustration of the stretch-
ing device with a mounted sample is presented in Fig. 2. The
stretching device consists of a base plate with two guidance
grooves, a long screw, a fixed block and a movable block. A
millimeter-scale ruler is secured to a sidewall of the base plate
(Fig. 2). This ruler is used only to determine the approximate dis-
placement of the movable block. The precise displacement of the
movable block was determined using a Vernier caliper with
accuracy of 0.02 mm. The distance between the fixed block and

Part A 64 (2014) 194–202 195
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the movable block was fixed initially at 40 mm, which was desig
nated as length L1. The MWCNT sheet and prepreg samples wit
50 mm length were mounted on the stretching device, as pre
sented in Fig. 2. With stretch ratios of 2%, 3%, and 4%, the respectiv
displacements of the movable block are 0.8, 1.2, and 1.6 mm. Th
displacement rate for stretching is about 0.2 mm/min. It is note
worthy that hot stretching of the prepregs was conducted insid
a drying oven (DVS602; Yamato Scientific Co., Ltd., Tokyo, Japan
to maintain precise temperature control.

2.5. Thermogravimetric analysis

The thermal degradation characteristics of epoxy resin, MWCN
sheets, their prepregs, and composites were analyzed up to 800 �
in a purging nitrogen gas with a flow rate of 100 ml/min using
thermogravimetric analyzer (STD 2960; TA Instruments, Delaware
USA). About 5 mg of each specimen was loaded for each measure
ment at a heating rate of 10 �C/min.

2.6. Material characterization and testing

Tensile tests were conducted for the MWCNT sheets, their pre
pregs, and composites in the laboratory environment at room tem
perature (RT). For the MWCNT sheets and their prepregs, tensil
samples with about 10 mm gauge length and 5 mm width wer
tested on a testing machine (EZ-L; Shimadzu Corp., Kyoto, Japan
with a load cell of 50 N and a crosshead speed of 0.05 mm/min
For the composites, tensile specimens with about 6 mm gaug
length and 3 mm width were tested with a crosshead speed o
0.1 mm/min. The sample width was measured using an optica
microscope (SZX12; Olympus Corp., Tokyo, Japan). Its thicknes
was measured using a micrometer with 0.001 mm accurac
(102–119; Mitutoyo Corp., Kanagawa, Japan). The thickness mea
surements using this micrometer were conducted carefully to min
imize the measurement error. The strain was measured using
non-contacting video extensometer (TRIViewX; Shimadzu Corp
Kyoto, Japan) with two targets. Mean tensile properties wer
obtained from at least five specimens. The microstructure of th
MWCNT sheets was observed using FE-SEM (SU8030; Hitach
Ltd., Tokyo, Japan).

3. Results and discussion

196 T.H. Nam et al. / Compo
3.1. MWCNT volume fraction
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The MWCNT volume fraction of non-stretched composites wa
determined from TGA as follows: First the respective mass losses o
epoxy resin, non-stretched MWCNT sheets and composites wer
measured between 150 �C and 750 �C. Subsequently, the MWCN
mass fraction (mf) of the composites was calculated from the mas
loss of the MWCNTs (Dmf), epoxy resin (Dmm), and the composit
(Dmc) as shown below.

Table 1
Thicknesses and MWCNT volume fractions of non-stretched and stretched compos
Composite Thickness (lm)

20-Ply 50-Ply 1

Non-stretched 9 ± 1 15 ± 1 1
2% Stretched 8 ± 1 13 ± 1 1
3% Stretched 7 ± 1 11 ± 1 1
4% Stretched 7 ± 1 11 ± 1 1
2% Hot-stretched 8 ± 1 13 ± 1 1
3% Hot-stretched 7 ± 1 12 ± 1 1
mf ¼
Dmm � Dmcð Þ
ðDmm � Dmf Þ

ð2Þ

The MWCNT volume fraction (Vf) was finally determined from
the mass fraction of the MWCNTs, epoxy resin density (qm), and
density of the composite (qc), as

Vf ¼ 1� ð1�mf Þqc

qm
: ð3Þ

For the stretched composites, we estimated the MWCNT vol-
ume fraction (Vs

f ) through its thickness (hs) and width (ws), stretch
ratio (D), and MWCNT volume fraction (Vn

f ), thickness (hn) and
width (wn) of the non-stretched composite, as shown below.

Vs
f ¼

hn

ð1þ DÞhst
Vn

f ; t ¼ ws

wn
ð4Þ

Therein, t can be regarded as a width change ratio between the
respective stretched and non-stretched MWCNT sheets. With
stretch ratios of 2%, 3%, and 4%, the respective mean width changes
between the stretched and non-stretched MWCNT sheets are
0.998, 0.995, and 0.988. The thickness and MWCNT volume frac-
tion of non-stretched and stretched composites are presented in
Table 1. With increasing stretch ratio, the stretched composite
thickness decreased, but the MWCNT volume fraction increased.
The reduction of stretched composite thickness can be attributed
to dense packing of the MWCNT sheets caused by stretching. Once
the MWCNT sheets are stretched, they tend to contract in the
directions transverse to the stretching direction. Therefore, the
thickness of stretched MWCNT sheets decreased to less than that
of the non-stretched ones. That decreased composite thickness
markedly increases the MWCNT volume fraction.

3.2. Properties of non-stretched MWCNT sheets, their prepregs and
composites

Typical stress–strain curves of non-stretched MWCNT sheets
and their prepregs are displayed in Fig. 3. The stress–strain curves
of non-stretched MWCNT sheets in Fig. 3a showed that sliding of
MWCNTs in the sheets probably occurred in the non-elastic behav-
ior portion, as presented by Inoue et al. [25]. The stress–strain
curves of the MWCNT/epoxy prepregs in Fig. 3b showed that frac-
ture occurred suddenly at the maximal load. In addition, tensile
testing of non-stretched MWCNT/epoxy composite specimens
indicated the linear stress–strain relation until fracture. The prop-
erties of non-stretched MWCNT sheets, their prepregs and com-
posites are shown in Tables 2 and 3. Results show that
mechanical properties of the prepregs exhibited a higher EM, and
lower TS and FS in comparison with corresponding MWCNT sheets.

As Table 2 shows, the areal weight and thickness of non-
stretched MWCNT sheets were enhanced progressively with
increase of the MWCNT plies. Moreover, TS and EM of the MWCNT
sheets increased gradually with increase of the MWCNT plies,
although the strain at maximal stress decreased slightly. Compared
MWCNT volume fraction (%)

00-Ply 20-Ply 50-Ply 100-Ply

8 ± 1 7.2 15.8 32.1
6 ± 1 8.3 18.1 34.6
5 ± 1 9.1 20.2 37.1
5 ± 1 9.4 20.5 37.5
6 ± 1 8.0 17.8 34.2
5 ± 1 8.9 19.5 35.8



to the 20-ply MWCNT sheet, the 100-ply MWCNT sheet exhibited
an increase in TS by 50% and in EM by 53%. Simultaneously, a
decrease in the strain at maximal stress by 14% was evident. It is
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Subsequently, the stretched prepregs were cured in a hot press
to produce stretched MWCNT/epoxy composites. Tensile testing
of the stretched MWCNT/epoxy composites showed the linear

Fig. 3. Stress–strain curves of (a) MWCNT sheets and (b) MWCNT/epoxy prepregs.

Table 2
Properties of non-stretched MWCNT sheets and their prepregs.

Property MWCNT sheet MWCNT/epoxy prepreg

20-Ply 50-Ply 100-Ply 20-Ply 50-Ply 100-Ply

Areal weight (g/m2) 1.58 3.33 6.02 16.3 20.2 25.7
Thickness (lm) 3 ± 1 7 ± 1 13 ± 1 13 ± 1 16 ± 1 18 ± 1
Tensile strength (MPa) 52.7 ± 1.6 65.0 ± 3.1 79.0 ± 3.1 43.3 ± 2.1 50.3 ± 3.8 60.2 ± 4.0
Elastic modulus (GPa) 2.29 ± 0.2 2.67 ± 0.2 3.50 ± 0.2 3.12 ± 0.3 4.19 ± 0.4 6.56 ± 0.4
Strain at max stress (%) 3.65 ± 0.3 3.27 ± 0.1 3.14 ± 0.2 1.58 ± 0.1 1.35 ± 0.1 1.12 ± 0.1

Table 3
Properties of non-stretched MWCNT/epoxy composites.

MWCNT plies Areal weight (g/m2) Density (g/cm3) Tensile strength (MPa) Elastic modulus (GPa) Fracture strain (%)

0* �12.0 1.20 55.6 ± 9.6 2.6 ± 0.2 2.89 ± 0.66
20 11.4 1.25 98.9 ± 10.2 18.1 ± 1.5 0.55 ± 0.06
50 19.7 1.32 146.4 ± 20.6 35.0 ± 2.9 0.42 ± 0.04
100 25.4 1.45 211.5 ± 25.0 54.0 ± 2.6 0.39 ± 0.03

* Epoxy resin.
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particularly interesting that the properties of the prepregs an
composites vary similarly to those of the MWCNT sheets whe
the MWCNT plies are increased from 20 to 100 (Tables 2 and 3)
The P100 and C100 respectively exhibited an increase in TS b
39% and 114%, in EM by 111% and 199%, and a decrease in the frac
ture strain (FS) by 28.9% and 28.8% compared with the P20 an
C20. The enhancement of TS and EM is attributable to the increas
of the MWCNT volume fraction (Table 1). The decrease in FS can b
attributed mainly to the addition of high MWCNT content, leadin
to reduction in the amount of epoxy matrix available for th
elongation.

3.3. Effect of stretching the MWCNT sheets on composite properties

As depicted in Fig. 3a under tension, the stress and strain rela
tion of the MWCNT sheets is regarded as linear with increasin
strain to about 2%. In addition, the strain at maximal stress of th
MWCNT sheets was 3–4%. As a result, the MWCNT sheets wer
stretched with the ratios of 2%, 3%, and 4% at RT using the stretch
ing device (Fig. 2). The stretched MWCNT sheets mounted on th
stretching device were impregnated immediately with B-stag
epoxy resin to create stretched MWCNT/epoxy prepregs
stress–strain relation until fracture, similarly to the non-stretched
ones. Effects of stretching the MWCNT sheets on mechanical
properties of the composites are presented in Fig. 4. FE-SEM
micrographs of non-stretched and stretched MWCNT sheets are
displayed in Fig. 5.

As Fig. 4 shows, TS and EM of the composites increased concom-
itantly with increase of the stretch ratio up to 3%, but they
decreased with a 4% stretch ratio. The enhancement in TS and
EM of stretched composites might be attributable to the increase
of the MWCNT volume fraction (see Table 1) and the reduction
of the wavy MWCNTs caused by stretching. The wavy MWCNTs
are clearly visible in Fig. 5a, but they are reduced considerably after
2% stretching (Fig. 5b), thereby improving the mechanical proper-
ties of the MWCNT/epoxy composites (see Fig. 4). Furthermore,
most wavy MWCNTs had disappeared in the case of 3% stretching,
resulting in high alignment, dense packing, and straightening of
the MWCNTs (Fig. 5c). Therefore, the mechanical properties of 3%
stretched MWCNT/epoxy composites greatly improved. The
MWCNTs are self-assembled and straightened along the load direc-
tion during stretching. Consequently, the dense packing of
MWCNTs in the stretched sheets (Fig. 5b–d) became more compact
than that in the non-stretched MWCNT sheets (Fig. 5a). Compared



with non-stretched composites, 3% stretched composites rein-
forced with 20, 50, and 100 MWCNT plies have remarkably higher
TS of 184.1, 307.0, and 448.6 MPa and higher EM of 33.2, 53.2, and
67.9 GPa, respectively corresponding to 86%, 110%, and 112%
enhancement of TS and 84%, 52%, and 26% improvement of EM.

d
e
s

Fig. 4. Effects of stretching the MWCNT sheets on mechanical properties of the
resultant composites.
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Nevertheless, with a 4% stretch ratio, the TS and EM of stretche
composites decreased considerably (Fig. 4a and b) even if th
MWCNT volume fraction was enhanced (Table 1). This decrease i
explainable by the sliding behavior of several MWCNTs leading to
a marked reduction in the effective strength and modulus of the
composites. In addition, the maximal stress of the MWCNT sheets
achieved less than 4% strain (see Fig. 3a and Table 2). Moreover,
the split without breaking into separate parts of MWCNT sheets dur-
ing stretching with the ratio of 4% occurred, especially close to
clamped grips (Fig. 6d). Stretching of the MWCNT sheet is apparent
in Fig. 6b and c, although splitting without breakage can be observed
in Fig. 6d. Therefore, the load transfer efficiency of 4% stretched
MWCNTs in the composites is expected to decline, thereby decreas-
ing the mechanical properties of the composites.

With an increase of the MWCNT plies, the FS of non-stretched
composites decreased, although the FS of stretched composites is
slightly enhanced. Evidently, the stress and strain relation of the
composites was linear until fracture. Therefore, the variation of
FS depended dramatically on the changes of TS and EM. For
instance, 2% stretched composites reinforced with 20 MWCNT plies
showed an increase in TS to 124 MPa by just 25%, although that in
EM increased by 60% compared with non-stretched composites.
For that reason, the FS was reduced considerably (approximately
21%). Furthermore, the FS of stretched MWCNT/epoxy composites
depends on the stretch ratio following similar trends to those of
TS and EM. The FS of stretched composites with 50 and 100
MWCNT plies was enhanced with the increase of the stretch ratio
up to 3%, but it was reduced with a 4% stretch ratio (Fig. 4c). For
example, with reinforced 100 MWCNT plies, a 3% stretched com-
posite exhibited an increase in TS by 36% and in EM by 8% only.
Consequently, its FS was enhanced considerably from 0.53% to
0.66% compared with a 2% stretched composite.

Fracture surfaces of the non-stretched and stretched MWCNT/
epoxy composites are presented in Fig. 7. The FE-SEM micrographs
in Fig. 7 show that epoxy resin infiltrated well between the
MWCNTs. However, many pulled-out MWCNTs are visible in
Fig. 7. The pulled-out length was apparently a few micrometers.
Because the MWCNT array height was about 0.8 mm, the MWCNTs
evidently were broken in the matrix [27,29]. In addition, many
MWCNT bundles appeared on the fracture surfaces of the stretched
composites (Fig. 7c and d). The appearance of MWCNT bundles is
attributable to the straightening of the MWCNTs caused by
stretching (see Fig. 5). Moreover, several MWCNTs were pulled
out from the fracture surfaces with clearly smaller diameter at
the end of breaking point (Fig. 7d). That phenomenon can be attrib-
uted sword-in-sheath failure of MWCNTs [7] in which the broken
outer walls were pulled-out, leaving intact inner walls in the epoxy
matrix. The sword-in-sheath failure occurs easily because the
MWCNTs in this study have quite large diameter.

To evaluate the approximate effectiveness of the stretching, the
straight, wavy, and entangled MWCNTs on the surfaces of the non-
stretched and stretched MWCNT sheets were counted from the FE-
SEM images (see Fig. 5). The straight, wavy, and entangled MWCNTs
were specified through their orientation angle. The respective orien-
tation angles of the straight, wavy, and entangled MWCNTs vary
from 0� to about 10�, from 10� to about 45�, and from 45� to 90�.
Results show that, with more than 500-MWCNT count, the respec-
tive percentages of straight, wavy, and entangled MWCNTs on the
surfaces of the non-stretched MWCNT sheets are about 20%, 60%,
and 20%. After stretching of the MWCNT sheets, the percentage of
the straight MWCNTs increased drastically to about 70%, although
the wavy MWCNT percentage decreased considerably to about
10%. In addition, the percentages of the entangled MWCNTs in the
sheets before and after stretching differed slightly. In general, the
non-stretched composite showed many wavy MWCNTs along the
axial loading direction. Therefore, just a small fraction of MWCNTs
in the composite carries the load effectively during tensile testing.
After mechanical stretching, the wavy MWCNTs in the sheet were
straightened. Those straightened MWCNTs have a larger fraction
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of their length aligned with the loading direction, which caused
higher mechanical strength and stiffness [30]. In this study, mechan-
ical properties of stretched MWCNT/epoxy composites reached their
highest values with the 3% stretch ratio. Maximum TS and EM of the
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T
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unexpectedly (Fig. 3b). Therefore, mechanical hot stretching of
the prepregs is efficient. Once B-stage epoxy resin is heated to
60 �C, it will tend to soften and begin to melt. Additionally, heating
can reduce the viscosity of B-stage epoxy resin in the MWCNT/

Fig. 5. FE-SEM micrographs of (a) non-stretched MWCNT sheet and stretched MWCNT sheets with different ratios (b) 2%, (c) 3%, and (d) 4%.

Fig. 6. Optical graphs showing surfaces of 20-ply MWCNT sheets before (a) and after stretching with ratios of (b) 2%, (c) 3%, and (d) 4%. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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MWCNT/epoxy composites in this study were achieved a
448.6 MPa and 67.9 GPa, respectively, which were 8.1 and 26.
times higher than those of the epoxy resin.

3.4. Effects of hot stretching the prepregs on composite properties

The maximal FS of the MWCNT/epoxy prepregs measured at R
is low (see Table 2). Concurrently, fracture of the prepregs occur
epoxy prepregs and thereby allow the MWCNTs to straighten dur-
ing stretching. In this study, 2% hot stretch of P20 at 60, 80, and
100 �C for 30 min was conducted first to determine the most rea-
sonable temperature for hot stretching. Subsequently, hot stretch-
ing with different ratios was conducted at this temperature for
other prepregs. Finally, the influence of hot stretching on the
mechanical properties of the MWCNT/epoxy composites was
evaluated.



Effects of mechanical hot stretching the 20-ply MWCNT/epoxy
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enhancement. Results show that 100 �C can be regarded as a rea-

Fig. 7. FE-SEM micrographs showing tensile fracture surfaces of (a and b) non-stretched and (c and d) 3% stretched 100-ply MWCNT/epoxy composites.
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prepregs at different temperatures on TS and EM of their compos
ites are presented in Fig. 8. TS and EM of the composite wer
enhanced with the increase of temperatures from 60 �C to 100 �C
although FS changed slightly between 0.48% and 0.49%. TS an
EM of the hot-stretched composite rapidly increased respectivel
from 113.5 MPa and 23.8 GPa at 60 �C to 121.6 MPa and 24.9 GP
at 80 �C. At 60 �C, uncured epoxy resin just starts to soften. There
fore, straightening of the MWCNTs in the prepreg can be limited b
the constraint from B-stage epoxy resin. Once the temperatur
increases to 80 �C, the B-stage epoxy resin is melted, whic
increases the straightening ability of MWCNTs in the prepregs dur
ing stretching. Consequently, hot stretching at 80 �C probabl
reduced the waviness of MWCNTs strongly, thereby enhancing T
and EM of the composites. When the temperature increases from
80 �C to 100 �C, TS and EM of the composites rose slightly t
122.6 MPa and 25.4 GPa, respectively, with just 0.8% and 1.8%
Fig. 8. Effects of hot stretching at different temperatures on TS and EM of the 20-ply
MWCNT sheet reinforced epoxy composite.
sonable temperature for the following investigations.
To improve the mechanical properties of the MWCNT/epoxy

composites, hot stretching of the MWCNT/epoxy prepregs (P20,
P50 and P100) with ratios of 2% and 3% was performed at 100 �C
for 30 min. Efforts to carry out 4% hot stretching the prepregs were
not successful because of breakage close to the clamped grips. The
effect of hot stretching the prepregs on mechanical properties of
the composites is depicted in Fig. 9. The values of TS and EM of
the composites increased gradually with increase of the number
of MWCNT plies (Fig. 9a and b). Evidently, the increase of MWCNT
loading engenders enhancement in TS and EM of the composites.
Compared to the composite reinforced with 20 MWCNT plies, 2%
and 3% hot-stretched composites reinforced with 100 MWCNT
plies enhanced in TS by 118% and 94% and in EM by 137% and
115%, respectively. The FS of the composites with 50 and 100
MWCNT plies has the same trend as those of TS and EM. Neverthe-
less, the change of FS for the composite with 20 MWCNT plies was
not clear (Fig. 9c).

Moreover, the hot-stretched composites exhibited higher TS
and EM than those of non-stretched composites (Fig. 9a and b).
The 3% hot-stretched composite reinforced with 20, 50, and 100
MWCNT plies showed respective increases in TS of 70%, 88%, and
55% and in EM of 62%, 41%, and 16% compared with corresponding
non-stretched ones. The increase of TS and EM is attributable to
reduction of the wavy MWCNTs in the composites caused by hot
stretching, as explained above. However, hot stretching the pre-
pregs showed a lower TS and EM of the composites compared to
mechanical stretching the MWCNT sheet at RT (see Figs. 4 and
9). This difference is explainable by the fact that straightening
the MWCNTs in the prepregs was limited by constraint from
melted B-stage epoxy, as described above. Overall, hot stretching
the prepregs at different temperatures improved the mechanical
properties of the MWCNT/epoxy composites considerably. Never-
theless, the effectiveness of hot stretching the prepregs is lower
than that of mechanical stretching the MWCNT sheets because of
lower mechanical properties. Consequently, mechanical stretching
the MWCNT sheets should be chosen to improve their composite
properties.



3.5. Evaluating the effect of volume fraction change

As presented above, increasing the TS and EM of stretched com-
posites probably originated from enhancement of the MWCNT vol-
ume fraction and from reduction of the wavy MWCNTs, which are
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MWCNT volume fraction was lower than that of the total EM. At
low MWCNT content (20 plies) the percentage increase of EM

Fig. 9. Effects of hot stretching MWCNT/epoxy prepregs on mechanical properties
of the resultant composites.

Fig. 10. Percentage increase of EM and MWCNT volume fraction of (a) stretched
and (b) hot-stretched composites compared with those of non-stretched ones.
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attributable to stretching. The respective percentage increases o
EM and MWCNT volume fraction changes of stretched composite
compared with those of non-stretched ones were analyzed to eval
uate the effects of these two factors. The results are presented i
Fig. 10. In general, the percentage increase of EM by the enhance
(40–84%) was much higher than that of the volume fraction
(12–30%). At low MWCNT loading, the percentage of volume frac-
tion enhancement was approximately one-third of the EM increase
in percentage terms. This difference is explainable by the fact that
the MWCNTs in 20-ply sheets were straightened easily during
stretching, leading to marked enhancement of composite proper-
ties in spite of the slight increase of the MWCNT volume fraction.
Therefore, the volume fraction increase of the stretched compos-
ites with low MWCNT content was probably less efficient than
reducing the MWCNT waviness caused by stretching.

For high MWCNT loading (50 and 100 plies), the percentage
increase of the MWCNT volume fraction in the cases of 2% and
3% stretching was greater than one-half of EM (Fig. 10). For
instance, the 3% stretched composites with 50 MWCNT plies
showed a 52.1% increase of EM and a 27.6% enhancement of the
MWCNT volume fraction (Fig. 10a). Nevertheless, in the case of
4% stretching of the MWCNT sheets, the percentage increase of
the volume fraction of the composites with 100 MWCNT plies
was higher than that of EM. This difference might be attributable
to the splitting of MWCNTs in sheets during stretching, as
explained above. Consequently, the volume fraction increase of
the stretched composites with high MWCNT loading was probably
more efficient than reducing the MWCNT waviness. Moreover, the
volume fraction increase in the percentage of the composites with
high MWCNT contents is lower than that with low MWCNT load-
ing. Overall, the increase of the volume fraction and the reduction
of the wavy MWCNTs caused by mechanical stretching strongly
affected the improvement of the composite properties.
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4. Conclusions

The aligned MWCNT/epoxy composites were developed usin
hot-melt prepreg processing. The drawing and winding techniqu
was applied to produce aligned MWCNT sheets, whereas mechan
ical stretching was used to reduce the wavy MWCNTs in the sheets
Mechanical stretching the MWCNT sheets and hot stretching thei
prepregs greatly improved the mechanical properties of th
MWCNT/epoxy composites. The improved TS and EM of stretche
composites proceeded from both increasing the MWCNT volum
fraction and reducing the MWCNT waviness caused by stretching
TS and EM of the MWCNT sheets, their prepregs and composites
increased gradually with increasing MWCNT plies. TS and EM o
the composites enhanced concomitantly with increasing th
stretch ratio up to 3%, but they decreased with the 4% stretch ratio
With a 3% stretch ratio, the MWCNT/epoxy composites achieve
the best mechanical properties in this study. Hot stretching th
prepregs at 100 �C produced higher TS and EM of the composite
than those obtained at other temperatures. The effectiveness o
the stretching the MWCNT sheets was higher than hot stretchin
their prepregs. In conclusion, stretching is extremely importan
for improving the mechanical properties of aligned MWCNT/epox
composites.
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Abstract - Composites made of an epoxy resin film and 
differently stacked aligned multi-walled carbon nanotube 
(MWCNT) sheets have been developed using hot-melt prepreg 
processing. The horizontally aligned 20-ply MWCNT sheets were 
created from vertically aligned MWCNT arrays using solid-state 
drawing and winding techniques. However, wavy and poor-
packed MWCNTs in the sheets have restricted their load-transfer 
efficiency in the composites. Therefore, mechanical stretching 
was used to straight the wavy MWCNTs and to increase the 
dense packing of MWCNTs in the sheets. Improving the 
composite properties through mechanical stretching of the 
MWCNT sheets was studied. Mechanical stretching of the 
MWCNT sheets improved considerably the mechanical properties 
of the composites. The improvement of the composite properties 
derived from the straightening of wavy MWCNTs and the increase 
of MWCNT dense packing caused by mechanical stretching. The 
decrease of the wavy MWCNTs is more efficient than the 
enhancement of MWCNT dense packing. 

Key words: aligned carbon nanotubes; prepregs; nano 
composites; mechanical stretching; mechanical properties. 

1. Introduction 

Carbon nanotubes (CNTs) were discovered by Iijima in 

1991 [1]. They have attracted extensive research interest 

because of exceptional mechanical, electrical, and thermal 

properties [2,3]. The excellent properties make CNTs an 

ideal reinforcement in high-performance composites. Most 

studies of CNT-reinforced polymer composites have focused 

on dispersing CNTs into polymer matrices [4]. However, 

mechanical properties of such composites fall far short of the 

corresponding properties of high-performance structural 

composites. Therefore, great efforts have been recently 

undertaken to synthesize vertically aligned CNT arrays [5] 

for production of long-aligned CNT sheets. The easiest way 

of processing aligned CNT sheets from the aligned CNT 

arrays is the use of solid-state drawing and winding 

techniques [6].  

The aligned MWCNT sheets can be used to fabricate 

advanced composites with desirable structural characteristics 

[7]. Despite those composites contain aligned MWCNTs, 

their mechanical properties are inadequate partly because of 

wavy and poor-packed MWCNTs. Therefore, stretching has 

been applied to the aligned MWCNT sheets to improve 

composite properties [8,9]. Results in my earlier report [9] 

show that the stretching of the MWCNT sheets with 50 and 

100 plies is less efficient than that of 20-ply MWCNT sheet. 

Consequently, in this study 20-ply aligned MWCNT sheets 

were used for development of laminated epoxy composites. 

Effects of mechanical stretching the 20-ply MWCNT sheets 

on the composite properties were studied. 

2. Materials and Methods 

2.1. Materials 

Vertically aligned and spinnable MWCNT arrays with 

approximately 0.8 mm height were grown on a bare quartz 

substrate using chloride-mediated chemical vapor 

deposition [5]. As-grown MWCNTs used in this study have 

mean diameter of 38 nm [10]. The MWCNT diameter in 

the sheets varies from about 20 nm to 55 nm. B-stage 

epoxy resin films covered with release paper and plastic 

film were obtained from Sanyu Rec Co. Ltd. (Osaka, 

Japan) with the recommended cure condition of 130 °C for 

2 h. The areal weight of the epoxy resin sheet with density 

of 1.2 g/cm
3
 was controlled approximately 12  6 g/m

2
. 

2.2. Methods 

2.2.1. Processing of horizontally aligned MWCNT sheets 

Solid-state drawing and winding techniques were 

applied to transform a vertically aligned MWCNT array 

into horizontally aligned MWCNT sheets. The MWCNT 

webs are drawn from vertically aligned MWCNT arrays 

and are wound on a rotating spool to create horizontally 20-

ply aligned MWCNT sheets. Detailed procedures for the 

fabrication of multi-ply MWCNT sheets are depicted in the 

literature [7–10]. Although most MWCNTs are aligned, 

many wavy and entangled MWCNTs are visible in pristine 

sheets [7–9]. In this study, the aligned 20-ply MWCNT 

sheets were used for laminated composite fabrication.  

2.2.2. Mechanical stretching of the MWCNT sheets 

To straight wavy MWCNTs, mechanical stretching with 

a ratio of 2% was applied to pristine MWCNT sheets. 

Stretch ratio  was calculated using the following equation. 

 2 1

1

L L

L


    (1) 

Therein, L1 and L2 are segment lengths of the MWCNT 

sheets between the clamped grips before and after 

stretching, respectively. More details about the stretching 

device and processing were presented by Nam et al. [9]. 

2.2.3. Fabrication of aligned MWCNT/epoxy composites 

The composites made of an epoxy resin film and stacked 

MWCNT sheets were fabricated using hot-melt prepreg 

processing with a vacuum assisted system (VAS) [10]. 

Figure 1 portrays the schematic views of stacking the 

MWCNT sheets on an epoxy resin film to form the 

composite laminates. Firstly, aligned MWCNT/epoxy 

prepregs were prepared by stacking 1, 5, and 10 non-

stretched (pristine) or stretched 20-ply MWCNT sheets with 

20 mm width and 40 mm length on an epoxy resin film. The 

prepregs were set in two release films (WL5200; Airtech 

International Inc., CA, USA) and were pressed under 0.5 

MPa pressure for 5 min at 100 °C using a test press (MP-

WNL; Toyo Seiki Seisaku-Sho Ltd., Tokyo, Japan). 

Subsequently, the prepregs were peeled off from the release 

films. Finally, the prepregs were cured at 130 °C for 2 h 

under 2 MPa in the VAS to produce the composites. The 

non-stretched and stretched composites are assigned 
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respectively as NCom-X and SCom-X, in which X 

corresponds to the MWCNT sheets in number (1, 5 and 10). 

 
Figure 1. Schematic views of stacking the MWCNT sheets on 

an epoxy resin film to form the composites. 

2.2.4. Thermogravimetric analysis (TGA) 

The thermal degradation of epoxy resin, MWCNTs, and 

their composites was 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. 

2.2.5. Microstructural characterization and testing 

Tensile tests were conducted for the aligned MWCNT 

sheets and composites in the laboratory environment at 

room temperature (RT). Tensile specimens with 610 mm 

gauge length and 35 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. 

Specimens width was measured using an optical 

microscope (SZX12; Olympus Corp., Tokyo, Japan), 

whereas their thickness was measured using a micrometer 

with 0.001 mm accuracy (Model 102-119, Mitutoyo Corp., 

Kanagawa, Japan). The strain of tensile specimens was 

measured using a non-contacting video extensometer 

(TRIViewX; Shimadzu Corp., Kyoto, Japan) with two 

targets. Mean tensile properties were obtained from at least 

five specimens for each MWCNT sheet and composite. The 

microstructural morphologies of MWCNTs in the sheets 

and composite fracture surfaces were observed using field 

emission scanning electron microscopy (FE-SEM) 

(SU8030; Hitachi Ltd., Tokyo, Japan). Polarized Raman 

spectra were measured to determine the degree of MWCNT 

alignment in the composites using Raman spectroscope 

with laser excitation of 532 nm (XploRA-ONE; Horiba Ltd., 

Kyoto, Japan). 

3. Results and Discussion 

3.1. MWCNT volume fraction of the composites 

MWCNT volume fraction of the composites was 

determined through TGA results. The respective mass loss 

of MWCNTs, epoxy resin and the composites were 

measured between 150 
o
C and 750 

o
C. The MWCNT mass 

fraction (mf) of the composite was calculated from the mass 

loss of MWCNTs (mf), epoxy resin (mm), and the 

composite (mc) as follows. 
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The MWCNT volume fraction (Vf) was ascertained 

from the MWCNT mass fraction, epoxy resin density (m), 

and the density of the composite (c) as follows. 
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The MWCNT volume fractions of the composites are 

presented in Table 1. The MWCNT volume fraction of the 

composites increases with increasing of the aligned 

MWCNT sheets. 

Table 1. The MWCNT fractions estimated from TGA results 

Materials 
Epoxy 

resin 

MW 

CNT 

Non-stretched 

composites 

Stretched 

composites 

MWCNT sheet MWCNT sheet 

1 5 10 1 5 10 

Mass loss 

(%) 
87.9 2.59 74.4 45.4 35.7 71.6 42.7 33.4 

MWCNT 

mf (%) 
  15.8 49.9 61.2 19.1 53.0 63.9 

MWCNT 

Vf 

(vol. %) 
  10.1 37.4 48.7 12.1 40.4 51.5 

3.2. Properties of MWCNT sheets and their composites 

Thickness of the pristine 20-ply MWCNT sheets was 

measured as 12 m. The mechanical properties of epoxy 

resin, pristine 20-ply MWCNT sheets, and composites were 

measured using tensile test. The epoxy resin film and 

pristine MWCNT sheets respectively showed mean tensile 

strength of 64.4 and 96.8 MPa, elastic modulus of 2.55 and 

7.34 GPa, and strain at maximal stress of 4.84 and 2.11%. 

Typical stress–strain curves of epoxy resin, pristine 20-ply 

MWCNT sheets, and the composites are depicted in Figure 

2. As observed in Figure 2, the composites indicated a 

linear stress-strain relation until the specimen fractures 

with no bending of the curves at high loads. Typical stress-

strain curve of pristine MWCNT sheets showed that the 

stress is increased up to the maximum with increasing 

strain to approximately 2%. In this stage, the wavy CNTs 

are straightened under the tension. Above 2% strain, the 

stress decreases concomitantly with enhancing strain up to 

the specimen fractures. The reduction of the stress is 

attributed to the MWCNT sliding during the tensile testing, 

as presented by Inoue et al. [6]. Consequently, mechanical 

stretching of the MWCNT sheets was conducted with a 2% 

ratio in the laboratory environment at RT. 

The properties of the non-stretched and stretched 

MWCNT/epoxy composites are given in Table 2. The 

mechanical properties of the non-stretched and stretched 

composites increase with increasing of the MWCNT sheets 

(volume fraction). Tensile strength and elastic modulus of 

the non-stretched composites enhanced strongly whereas 
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fracture strain increased only slightly. The NCom10 and 

SCom10 respectively exhibited an increase in tensile 

strength by 241.6% and 204.2%, in elastic modulus by 

204.3% and 181.8%, and in fracture strain by 10.7% and 

7.3% compared with the NCom1 and SCom1. The 

enhancement in the mechanical properties of the 

composites is attributed to increased MWCNT volume 

fraction (Table 1). 

 

3.3. Evaluating of MWCNT alignment and straightening 

Microstructural morphologies of the aligned MWCNT 

sheets before and after mechanical stretching are shown in 

Figure 3. Although most MWCNTs in the sheets are self-

aligned in the drawing direction, the wavy MWCNTs can be 

clearly seen in the non-stretched samples (Figure 3a). After 

2% stretching the wavy MWCNTs were reduced 

considerably (Figure 3b). The wavy MWCNTs are self-

assembled and are straightened along the load direction 

during stretching. Therefore, the dense packing of MWCNTs 

in the stretched sheets (Figure 3b) became more compact 

than that in the non-stretched sheets (Figure 3a). 

 

FE-SEM micrographs taken from polished surfaces of 

the non-pressed and pressed composites reinforced with 10 

MWCNT sheets are presented in Figure 4. Those images 

showed in-plane MWCNT distribution in the non-pressed 

and pressed composites. As observed in Figure 4, the 

alignment of MWCNTs in the composites is maintained 

during resin impregnation using hot-melt prepreg 

processing. The non-stretched MWCNT/epoxy composites 

contained many wavy and entangled MWCNTs (Figure 4a). 

The stretched MWCNT/epoxy composite showed marked 

straightening of wavy MWCNTs caused by mechanical 

stretching of the MWCNT sheets (Figure 4b). 

 

Figure 4. FE-SEM micrographs showing in-plane MWCNT 

distribution of (a) non-stretched and (b) stretched 

composites reinforced by 10 MWCNT sheets. 

The straightening and alignment of MWCNTs after 

mechanical stretching can be examined using polarized 

Raman spectroscopy [11,12]. Typical polarized Raman 

spectra in the range of 10002000 cm
-1

 are presented in 

Figure 5. Raman spectroscopic measurements were 

conducted with incident light normal to the composite 

samples, which was polarized parallel and perpendicular to 

the MWCNT alignment (see Figure 5 inset). Raman spectra 

for all samples show two main peaks located at approx. 

1350 cm
-1

 and approx. 1580 cm
-1

, which are attributed 

respectively to the disorder-induced D band and the 

graphic-like G band. Compared with the non-stretched 

samples, the stretched ones showed a higher intensity of D 

and G bands at 0° and lower D and G band peaks at 90°. 

The G band peaks decreased greatly for the stretched 

composites at the angle of 90°, which proves that the 

MWCNT alignment in the composites was improved 

considerably after stretching the MWCNT sheets.  

In addition, the ratio of G-band intensity in the parallel 

configuration to the perpendicular configuration 

 /G GR I I   was used to characterize the degree of 

Figure 2. Typical stress–strain curves of epoxy resin, 

pristine MWCNT sheet, and the composites. 

Figure 3. FE-SEM micrographs showing microstructural 

morphologies of (a) non-stretched and (b) stretched MWCNT sheets. 

1 m 1 m 

a b 

Table 2. Properties of non-stretched and stretched MWCNT/epoxy composites  

Property 
Non-stretched composites Stretched composites 

1 sheet 5 sheets 10 sheets 1 sheet 5 sheets 10 sheets 

Thickness (m) 6  7 11  13 16  18 5  6 10  12 15  17 

Density (g/cm3) 1.28 1.50 1.59 1.30 1.52 1.61 

Tensile strength (MPa) 105.6  10.1 258.1  29.4 360.6  31.1 180.3  16.1 430.3  49.4 548.5  52.5 

Elastic modulus (GPa) 23.1  2.9 54.5  6.0 70.3  8.0 35.6  3.6 79.3  7.4 100.4  11.3 

Fracture strain (%) 0.46  0.08 0.48  0.05 0.51  0.04 0.51  0.07 0.54  0.04 0.55  0.03 
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MWCNT alignment [6]. The higher MWCNT alignment 

produces the higher G-band intensity ratio, because Raman 

scattering is more intense when the polarization of the 

incident light is parallel to the axis of a MWCNT [12]. The 

G-band intensity ratio R of the non-stretched composites 

reinforced by 10 MWCNT sheets was 1.33, as presented in 

Figure 5. After stretching, the R value of the stretched 

composites reinforced by 10 MWCNT sheets was markedly 

enhanced to 1.95. The marked enhancement in the R is 

ascribable to the better alignment of MWCNTs in the 

composites caused by mechanical stretching. Therefore, the 

mechanical stretching improved considerably the MWCNT 

alignment in the stretched composites. 

 

Figure 5. Polarized Raman spectra of the non-stretched 

and stretched composites reinforced by 10 MWCNT sheets 

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). 

3.4. Effects of stretching on the composite properties 

As Table 1 shows, MWCNT volume fractions of the 

stretched composites are higher than those of 

corresponding non-stretched ones. The increased MWCNT 

volume fraction of stretched composites is explainable by 

the decrease of the composite thickness (Table 2). The 

reduction of the composite thickness is attributable to 

straightening of wavy MWCNTs and dense packing of 

MWCNTs in the sheets caused by stretching (Figure 3). 

The MWCNTs in the stretched sheets tend to contract in 

the directions transverse to the stretching direction [9]. 

Therefore, the thickness of stretched sheets became thinner 

than that of the non-stretched ones. The mean thickness of 

the stretched composites reinforced by 1, 5, and 10 

MWCNT sheets respectively reduced by 8.1%, 13.6%, and 

16.4% compared with that of the non-stretched ones. 

Enhancement of the mechanical properties of the 

composites as a result of stretching the MWCNT sheets is 

presented in Figure 6. The mechanical properties of the 

stretched composites are significantly higher than those of 

the non-stretched ones. The stretched composites 

reinforced by 1, 5, and 10 MWCNT sheets respectively 

exhibited an increase in tensile strength by 70.8, 66.7, and 

52.1%, in elastic modulus by 54.4, 45.5, and 42.9%, and in 

fracture strain by 9.7, 14.2, and 6.4% compared with 

corresponding non-stretched ones. The non-stretched 

composites evidently showed many wavy MWCNTs along 

the axial loading direction (Figure 4a). Therefore, just a 

small fraction of MWCNTs in the non-stretched composites 

carries load effectively during tensile testing. The wavy 

MWCNTs are straightened during the stretching of the 

MWCNT sheets (Figure 3b). The straight MWCNTs have a 

larger fraction of their length aligned with the loading 

direction, which resulted in improved mechanical 

properties of the stretched composites [8]. 

 

Figure 6. Mechanical properties of the composites versus 

MWCNT volume fraction. 

The increased mechanical properties of the stretched 

composites probably derived from enhancing the MWCNT 

volume fraction (Table 1) and from reducing the wavy 

MWCNTs (Figure 3). To assess the effects of these two 

factors, the respective percentage increases of elastic 

modulus and MWCNT volume fraction in comparison 

between stretched and non-stretched composites were 

analyzed, with results presented in Figure 7. The 

percentage increases of the MWCNT volume fraction are 

markedly much lower than those of elastic modulus. 

Therefore, the percentage increase of elastic modulus by 

the enhanced MWCNT volume fraction is lower than that 

coming from reducing of the wavy MWCNTs. The 

increased MWCNT volume fraction of the stretched 

composites is attributed to the decreased composite 

thickness caused by the dense packing of MWCNTs 

(Figure 3). Generally, the increase of MWCNT volume 

fraction is less efficient than the decrease of wavy 

MWCNTs. Moreover, the percentage increase of elastic 

modulus showed a reduced trend with increasing of the 

MWCNT sheets (Figure 7).  

 

Figure 7. Percentage increase of MWCNT volume fraction 

and elastic modulus of stretched composites compared with 

non-stretched ones. 

The fractured surface morphology of the non-stretched 

and stretched composites reinforced by 5 MWCNT sheets 

is depicted in Figure 8. High-resolution micrographs in 
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Figure 8 show that epoxy resin was infiltrated well between 

the MWCNTs. However, many pulled-out MWCNTs with 

length of a few micrometers are apparent on the fractured 

surface of the composites (Figure 8). For the stretched 

MWCNT/epoxy composites, the MWCNT bundles can be 

seen on the fracture surfaces (Figure 8b). The bundled 

MWCNTs forming by stretching are evidently observed on 

surface morphologies of the stretched MWCNT sheets 

(Figure 3b). The MWCNT bundles indicated the dense 

packing of MWCNTs in the stretched sheets. In general, 

mechanical stretching of the MWCNT sheets enhanced 

their composite properties considerably. 

 

Figure 8. FE-SEM micrographs showing the fracture 

surfaces of (a) the non-stretched and (b) stretched 

composites reinforced by 5 MWCNT sheets. 

4. Conclusions 

The composites based on epoxy resin and stacked 

aligned 20-ply MWCNT sheets were developed using hot-

melt prepreg processing with the VAS. The mechanical 

properties of the composites enhanced gradually with 

increasing of the MWCNT volume fraction. Mechanical 

stretching of the MWCNT sheets decreased the composite 

thickness and increased MWCNT volume fraction. 

Mechanical stretching the MWCNT sheets with a 2% ratio 

considerably improved the composite properties. The 

improved mechanical properties of stretched composites 

proceeded from decreased wavy MWCNTs and from 

increased dense packing of MWCNTs caused by stretching. 

The reduction of the wavy MWCNTs is more efficient than 

the enhancement of MWCNT dense packing. 
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ABSTRACT:  

Horizontally aligned multi-walled carbon 

nanotube (CNT) sheets were produced from 

vertically aligned CNT arrays using drawing and 

winding techniques. Composites based on epoxy 

resin and an aligned 100-ply CNT sheet have 

been developed using hot-melt prepreg 

processing. However, wavy and poor-packed 

CNTs in the sheets have limited reinforcement 

efficiency of the CNTs in the composites. In this 

study, a new simple stretch-drawing method was 

used to modify the structures of the aligned CNT 

sheets for improving the composite properties. 

The stretch-drawing of the CNT sheets enhanced 

the composite properties considerably. The 

improved properties of the composites originated 

from straightening of the wavy CNTs and 

increasing the CNT dense packing in the 

composites. With a 3% stretch ratio, the aligned 

CNT/epoxy composites achieved their best 

mechanical properties in this study. The 3% 

stretched composites exhibit increased tensile 

strength by 113% and enhanced elastic modulus 

by 34% compared to non-stretched ones. Results 

show that the simple stretch-drawing is effective 

to produce highly aligned CNT sheets for the 

development of high-performance CNT 

composites. Compared to our previous stretching 

method, the stretch-drawing method in this study 

is more effective in improving the mechanical 

properties of aligned CNT/epoxy composites. 

Key words: carbon nanotubes, prepregs, composites, stretching, mechanical properties. 

 

1. INTRODUCTION  

Carbon nanotubes (CNTs) have been 

regarded as the reinforcing agents for polymer 

composites because of their high aspect ratio, 

high surface area available for stress transfer, 

and excellent mechanical properties [1]. 

However, most CNT-reinforced polymer 

composites have been composed by unorganized 

CNTs dispersed in polymer matrices [2]. Those 

composites could not fully take advantage of the 
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2.4. Fabrication of CNT/epoxy composites 

Composites made of an epoxy resin film and 

a 100-ply CNT sheet were developed using hot-

melt prepreg processing with a vacuum-assisted 

system (VAS). First, the CNT sheet with round 

tube shaped was spread into a flat sheet. Next, a 

flat CNT sheet with 20 mm width and 50 mm 

length was covered with an epoxy resin film and 

was set between two release films (WL5200; 

Airtech International Inc., CA, USA) to create 

an aligned CNT/epoxy prepreg. The prepreg 

was fabricated under 0.5 MPa pressure for 5 min 

at 100 °C using a test press (MP-WNL; Toyo 

Seiki Seisaku-sho Ltd., Tokyo, Japan). Finally, 

the prepreg was placed on the VAS and was 

cured at 130 °C for 2 h under 2 MPa in the test 

press to produce an aligned CNT/epoxy 

composite. The pristine and stretched 

CNT/epoxy composites were fabricated for 

comparative assessments. 

2.5. Thermogravimetric analysis 

The thermal degradation of epoxy resin, the 

CNTs, and their composites was analyzed up to 

800°C in argon gas 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. The 

respective mass losses of epoxy resin, the CNTs, 

and the composites were recorded. 

2.6. Characterizations and testing 

Field emission scanning electron microscopy 

(FE–SEM) (SU8030; Hitachi Ltd., Tokyo, 

Japan) was used to investigate the 

microstructural morphologies of the CNT sheets 

and their composites. Polarized Raman spectra 

were measured to determine the degree of CNT 

alignment in the sheets and their composites 

using Raman spectroscope (XploRA-ONE; 

Horiba Ltd., Kyoto, Japan). Tensile testing was 

conducted for the composites in a laboratory 

environment. Tensile specimens with 10 mm 

gauge length were tested on a testing machine 

(EZ-L; Shimadzu Corp., Kyoto, Japan) with a 

crosshead speed of 0.1 mm/min. Widths of 

specimens were measured using an optical 

microscope (SZX12; Olympus Corp., Tokyo, 

Japan), whereas their thickness was measured 

using a micrometer (102-119; Mitutoyo Corp., 

Kanagawa, Japan). The fracture strain was 

measured using a non-contacting extensometer 

(TRViewX; Shimadzu Corp., Kyoto, Japan) 

with two targets. Mean tensile properties were 

obtained from at least five specimens. 

 

3. RESULTS AND DISCUSSION 

3.1. Evaluation of the simple stretch-drawing 

on alignment of CNTs in the sheets 

FE–SEM images showing microstructural 

morphologies of the pristine and stretched CNT 

sheets are presented in Figure 2. The pristine 

CNT sheets in Figure 2a showed many wavy 

and poor-packed CNTs. After the simple 

stretch-drawing (Figure 1), the wavy CNTs in 

the sheets decreased considerably (Figures 2b–

2c). Besides, the stretch-drawing enhances the 

dense packing of CNTs in the sheets. Moreover, 

the 3% stretched CNT sheets showed more 

straight CNTs and greater CNT alignment than 

the 2% stretched CNT sheets (Figures 2b–2c).  

The alignment and straightening of the wavy 

CNTs after stretch-drawing were examined 

using polarized Raman spectroscopy [7–9]. 

Polarized Raman spectra with Raman shift 

between 1000–2000 cm-1 were measured using 

incident laser light with a wavelength of 532 nm 
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pristine, 2%, and 3% stretched composites 

respectively are 1.38, 1.77, and 1.95. These 

values show that the G-band intensity ratio of 

the composite samples is increased after 

applying the stretch-drawing of the CNT sheets. 

The enhancement of the G-band intensity ratio 

is ascribed to the better alignment of CNTs in 

the composites caused by stretch-drawing of the 

CNT sheets. The G-band intensity ratio of the 

3% stretched composite exhibited the highest 

value among all the composites, thereby 

achieving the best mechanical properties of the 

aligned CNT/epoxy composites in this study. 

 

4. CONCLUSIONS 

The simple stretch-drawing has produced 

highly aligned CNT sheets with dense packing 

of CNTs. Raman spectra measurements showed 

a higher alignment of CNTs in the sheets and 

their composites after the stretch-drawing. The 

stretch-drawing of the CNT sheets improved the 

mechanical properties of the composites 

considerably. The improved properties of the 

composites proceeded from straightening of the 

wavy CNTs and increasing the dense packing of 

CNTs caused by the stretch-drawing. The 

mechanical properties of the composites 

increased gradually with the increase of the 

stretch ratio up to 3%. With a 3% stretch ratio, 

the aligned CNT/epoxy composites achieved 

their best mechanical properties in this study. In 

short, the simple stretch-drawing is effective to 

produce highly aligned and dense-packed CNT 

sheets for the development of high-performance 

CNT composites. Particularly, the stretch-

drawing of the CNT sheets in this study is more 

effective than the stretching of flat CNT sheets 

presented in our previous studies. 
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A solid-state drawing and winding process was done to create thin aligned carbon
nanotube (CNT) sheets from CNT arrays. However, waviness and poor packing of
CNTs in the sheets are two main weaknesses restricting their reinforcing efficiency
in composites. This report proposes a simple press-drawing technique to reduce
wavy CNTs and to enhance dense packing of CNTs in the sheets. Non-pressed and
pressed CNT/epoxy composites were developed using prepreg processing with a
vacuum-assisted system. Effects of pressing on the mechanical properties of the
aligned CNT sheets and CNT/epoxy composites were examined. Pressing with dis-
tributed loads of 147, 221, and 294 N/m showed a substantial increase in the tensile
strength and the elastic modulus of the aligned CNT sheets and their composites.
The CNT sheets under a press load of 221 N/m exhibited the best mechanical prop-
erties found in this study. With a press load of 221 N/m, the pressed CNT sheet and
its composite, respectively, enhanced the tensile strength by 139.1 and 141.9%, and
the elastic modulus by 489 and 77.6% when compared with non-pressed ones. The
pressed CNT/epoxy composites achieved high tensile strength (526.2 MPa) and
elastic modulus (100.2 GPa). Results show that press-drawing is an important step
to produce superior CNT sheets for development of high-performance CNT
composites.

Keywords: carbon nanotubes; nano composites; mechanical properties; press-drawing
technique

1. Introduction

Since their discovery by Iijima in 1991 [1], carbon nanotubes (CNTs) have attracted
great interest because of their outstanding mechanical, thermal, and electrical proper-
ties.[2–6] The excellent mechanical properties of CNTs make them ideal for reinforce-
ment in high-performance composite materials. Studies of CNT-reinforced composites
have progressed rapidly during the last two decades. Most have specifically addressed
the development of randomly oriented, discontinuous CNT-reinforced polymer compos-
ites.[7–10] Nevertheless, mechanical properties of such composites fall far short of the
corresponding properties of high-performance structural composites. These composites
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could not fully take advantage of the exceptional properties of individual CNTs. A few
shortcomings such as low volume fraction and dispersion quality of CNTs have been
shown to be critically important for the production of short CNT-reinforced polymer
composites. Achieving high volume fractions of dispersed CNTs in polymer are
difficult because the resulting high viscosity complicates further processing.

Recently, great efforts have been undertaken to synthesize millimeter-scale aligned
CNT arrays for the production of large-scale CNT structures.[11–14] Inoue et al. [14]
reported a particularly rapid, simple, and cost-effective method to grow vertically
aligned and spinnable multi-walled CNT arrays. Along with this optimization in verti-
cally aligned CNTs growth, horizontally long-aligned CNT sheets in macroscopic
lengths have come to be produced easily. Based on a solid-state drawing technique,
Zhang et al. [15] created highly oriented, continuous, and free-standing CNT sheets of
a meter long from a CNT forest. Inoue et al. [16] fabricated large-scale anisotropic
well-aligned CNT sheets by stacking and shrinking long-lasting multi-walled CNTs
webs without binder materials. The aligned CNT sheets allow production of high
volume fraction composites with desirable structural characteristics.[17–19] Although
the composites produced as described above contain aligned CNTs, their mechanical
properties are low partly because of the waviness and poor packing of CNTs in the
composites.

The aligned CNT sheets created by solid-state drawing technique are lightweight
and flexible. The waviness and poor packing of CNTs in the sheets can degrade the
mechanical properties of their composites. Therefore, mechanical stretching was used to
reduce the wavy CNTs in the sheets [20–22] for improving the physical and mechanical
properties of their composites. Nevertheless, the CNT sheets are difficult for handling
and to carry out the mechanical stretching because of static electricity.[19] Furthermore,
several techniques such as shear-pressing [23], bi-axial pressing [24], and domino-push-
ing [25] have been applied to produce high volume fraction CNT composites. However,
these techniques could not continuously produce the aligned CNT sheets for large-scale
CNT applications. This paper describes the processing of horizontally long-aligned
CNT sheets from free-standing vertically aligned CNT arrays using drawing, winding,
and pressing techniques. Pressing was applied directly where the CNTs web enters the
winding roll to reduce the wavy CNTs and to enhance the dense packing of CNTs in
the sheets. The aligned CNT/epoxy composites were developed using hot-melt prepreg
processing with a vacuum assisted system (VAS). Effects of pressing on the mechanical
properties of the aligned CNT sheets and CNT/epoxy composites were evaluated.

2. Experimental procedures

2.1. Materials

Vertically aligned multi-walled CNT arrays with approximately 0.8 mm height were
grown on quartz substrates using one-step chemical vapor deposition (CVD) with FeCl2
as the catalyst.[14] As-grown multi-walled CNTs in this study have average diameter
of 40 nm.[26] Transmission electron microscopy (TEM) images illustrating the quality
of CNTs were shown in recent papers.[14,26] From these TEM images we found a
very good crystal quality of the CNTs, which was proven by Raman spectra measure-
ments with a high intensity ratio between G- and D- bands.[16] The B-stage epoxy
resin sheets covered with release paper and plastic film were obtained from Sanyu Rec.
Co. Ltd. (Osaka, Japan) with the recommended cure condition of 130 °C for 2 h. The
areal weight of B-stage epoxy resin sheet with density of 1.2 g/cm3 is about 12 g/m2.
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2.2. Aligned CNT sheet processing

The vertically aligned CNT arrays are self-oriented, highly drawable and spinnable.
Therefore, CNT webs are easily pulled out from the arrays and are wound on a rotating
spool with a speed of 1 m/min to produce horizontally long-aligned CNT sheet
(Figure 1(a)). In addition, top steel rolls with transverse width of 30 mm corresponding
to approximate masses of 300, 450, and 600 g were used to press the CNT sheet
(Figure 1(b)). The press loads of 147, 221, and 294 N/m were estimated by dividing
the weights of the top steel rolls by width of the CNT sheets (20 mm). The pressing
was applied directly where the CNT web enters the winding roll during the CNT sheet
processing. The stacked 100-ply non-pressed and pressed CNT sheets (Figure 1(c)–(f))
were used for composite fabrication.

2.3. Fabrication of aligned CNT/epoxy composites

Aligned CNT/epoxy composites were developed through prepreg processing with the
VAS. This method can produce structural composite materials with high quality. First, a
stacked 100-ply CNT sheet with 20 mm width and 50 mm length was covered with an
epoxy resin sheet and set in two release films (WL5200; Airtech International Inc., CA,
USA) to produce a CNT/epoxy prepreg. Next, 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). Then, the prepreg was peeled off from the release
paper and was placed on the VAS (Figure 2(a)). Finally, the prepregs were cured at
130 °C for 2 h under 2 MPa in the test press to produce the CNT/epoxy composites
(Figure 2(b)).

Figure 1. The CNT sheet processing: (a) Drawing and winding technique; (b) Drawing, winding,
and pressing process; (c) non-pressed CNT sheet; (d, e, and f) pressed CNT sheets under
corresponding press loads of 147, 221, and 294 N/m.
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2.4. Characterizations and testing

The CNT volume fraction was estimated using thermogravimetric analysis (TGA) data.
The thermal degradation of epoxy resin, the CNTs, and their composites was analyzed
up to 800 °C in argon gas at a flow rate of 300 ml/min using a thermogravimetric ana-
lyzer (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. The respective weight loss
of the CNTs, epoxy resin, and the composites were measured between 150 °C and
750 °C. The CNT weight fraction (Wf) of the composite was calculated from weight
loss of the CNTs (ΔWf), epoxy resin (ΔWm), and the composite (ΔWc) as follows.

Wf ¼
ðDWm � DWcÞ
ðDWm � DWf Þ

(1)

The CNT volume fraction (Vf) was then determined from the weight fraction of the
CNTs, epoxy resin density (ρm), and density of the composite (ρc) as follows.

Vf ¼ 1� ð1�Wf Þqc
qm

(2)

Tensile tests were conducted for the aligned CNT sheets and composites in a laboratory
environment at room temperature (RT) of 23 ± 3 °C and 50 ± 5% relative humidity. For
the CNT sheets, tensile specimens with 10 mm gage length and 5 mm width were
tested on a testing machine (EZ-L; Shimadzu Corp., Kyoto, Japan) with a crosshead
speed of 0.05 mm/min. For the CNT/epoxy composites, tensile specimens with about
6 mm gage length and 3 mm width were tested with 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. The longitu-
dinal strain of tensile specimens was measured through a non-contacting video exten-
someter (TRIViewX; Shimadzu Corp., Tokyo, Japan) with two targets. Average tensile
properties were obtained from at least five specimens for each CNT sheet and the com-
posite. The microstructural morphologies of the CNTs in sheets and fracture surfaces of
the composites were observed using a field emission scanning electron microscope
(FE-SEM) (SU8030; Hitachi Ltd., Tokyo, Japan).

Figure 2. Composite fabrication in hot press with VAS: (a) VAS, (b) composite processing in
hot press.
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3. Results and discussion

3.1. Effect of pressing on the CNT sheet properties

The properties of the non-pressed and pressed CNT sheets are presented in Table 1.
FE-SEM micrographs of the non-pressed and pressed CNT sheets are displayed in
Figure 3. As Table 1 shows, the pressed CNT sheet thickness is less than that of the
non-pressed ones. Additionally, the CNT sheet thickness decreased considerably with
increasing press loads. The pressing reduced the maximal thickness of the pressed CNT
sheets by approximately 25% when compared to the non-pressed sheet. The decreased
thickness of the pressed CNT sheets is attributable to pressing by the weights on the
CNT sheets. The pressing of the CNT sheets led to substantial straightening and denser
packing of the CNTs (see Figure 3(c)–(h)). With increasing press loads, the areal
weight of the CNT sheets decreased slightly, although the density of the CNT sheets
was enhanced. The reduction of the areal weight can be attributed mainly to the CNT
straightening, leading to marked decrease in the wavy CNTs in the sheets.

Typical stress–strain curves of epoxy resin, the CNT sheets, and the CNT/epoxy
composites are depicted in Figure 4. Effects of pressing on the mechanical properties
of the CNT sheets and CNT/epoxy composites are presented in Figure 5. As observed
in Figure 4, the stress and strain relation of the non-pressed CNT sheets is divided into
three main stages. In the first stage, from 0% to about 1.5% strain, the stress of the
non-pressed CNT sheets is enhanced concomitantly with increasing strain. In this stage,
the wavy CNTs (Figure 3(a) and (b)) just begin to straighten. Subsequently, the stress
varies slightly up to maximum with increasing strain to less than 4% in the second
stage. In this stage, the wavy CNTs continue straightening. In addition, sliding of sev-
eral CNTs in the sheet occurs along with non-elastic behavior, as presented by Inoue
et al. [16]. Strain at maximal stress of the non-pressed CNT sheets was 2.74–3.83%.
After achieving maximal peak, the stress in the third stage decreases gradually with
increasing strain up to the specimen fracture.

Nevertheless, the stress–strain curve of the pressed CNT sheets differs from that of
the non-pressed CNT sheets (Figure 4). The pressed CNT sheets behave initially elastic-
ity with subsequent CNTs sliding and structural failure. The tensile stress of the pressed
CNT sheets was enhanced rapidly along with the increase in the strain up to about
0.7%. Subsequently it declined quickly to about 1.5% strain, followed by slow decrease
until the sample fracture. The pressed CNT sheets indicated much higher tensile
strength and elastic modulus than those of the non-pressed ones. However, a substantial
reduction in the strain at maximal stress of the pressed CNT sheets was evident (Table 1
and Figure 5). The enhanced tensile strength and modulus as well as the decreased
strain at maximal stress of the pressed CNT sheets is explainable by reducing the
waviness and increasing the dense packing of CNTs in the sheet caused by pressing
(Figure 3).

Table 1. Properties of the non-pressed and pressed CNT sheets.

Press
loads
(N/m)

Thickness
(μm)

Areal
weight
(g/m2)

Density
(g/cm3)

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Strain at
max stress (%)

0 8 ± 1 7.48 0.98 88.6 ± 7.21 6.06 ± 0.67 3.29 ± 0.42
147 7 ± 1 7.36 1.04 200.7 ± 15.8 31.4 ± 3.22 0.76 ± 0.08
221 6 ± 1 7.15 1.15 211.8 ± 16.7 35.7 ± 3.47 0.71 ± 0.06
294 6 ± 1 6.89 1.23 188.7 ± 15.3 30.3 ± 3.07 0.68 ± 0.06
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Figure 3. FE-SEM micrographs exhibiting surface morphologies of (a–b) non-pressed and
pressed CNT sheets with press loads of (c–d) 147, (e–f) 221, and (g–h) 294 N/m.
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Compared with the non-pressed CNT sheet, the pressed sheets under the distributed
loads of 147, 221, and 294 N/m, respectively, exhibited a strong increase in tensile
strength by 127, 139, and 113% and in elastic modulus by 418, 489, and 400%, and a
decrease in strain at maximal stress by 76.8, 78.5, and 79.3%. In addition, the tensile
strength and elastic modulus of the pressed CNT sheets enhanced with an increase in the
distributed loads to 221 N/m, but they slightly decreased at 294 N/m press load
(Figure 5). That reduction in the tensile strength and elastic modulus might be attributed
to the application of the high press load, leading to the wrinkles of the CNT sheets. The
fine wrinkles on the surface of CNT sheets under a press load of 294 N/m can be seen in
Figure 1(f). These wrinkles are able to cause an out-of-plane waviness of individual
CNTs and CNT bundles, leading to the reduction in the strength and stiffness of the
CNT sheets. It is particularly interesting that the pressed CNT sheets exhibited similar
tensile strength to that of the non-pressed CNT/epoxy composite. Consequently, direct
pressing of the CNT webs in the drawing and winding process is effective for producing
superior CNT sheets with high alignment and denser packing of the CNTs.

3.2. Effect of pressing on the CNT/epoxy composite properties

Unlike the CNT sheets, the aligned CNT/epoxy composites showed a linear stress–
strain relation until fracture with no bending of the curve at high loads (Figure 4). The
non-pressed and pressed CNT/epoxy composites all broke in a brittle manner with no
permanent change in the original shape during tensile testing. The mechanical proper-
ties of epoxy resin were measured using tensile tests. The epoxy resin showed the
mean tensile strength of 64.4 MPa, elastic modulus of 2.55 GPa, and fracture strain of
4.84%. The properties of the non-pressed and pressed CNT/epoxy composites are pre-
sented in Table 2. Results show that the aligned CNT reinforcement improved the ten-
sile strength and elastic modulus of epoxy resin considerably. Compared with epoxy
resin, the non-pressed CNT/epoxy composite exhibited an increase in tensile strength
by 238% and in elastic modulus by 2115%, and a decrease in fracture strain by 92%.

The enhancement of the tensile strength and elastic modulus is attributed to CNT
reinforcement in the composites. As described above, aligned CNT webs were drawn

Figure 4. Typical stress–strain curves of epoxy resin, CNT sheets, and their composites.
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from the vertically aligned CNT arrays and were stacked together to form a CNT sheet.
A CNT web is a two-dimensional CNT network in which almost CNTs are well self-
aligned in the drawing direction. This self-alignment is a great advantage of solid-state
drawing method. Therefore, excellent material properties of CNTs, having a cylindrical
structure, can be fully utilized when CNTs are aligned in one direction in assembled
materials.[26] Moreover, hot-melt prepreg processing can maintain the CNT alignment
during epoxy resin penetration. The decrease in fracture strain is attributable mainly to
the addition of high CNT content.[18,19,22]

Figure 5. Effects of pressing on the mechanical properties of aligned CNT sheets and composites.
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Effects of pressing on the mechanical properties of aligned CNT/epoxy composites
are presented in Figure 5. Pressing the CNT sheets improved the mechanical properties
of the aligned CNT/epoxy composites. Compared with the non-pressed composite, the
pressed CNT/epoxy composites under the distributed loads of 147, 221, and 294 N/m,
respectively, showed an enhancement in tensile strength by 128, 142, and 117%, in
elastic modulus by 67, 78, and 60%, and in fracture strain by 36.0, 36.4, and 35.6%.
To be similar to the CNT sheets, the tensile strength and elastic modulus of the pressed
CNT/epoxy composites increased concomitantly with increasing the press load to
221 N/m, but they decreased somewhat at a press load of 294 N/m. The decreased
tensile strength and elastic modulus under the high press load might be attributed to
the wrinkles of CNT sheets, as explained above.

Characteristics of the fractured surface morphology of non-pressed and pressed CNT/
epoxy composites are depicted in Figure 6. High-magnification micrographs in Figure 6
show that epoxy resin was infiltrated well between the CNTs. The pulled-out individual
and small-bundled CNTs are apparent on the fracture surface of the non-pressed CNT/
epoxy specimens (Figure 6(a) and (b)). For the pressed CNT/epoxy composites, the
large-bundled CNTs can be seen on the fracture surfaces (Figure 6(c)–(h)). The large-
bundled CNTs formed by pressing are evidently observed on the surface morphologies
of the pressed CNT sheets (Figure 3(c)–(h)). In addition, the CNT bundles increase with
increasing the press load. Moreover, several CNTs were pulled out with clearly smaller
diameter at the end of the breaking point (Figure 6). This pulling out is attributed to
well-known sword-in-sheath failure of multi-walled CNTs.[5,27]

3.3. Mechanism of mechanical property enhancement

The enhanced mechanical properties of the pressed CNT/epoxy composites are explain-
able by evident reduction of wavy CNTs and particularly increasing the dense packing
of CNTs in the sheet caused by pressing (see Figure 3(c)–(h)). The wavy CNTs are
obviously visible in the FE-SEM micrographs of the non-pressed CNT sheets
(Figure 3(a) and (b)). The wavy CNTs do not carry the load efficiently and cannot be
packed densely, leading to a decrease in the strength and stiffness of the resulting CNT
composites.[28] After pressing, the wavy CNTs in the sheets diminished considerably.
The reduction of wavy CNTs is attributable to press load-induced tension in wind-
ing.[29] In press-winding method, the radial pressure is applied to the CNT sheet at the
point where the CNT web enters the winding spool. This pressure increases the tension
of the CNT webs in the CNT sheet, leading to the straightening of wavy CNTs. Simul-
taneously, packing of the CNTs in the pressed sheets was more compact than that in
the non-pressed ones (Figure 3).

Table 2. Properties of the non-pressed and pressed CNT/epoxy composites.

Press loads
(N/m)

Thickness
(μm)

Density
(g/cm3)

Volume
fraction (%)

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Fracture
strain (%)

0 10 ± 1 1.50 37.5 217.5 ± 17.2 56.4 ± 5.17 0.39 ± 0.02
147 10 ± 1 1.53 41.0 495.3 ± 40.8 94.4 ± 7.17 0.53 ± 0.04
221 9 ± 1 1.54 42.1 526.2 ± 41.9 100.2 ± 7.32 0.53 ± 0.06
294 9 ± 1 1.54 42.9 472.6 ± 34.9 90.2 ± 6.91 0.52 ± 0.05
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Figure 6. FE-SEM micrographs showing fracture surfaces of non-pressed (a–b) and pressed
CNT/epoxy composites with press loads of (c–d) 147, (e–f) 221, and (g–h) 294 N/m.
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Furthermore, to evaluate the efficiency of reducing the wavy CNTs (Figure 3) and
increasing CNT volume fraction (Table 2) caused by pressing, the respective percentage
increases of elastic modulus and CNT volume fraction in comparison between pressed
and non-pressed composites were analyzed. The percentage increases of CNT volume
fraction and elastic modulus under press loads 147, 221, and 294 N/m are presented in
Figure 7. As seen in Figure 7, the percentage increases of elastic modulus are several
times greater than those of CNT volume fraction. For instance, the 221 N/m pressed
composites showed a 77.6% increase in elastic modulus and a 12.4% enhancement of
CNT volume fraction. Therefore, the percentage increase in elastic modulus by the
enhanced CNT volume fraction was lower than that coming from straightening the
wavy CNTs. The increased CNT volume fraction of the pressed composites is attribut-
able to the decreased composite thickness (Table 2) caused by dense packing of the
CNTs (Figure 3).

To quantify the decrease in wavy CNTs caused by pressing, the CNT orientations
in FE-SEM images (Figure 8) taken from polished surfaces of the non-pressed and
221 N/m pressed composite samples were analyzed. The histograms of local orientation

Figure 7. Percentage increase in elastic modulus and CNT volume fraction of pressed
composites when compared with those of non-pressed composites.

Figure 8. FE-SEM micrographs of (a) non-pressed and (b) 221 N/m pressed CNT/epoxy
composites showing in-plane CNT distribution and orientation.
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angles of CNTs for six FE-SEM images of each non-pressed and pressed composite
group were obtained. The individual histograms from the images in each group were
summed up to calculate global orientation of CNTs for both non-pressed and pressed
composites. Histograms to visualize the percentage frequency distribution of CNTs with
global orientation angles between −π/2 and π/2 with respect to the axial direction of
CNTs in the non-pressed and pressed composites are presented in Figure 9. Compared
with the non-pressed composite, the pressed composite showed a significant decrease in
the percentage frequency of CNTs with orientation angles from −45° to −15° and
between 15° and 45°. Therefore, the frequency distribution of the CNTs with orientation
angles between −15° and 15° for the pressed composites increased by 68% when
compared with the non-pressed ones. This enhancement is evidently attributed to the
substantial decrease in wavy CNTs in the pressed composites caused by pressing.

4. Conclusions

The drawing and winding method was used to produce thin aligned CNT sheets,
whereas pressing was applied directly where the CNT web enters the winding spool to
enhance straightening and dense packing of the CNTs in the sheets. The composites
based on epoxy resin and aligned CNT sheets were developed using prepreg processing
with VAS. Effects of pressing on the mechanical properties of both the aligned CNT
sheet and the CNT/epoxy composites were studied. The pressing described as a result
of this study can produce thin CNT sheets with high strength and stiffness. With a dis-
tributed load of 221 N/m, the pressed CNT sheet and its composite, respectively, exhib-
ited a substantial increase in tensile strength by 139.1 and 141.9% and elastic modulus
by 489.0 and 77.6% when compared with non-pressed ones. Maximal tensile strength
and elastic modulus of the pressed CNT/epoxy composites have reached as high as
526.2 MPa and 100.2 GPa, respectively. Results show that the press-drawing technique
is effective to create superior CNT sheets with high alignment and dense packing of
CNTs for fabrication of high-performance structural CNT composites.

Figure 9. Histograms to visualize the frequency distribution of global angles with respect to the
axial direction of CNTs in the non-pressed and 221 N/m pressed composites.
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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.
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Since carbon nanotubes (CNTs) were discovered by Iijima in
1991 [1], they have attracted extensive research interest because

the solid-state fabrication of long-aligned and multi-ply CNT
sheets [12,13].
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

⇑ Corresponding author at: Department of Space Flight System, Institute of Space
and Astronautical Science (ISAS/JAXA), 3-1-1 Yoshinodai, Chuo, Sagamihara,
Kanagawa 252-5210, Japan. Tel.: +81 (0)50 3362 7624; fax: +81 (0)42 759 8532.

E-mail addresses: tran.huunam@ac.jaxa.jp, namth@pvu.edu.vn (T.H. Nam).
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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es: P
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).

290 T.H. Nam et al. / Composit
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.

art A 76 (2015) 289–298
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



3. Results and discussion

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).
3.1. 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



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

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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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].



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

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

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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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
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



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

3.3. Effects of CNT diameter on mechanical properties of CNT sheets
and composites

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
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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).
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



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

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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4. Conclusions

es: Pa
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
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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.
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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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Carbon nanotubes (CNTs) have hig
electrical, and thermal properties [1e4].

1359-8368/© 2015 Elsevier Ltd. All rights reserved
Aligned multi-walled carbon nanotube (CNT) sheets produced from aligned CNT arrays were used to
develop high volume fraction CNT/epoxy composites. Stretching and pressing techniques were applied
during CNT sheet processing to straighten the wavy CNTs and to enhance the dense packing of CNTs in
the sheets. Raman spectra measurements showed better CNT alignment in the CNT sheets and the
composites after stretching and pressing. Aligned CNT/epoxy composites with CNT volume fraction up to
63.4% were developed using hot-melt prepreg processing with a vacuum-assisted system. Stretching and
pressing of the CNT sheets enhanced the mechanical properties of high volume fraction CNT/epoxy
composites considerably. Stretching and pressing increased tensile strength of the composites by 32%
and elastic modulus of the composites by 27%. Applying stretching and pressing is effective for pro-
duction of superior CNT sheets with high alignment and dense packing of CNTs, thereby supporting the
development of high-performance CNT composites.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
 aligned CNT/epoxy composites using mechanical densification of
vertically aligned CNT arrays, followed by capillarity-induced wet-
hly desirable mechanical,
Their excellent mechanical

ting with unmodified epoxies. However, the composite length was
restricted drastically because of limited height of the CNT arrays.
properties along with their low density make CNTs attractive as a
potential reinforcement material for next-generation advanced
composites. The advanced composites used for aerospace struc-
tures comprise a high volume fraction of aligned stiff fibers
embedded in high-performance polymers [5]. Vertically aligned
CNT arrays have been developed for the production of high volume
fraction aligned CNT-reinforced polymer composites [6e9].
Furthermore, Wardle et al. [10] fabricated high volume fraction
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.

Therefore, long-aligned CNT sheets have been created recently
from vertically aligned CNT arrays using solid-state drawing and
winding techniques [11e13]. Highly oriented aligned CNT sheets
have been particularly promising for the development of high
volume fraction CNT composites with high performance.

High volume fraction CNT composites based on aligned CNT
sheets have attracted great interest because they are envisioned as
a revolutionary advanced composite material for a host of
demanding applications [14e17]. The high volume fraction allows
the properties of CNTs to dominate the composite properties [10].
However, several reports have described that the waviness,
entanglement, and poor packing of CNTs in the sheets degraded the
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ites
mechanical properties of their composites [18e22]. Therefore,
mechanical stretching has been applied to the CNT sheets to
straighten the wavy CNTs and to enhance dense packing of CNTs,
thereby improving the strength and stiffness of CNT-reinforced
composites [23e25]. Nevertheless, the handling of the CNT sheets
without resin for mechanical stretching is generally difficult
because of static electricity [15]. Consequently, Nam et al. [26]
proposed a simple press-drawing process by which pressing was
applied directly where a CNT web enters the winding roll to create
superior aligned CNT sheets with high strength and stiffness. These
CNT sheets are effective for the production of high-performance
CNT composites.

Recently, a stretch-winding technique has been applied to
fabricate high volume fraction CNT-reinforced polymer composites
with high strength and stiffness [16]. For this study, aligned CNT
sheets were produced from vertically aligned CNT arrays using a
novel combination of stretch-drawing and press-winding tech-
niques. These techniques can reduce the waviness and entangle-
ment of CNTs considerably, and can increase dense packing of CNTs
in the sheets, thereby improving the properties of aligned CNT
composites. High volume fraction CNT composites based on epoxy
resin and aligned CNT sheets were developed using hot-melt pre-
preg processing with a vacuum-assisted system (VAS). The me-
chanical properties of the high volume fraction CNT/epoxy
composites were studied. The CNT volume fraction was estimated
through thermogravimetric analysis (TGA) data. Field emission
scanning electron microscopy (FEeSEM) (SU8030; Hitachi Ltd.,
Tokyo, Japan) was used to investigate the microstructural mor-
phologies of the CNT sheets and their composites.

2. Experimental procedures

2.1. Materials

A 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 condition of 130 �C for 2 h. The areal
weight of the B-stage epoxy resin sheet with density of 1.2 g/cm3

was controlled to approximately 12 g/m2. Vertically aligned multi-
walled CNT arrays with about 0.8 mm height were grown on a bare
quartz substrate using chloride-mediated chemical vapor deposi-
tion [7]. Fig. 1a portrays a vertically aligned CNT array used for this
study. An FEeSEM micrograph showing horizontally aligned CNTs
drawn from the CNT array was inserted in Fig. 1a. A scanning
transmission electron microscopy (STEM) image showing the high
quality of CNTs is presented in Fig. 1b. As-grown CNTs examined in
this study have mean diameter of 22 nm (see Fig. 1b inset).
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Fig. 1. (a) Vertically aligned CNT array and an inserted FEeSEM image showing ho
2.2. Processing of aligned CNT sheets

The main purpose of our strategy for fabricating high-strength
and high-modulus CNT composites is to create superior aligned
CNT sheets before embedding them into a polymer matrix. Pristine
aligned CNT sheets have been produced from vertically aligned CNT
arrays using drawing and winding processes [12,15]. Although most
of the CNTs are aligned unidirectionally, many wavy and entangled
CNTs were observed in the pristine CNT sheets. Therefore, mechan-
ical stretching has been applied to the aligned CNT sheets to
straighten thewavy CNTs in the sheets [25]. In addition, a stretching
system to stretch CNT webs during the CNT sheet processing has
been reported recently by Wang et al. [16]. The CNT webs traveled
horizontally and passed through a stretching system including a pair
of stationary rods. Forour study, stretchedCNTsheetswereproduced
from aligned CNT arrays through drawing and stretch-winding
processes. Furthermore, pressed CNT sheets were created from
aligned CNT arrays using drawing and press-winding techniques, as
presented by Nam et al. [26]. Moreover, a new combination of both
stretching and pressing was proposed to develop stretch-pressed
CNT sheets for additional improvement of the composite proper-
ties. Fig. 2 depicts a schematic showing the processing of an aligned
CNT sheet using drawing, stretching, winding, and pressing tech-
niques. Pristine, stretched, pressed, and stretch-pressed 300-ply
aligned CNT sheets were used for composite fabrication.

2.3. Production of aligned CNT/epoxy composites

Composites made of an epoxy resin film and aligned CNT sheets
were developed using hot-melt prepreg processing with the VAS.
This method maintained the alignment of CNTs during epoxy resin
impregnation [25,26]. First, an aligned CNT/epoxy prepreg was pre-
pared by stacking 300-ply CNTsheets with 20mmwidth and 40mm
lengthonanepoxy resinfilm. Then, theprepregwas set between two
release films (WL5200; Airtech International Inc., CA, USA). Next, the
prepreg was pressed 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 prepregs were peeled from the
release films and release paper. Finally, the prepregs were cured at
130 �C for 2 h under 2MPa in the VAS to produce the composites. The
pristine, stretched, pressed, and stretch-pressed CNT/epoxy com-
posites were fabricated for comparative assessments.

2.4. Thermogravimetric analysis

The thermal degradation behaviors of epoxy resin, CNTs, and
their composites were analyzed up to 800 �C in argon gas at a flow
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rizontally aligned CNTs. (b) A STEM image and diameter distribution of CNTs.



Fig. 2. Schematic showing processing of aligned CNT sheet using drawing, stretching,
winding and pressing techniques.
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rate of 300 ml/min using a thermogravimetric analyzer (DTGe60A;
Shimadzu Corp., Kyoto, Japan). About 5 mg of each specimen was
loaded for each measurement at a heating rate of 10 �C/min. The
respective mass losses of epoxy resin, CNTs, and the composites
were recorded.
2.5. Characterizations and testing
Polarized Raman spectra were measured to ascertain the degree
of CNT alignment in the sheets and their composites using Raman
spectroscope with laser excitation of 532 nm (XploRA-ONE; Horiba
Ltd., Kyoto, Japan). Tensile tests were conducted for the aligned
CNT/epoxy composites in a laboratory environment at room tem-
perature (RT) of 23 ± 3 �C and 50 ± 5% relative humidity. Tensile
specimens with 10 mm gauge length and 3 mmwidth were tested
on a testing machine (EZ-L; Shimadzu Corp., Kyoto, Japan) with a
crosshead speed of 0.1 mm/min. Widths of specimens were
measured using an optical microscope (SZX12; Olympus Corp.,
Tokyo, Japan), whereas their thickness was measured using a
micrometer (102e119; Mitutoyo Corp., Kanagawa, Japan). The
longitudinal strain of tensile specimens was measured using a non-
contacting video extensometer (TRViewX; Shimadzu Corp., Kyoto,
Japan) with two targets. Mean tensile properties were obtained
from at least five specimens.

3. Results and discussion
3.1. Evaluation of CNT alignment after stretching and/or pressing
FEeSEMmicrographs showing microstructural morphologies of
pristine, stretched, pressed, and stretch-pressed CNT sheets are
presented in Fig. 3. The pristine CNT sheets showedmany wavy and
entangled CNTs (Fig. 3a). The waviness and entanglement of
numerous CNTs in the sheets were reduced slightly after the CNT
webs traveling throughout the stretching system (Fig. 3b). The CNT
waviness reduction is explainable by the increased tension of the
CNT web when it passes around a pair of stationary rods [16].
However, the packing of CNTs in the pristine sheets and stretched
sheets is poor. Therefore, pressing was applied to the pristine
sheets and stretched sheets to reduce the waviness of CNTs further
and especially to enhance the dense packing of CNTs in the sheets.
After pressing, the waviness of CNTs in the sheets diminished
considerably (Fig. 3ced). The reduced waviness of CNTs attribut-
able to pressing is explainable through the mechanism of press
load-induced tension in winding [26,27]. Particularly, the pressing
drastically enhances the dense packing of CNTs in the sheets (see
Fig. 3ced). Moreover, the stretch-pressed CNT sheets (Fig. 3d)
showed more straight CNTs and greater CNT alignment than the
pressed CNT sheets (Fig. 3c).

The CNT alignment and straightening of wavy CNTs after
stretching and/or pressing were examined using polarized Raman
spectroscopy [28,29]. Polarized Raman spectra were measured
using incident light (laser light with a wavelength of 532 nm)
normal to the CNT sheet samples. The incident light was polarized
parallel and perpendicular to the CNT alignment (see Fig. 4 inset).
Typical Raman spectra with Raman shift between 1000 and
2000 cm�1 are presented in Fig. 4. Polarized Raman spectra for all
samples show twomain peaks located at approximately 1350 cm�1

and 1580 cm�1, which are attributed respectively to the disorder-
induced D band and the graphite-structure derived G band. The
Raman shift of the CNT sheets does not change significantly after
stretching and/or pressing. Furthermore, the intensity ratio be-
tween the G band and the D band (IG/ID) of the CNT sheets is higher
than 3.0. This high value shows the high crystal quality of CNTs and
the low amount of amorphous carbon, as presented by Inoue et al.
[12].

In other respects, the ratio of G-band intensity in the parallel
configuration to the perpendicular configuration (R ¼ IGk=IG⊥) was
used to characterize the degree of CNT alignment [12,28,29]. The
higher CNT alignment produces the higher G-band intensity ratio
because Raman scattering is more intense when the polarization
of the incident light is parallel to the axis of a CNT [30]. The G-band
intensity ratio R of the pristine CNT sheets was 1.73, as portrayed
in Fig. 4. After stretching and/or pressing, the R value of CNT sheets
was markedly enhanced. The respective G-band intensity ratios of
the stretched and pressed CNT sheets were 2.57 and 4.82. It is
particularly interesting that the R value of the stretch-pressed CNT
sheets increased drastically to 6.30. The marked enhancement in
the R is attributed to the better alignment of CNTs in the sheets
after stretching and/or pressing. Results show that the G-band
intensity ratio of the stretch-pressed samples is much greater than
that of the pristine ones. Therefore, the combination of both
stretching and pressing improved the CNT alignment in the sheets
considerably.

3.2. CNT volume fraction in the composites
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The CNT volume fractionwas determined through the TGA data.
The respective mass losses of the CNTs, epoxy resin and the com-
posites were measured at 150e750 �C. The CNT mass fraction (mf)
of 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�
Dmm � Dmf

� (1)

The CNT volume fraction (Vf) was then estimated from the mass
fraction of the CNTs, epoxy resin density (rm), and the density of the
composite (rc) as follows.

Vf ¼ 1�

�
1�mf

�
rc

rm
(2)

The mass losses, CNT mass fractions, and CNT volume fractions
of the composites are presented in Table 1. The stretching and/or
pressing of the CNT sheets induced a slight enhancement in the CNT
mass fraction and the CNT volume fraction of the composites. The
increase in the CNT volume fraction of the composites was
explained by the decrease of the composite thickness [25,26]. The
composite thickness reduction is attributable to straightening of
the wavy CNTs and dense packing of CNTs in the sheets caused by
the stretching and/or pressing (see Fig. 3). Particularly, the combi-
nation of both stretching and pressing of the CNT sheets drastically
engendered the straightening of wavy CNTs and denser packing of
CNTs in the composites.



3.3. Mechanical properties of high volume fraction CNT/epoxy
composites

strength and stiffness in the loading direction [25,26]. As Fig. 3
shows, most CNTs in the sheets are well aligned in the drawing
direction. In addition, the alignment of CNTs in the composites was

Fig. 3. FEeSEM micrographs showing microstructural morphologies of (a) pristine, (b) stretched, (d) pressed, and (d) stretch-pressed aligned CNT sheets corresponding to CNT
sheet processing methods of drawing and winding [12,15,25], stretch-drawing and winding [16], drawing and press-winding [26], and stretch-drawing and press-winding [this
study].
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The mechanical properties of epoxy resin and high volume
fraction aligned CNT/epoxy composites were measured using ten-
sile testing. The mean tensile strength, elastic modulus and fracture
strain of epoxy resin respectively were 64.4 MPa, 2.6 GPa, and 4.8%.
The composites showed a linear stressestrain relation until the
specimen fractures with no bending of the curves at high loads.
Mechanical properties of pristine, stretched, pressed, and stretch-
pressed CNT/epoxy composites are presented in Table 2. FEeSEM
micrographs showing in-plane distribution of CNTs in the pristine,
stretched, pressed, and stretch-pressed aligned CNT/epoxy com-
posites are depicted in Fig. 5. The wavy and poor-packed CNTs are
apparent in the pristine composites (Fig. 5a). During stretching
and/or pressing, the wavy CNTs were straightened and the dense
packing of CNTs was enhanced (see Fig. 5bed). High-magnification
FEeSEM micrographs showing fracture surfaces of the composites
are presented in Fig. 6. As observed in Fig. 6, CNT bundles created by
the stretching and/or pressing are visible on the fracture surfaces of
the composites. The existence of the CNT bundles is evidenced by
the surface morphologies of the CNT sheets (Fig. 3bed).

Compared with epoxy resin, the pristine aligned CNT/epoxy
composite showed increased tensile strength by 821%, enhanced
elastic modulus by 4042%, and decreased fracture strain by 88%.
The improvement in tensile strength and elastic modulus of the
composites is explainable by the fact that aligned CNTs in the
composites carry the load along the length of CNTs and provide
maintained during resin impregnation using the hot-melt prepreg
processing (see Fig. 5). The reduction in the fracture strain of the
composites is mainly attributable to the addition of high CNT
contents, leading to the decrease in the amount of epoxy matrix
available for the elongation, as presented in our earlier reports
[25,26].

Applying stretching and/or pressing of the CNT sheets improved
the mechanical properties of the high volume fraction CNT/epoxy
composites (see Table 2). Compared with the pristine CNT/epoxy
composites, the stretched composites showed tensile strength
enhancement of 14% and elastic modulus increase of 12%. The
enhancement in tensile strength and elastic modulus is attributed
to the straightening of wavy CNTs (see Fig. 3b) and the slight in-
crease of CNT volume fraction (Table 1). The wavy CNTs were
observed clearly in the pristine samples (Figs. 3a and 5a). When the
CNT webs passed through a stretching system during the CNT sheet
processing (see Fig. 2), the wavy CNTs were partly straightened
along the stretch direction. The straightening of wavy CNTs is
explainable by the fact that the CNT web tension was enhanced by
the stretching system [16]. The straightening of wavy CNTs in
Fig. 3b caused by the stretching system enhanced the mechanical
properties of the stretched CNT/epoxy composites.

In addition, the pressed CNT/epoxy composites showed superior
mechanical properties to those of the pristine and stretched ones
(see Table 2). This enhancement is attributable to greater



Fig. 4. Polarized Raman spectra of pristine, stretched, pressed and stretch-pressed CNT
sheets at 0� and 90� (0� corresponds to a configuration where the polarization di-
rection of the laser light is parallel to the CNT alignment direction, whereas 90� cor-
responds to a configuration in which the laser light polarization direction is
perpendicular to the CNT alignment direction).

Table 1
CNT fractions in the composites estimated from TGA results.

Materials Epoxy resin CNTs Pristine composites

Mass lossa (%) 86.3 3.50 31.5
CNT mass fraction (%) e e 66.2
CNT volume fraction (vol. %) e e 60.1

a Mass loss was measured between 150 �C and 750 �C.

Table 2
Properties of pristine, stretched, pressed and stretch-pressed CNT/epoxy composites.

Composite CNT sheet processing Thickness (mm) Density (g

Pristine Drawing and winding 21e24 1.42
Stretched Stretch-drawing and winding 17e20 1.44
Pressed Drawing and press-winding 16e18 1.45
Stretch-pressed Stretch-drawing an press-winding 16e18 1.46
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straightening of wavy CNTs and especially to the increase of CNT
dense packing (Figs. 3 and 5). As described above, the straightening
of wavy CNTs caused by pressing is attributable to the mechanism
of press load-induced tension in winding. In press-winding
method, radial pressure is applied to the CNT sheet at the point
where the CNT web enters the winding spool. This pressure in-
creases the tension of the CNT webs in the CNT sheet, thereby
leading to the straightening of wavy CNTs [26]. Furthermore, when
the CNT webs are pressed during the CNT sheet processing, the
CNTs in the pressed sheets are packed densely with fewer in-
terstices between the CNTs (see Fig. 3). The dense packing of CNTs
in the pressed composites became more compact than that in the
stretched composites. Therefore, pressing without stretching the
CNT sheets is more effective in improving the mechanical proper-
ties of the composites than stretching without pressing.

Moreover, the combination of both stretching and pressing of
the CNT sheets improved the mechanical properties of the com-
posites considerably. The stretch-pressed aligned CNT/epoxy
composites respectively exhibited increased tensile strength by
32%,16%, and 8%, and increased elastic modulus by 27%,13%, and 6%
compared with the pristine, stretched, and pressed ones. Applica-
tion of both stretching and pressing evidently enhanced the
straightening of wavy CNTs and simultaneously increased dense
packing of CNTs (see Figs. 3d and 5d). The increase of alignment and
dense packing of CNTs enhanced the strength and stiffness of the
aligned CNT/epoxy composites [26]. In general, the pristine com-
posites contained many wavy CNTs along the axial loading direc-
tion and indicated poor-packed CNTs. Therefore, just a portion of
CNT fraction in the composites carries loads effectively in the ten-
sile testing. Applying stretching and/or pressing produced the
straightening of wavy CNTs and created many CNT bundles (see
Figs. 3 and 6). The straightened CNTs have a larger fraction of their
length aligned with the loading direction, thereby improving the
mechanical strength and stiffness of the composites [25].

3.4. Evaluating the increase in CNT alignment and volume fraction
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Improving the mechanical properties of aligned CNT/epoxy
composites originated from the straightening of wavy CNTs and
from the dense packing of CNTs, which are ascribed to the
stretching and/or pressing. The dense packing of CNTs in the
sheets caused the increased CNT volume fraction in the compos-
ites [25,26]. In addition, the straightening of wavy CNTs by
stretching and/or pressing engenders the increase of the G-band
Stretched composites Pressed composites Stretch-pressed composites

30.2 29.0 28.5
67.8 69.3 69.9
61.3 62.9 63.4

/cm3) Tensile strength (MPa) Elastic modulus (GPa) Fracture strain (%)

592.6 ± 51.7 105.5 ± 10.6 0.56 ± 0.04
674.5 ± 63.6 117.9 ± 11.5 0.57 ± 0.04
724.4 ± 60.3 126.1 ± 11.4 0.58 ± 0.06
780.2 ± 71.2 133.6 ± 13.4 0.59 ± 0.06



intensity ratio R. For the composite specimens, the intensity ratio
between the G-bands and D-bands and the G-band intensity ratio

Moreover, to quantify the straightening of wavy CNTs caused by
the stretching and pressing, the CNT orientations in FEeSEM im-

Fig. 5. FEeSEM micrographs showing in-plane CNT distribution of (a) pristine, (b) stretched, (c) pressed, and (d) stretch-pressed CNT/epoxy composites.
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for the two polarizations are presented in Table 3. Results show
that the intensity ratio IG/ID of the composites varies slightly with
change of the CNT sheet processing. However, the G-band in-
tensity ratio of the composite samples is increasedmarkedly when
applying stretching and/or pressing. The G-band intensity
enhancement is attributed to the better alignment of CNTs caused
by stretching and/or pressing of the CNT sheets, as described
above. The G-band intensity ratio of the stretch-pressed com-
posite exhibited the highest value among all the composites.
Consequently, in this study the combination of stretching and
pressing indicated the best alignment of CNTs in the composites,
as shown in Fig. 5.

As presented above, the G-band intensity ratio is used to
investigate the degree of CNT alignment. The straightening of
wavy CNTs by stretching and/or pressing produces a higher degree
of CNT alignment, thereby leading to a higher G-band intensity
ratio. To evaluate the increased straightening of wavy CNTs caused
by the stretching and/or pressing, the relations of s/Vf (tensile
strength/volume fraction) and of E/Vf (elastic modulus/volume
fraction) versus the G-band intensity ratio were analyzed, yielding
the results presented in Fig. 7. Results show that the values of s/Vf

and E/Vf increased concomitantly with enhancement of the G-
band intensity ratio. The enhancement in the s/Vf and E/Vf with
increasing the G-band intensity ratio is attributable to the
increased straightening of wavy CNTs caused by the stretching
and/or pressing. The increased straightening of wavy CNTs which
arises from the stretching and/or pressing can be observed in
Figs. 3 and 5.
ages taken from polished surfaces of the pristine and stretch-
pressed composite samples were analyzed, as presented by Nam
et al. [26]. The FEeSEM images were divided into five parts in the
vertical direction, as depicted in Fig. 8 inset. The local orientation
angle of CNTs was evaluated from each part with the assumption of
straight CNTs. The histograms of local orientation angles of CNTs for
six FEeSEM images of each pristine and stretch-pressed composite
group were obtained. The individual histograms from the images in
each group were summed up to calculate the global orientation of
CNTs for both the pristine and stretch-pressed composites. Histo-
grams to visualize the percentage frequency distribution of CNTs
with global orientation angles between �90 deg and þ90 deg with
respect to the axial direction of CNTs in the pristine and stretch-
pressed composites are presented in Fig. 8.

As observed in Fig. 8, the frequency of CNTs of the pristine
composites distributes largely between �90 deg and þ90 deg,
whereas most CNTs in the stretch-pressed composites are aligned
around the 0 deg direction (tensile direction). The standard de-
viation of the CNT orientation is about 40 deg for the pristine
composites, but it is reduced to 29 deg for the stretch-pressed
composites. Compared with the pristine composites, the stretch-
pressed composites showed a slight decrease in the percentage
frequency of CNTs from �90 deg to �45 deg and between 45 deg
and 90 deg. The slight reduction indicates that the entangled CNTs
in the composites decrease only slightly after applying the
stretching and pressing. Furthermore, the percentage frequency of
CNTs with orientation angles from �45 deg to �15 deg and be-
tween 15 deg and 45 deg in the pristine composites was higher



than that in the stretch-pressed ones. Therefore, the frequency
distribution of CNTs with orientation angles between �15 deg and

pressing without stretching in improving tensile strength and
elastic modulus of the composites is greater than that of the

Fig. 6. FEeSEM micrographs showing fracture surfaces of (a) pristine, (b) stretched, (c) pressed, and (d) stretch-pressed CNT/epoxy composites.
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15 deg increases from 28% for the pristine composites to 63% for
stretchepressed composites. This increase is attributed to the
straightening of wavy CNTs in the stretchepressed composites
resulting from the stretching and pressing.

The stretching and pressing of the CNT sheets markedly
increased the mechanical properties of the composites. As
described above, the enhanced mechanical properties of the com-
posites are attributable to the increase of the CNT volume fraction
caused by dense packing of CNTs and to the straightening of wavy
CNTs. To evaluate the influence of these two factors, the respective
percent increases of tensile strength, elastic modulus, and the CNT
volume fraction of the stretched, pressed, and stretch-pressed
composites compared with those of the pristine composites were
analyzed, yielding the results presented in Fig. 9. Results show that
the percentage increases in the tensile strength, elastic modulus,
and the CNT volume fraction of the pressed composites are higher
than those of the stretched ones. Therefore, the effectiveness of the

Table 3
Intensity ratio (IG/ID) and G-band intensity ratio (R) of the composites.
Composite sample CNT sheet processing

Pristine Drawing and winding
Stretched Stretch-drawing and winding
Pressed Drawing and press-winding
Stretch-pressed Stretch-drawing an press-winding
stretching without pressing. Moreover, the combination of both
stretching and pressing showed the highest percentage increase in
the tensile strength and elastic modulus of the composites.
Consequently, the application of both stretching and pressing in the
CNT sheet processing is most effective to create superior CNT sheets
with high CNT alignment and dense packing of CNTs for the
development of high-performance CNT-reinforced composites.

The percentage increases of the CNT volume fraction are
evidently lower than those of tensile strength and elastic modulus
of the composites (see Fig. 9). The percentage enhancement of
tensile strength and elastic modulus as a result of increasing the
CNT volume fraction was recognized as lower than that coming
from the straightening of wavy CNTs [25,26]. Therefore, the volume
fraction increase of the composites with high CNT loading was
probably less efficient than the straightening of wavy CNTs result-
ing from the stretching and pressing. Moreover, the percentage
increase of the elastic modulus (19.5%) caused by pressing for high
Intensity ratio (IG/ID) G-band intensity ratio (R)

0� 90�

2.82 3.48 1.38
2.89 3.46 1.73
2.92 3.50 1.98
2.94 3.54 2.24



CNT volume fraction composites in this study was lower than that

sheets and their composites after stretching and/or pressing. The

Fig. 7. Relations of s/Vf (tensile strength/volume fraction) and of E/Vf (elastic modulus/
volume fraction) versus the G-band intensity ratio. Fig. 9. Percentage increases in tensile strength, elastic modulus and CNT volume

fraction of the composites.
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(77.6%) for low volume fraction composites reported by Nam et al.
[26]. This phenomenon demonstrates a reduced trend of the per-
centage increase in the elastic modulus of the composites as the
CNT volume fraction increases. This decreased trend is attributable
to the increase of CNT alignment in the thickness direction of the
pristine composites with high CNT loading because the CNT
orientation was distributed both over a plane direction and thick-
ness direction of the composites [31]. In general, the efficiency of
the stretching and/or pressing in improving the mechanical prop-
erties of the composites decreased with the increase of the CNT
volume fraction.

4. Conclusions

Stretching and pressing techniques have produced superior CNT
sheets with high alignment and dense packing of CNTs. Raman
spectra measurements showed better CNT alignment in the CNT
Fig. 8. Histograms showing the frequency distribution of global orientation angles with res
aligned CNT/epoxy composites with high CNT volume fraction of
63.4% were developed successfully using hot-melt prepreg pro-
cessing with the VAS. The stretching and/or pressing of the CNT
sheets improved the mechanical properties of the composites
considerably. Pressing without stretching is more effective than
stretching without pressing. The highest strength and stiffness of
the composites were achieved in the case of combining both
stretching and pressing of the CNT sheets. The stretchepressed
composites exhibit increased tensile strength by 32% and enhanced
elastic modulus by 27% compared with pristine composites.
Maximum tensile strength and elastic modulus of the aligned CNT/
epoxy composites respectively reached as high as 851 MPa and
147 GPa. In conclusion, the new combination of both stretching and
pressing is most effective to produce superior CNT sheets for the
development of high volume fraction CNT composites with high
strength and stiffness.
pect to the axial direction of CNTs in the non-pressed and stretch-pressed composites.
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Improved mechanical properties
of aligned multi-walled carbon
nanotube/thermoplastic polyimide
composites by hot stretching
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Abstract

High heat resistance composites based on thermoplastic polyimide resin and aligned multi-walled carbon nanotube

sheets have been developed using hot-melt processing method with a vacuum-assisted system. The horizontally aligned

carbon nanotube sheets were produced from vertically aligned carbon nanotube arrays using drawing and press-winding

techniques. Effects of processing conditions, carbon nanotube contents, and hot stretching on the mechanical properties

of the composites were examined. The aligned carbon nanotube/thermoplastic polyimide composites were fabricated

successfully at a temperature of 410�C under 2 MPa pressure. The surface morphologies of the composites showed high

alignment and dense packing of carbon nanotubes, and a good impregnation of the thermoplastic polyimide matrix into

the aligned carbon nanotube sheets. The best mechanical properties of the aligned carbon nanotube/thermoplastic

polyimide composites were achieved at the carbon nanotube volume fraction of about 50% in this study. Hot stretching

of the aligned carbon nanotube/thermoplastic polyimide composites at the temperatures above the glass transition

temperature and below the melting temperature improved the mechanical properties of the composites considerably.

Keywords

Carbon nanotubes, nano composites, thermoplastic polyimide, mechanical properties, mechanical stretching

Introduction

Thermoplastic polyimides (TPIs) are generally derived
from a condensation reaction between anhydrides
(aromatic or aliphatic) or anhydride derivatives and
diamines.1–3 They have exhibited low moisture absorp-
tion, excellent thermal stability and chemical resistance,
flexibility, high toughness and damage tolerance, and
outstanding mechanical properties at both room and
elevated temperatures. TPIs are a class of thermally
stable high-performance polymers that are used in a
variety of applications, such as adhesives, coatings,
fibers, films, membrane, liquid crystalline displays,
insulation, and composite matrices.2–4 Early conven-
tional polyimides (PIs) represented the most important
family of heat resistant polymers. However, they
showed difficulties in melt processing by conventional
injection and extrusion because of their rigid chemical
structure and interaction among their molecular

chains.5 Therefore, great efforts have been devoted to
the development of high-performance melt-processable
TPIs which can be used as high-temperature matrix
resins for advanced composites.6–8
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Carbon nanotubes (CNTs) are regarded as the poten-
tial reinforcements for advanced composites because of
their high aspect ratio, high surface area available for
stress transfer, and excellent mechanical properties.9–11

Polymer composites reinforced with CNTs have been
studied extensively in the recent years.12–14 Most CNT-
reinforced polymer composites have incorporated
unorganized CNTs dispersed in the polymer matrices.
These composites could not fully take advantage of the
excellent properties of CNTs because of low volume
fraction and easy agglomeration in the dispersion of
CNTs. Therefore, recent studies have focused on grow-
ing organized CNTs with determined orientations such
as vertically aligned CNT arrays.15–17 Based on solid-
state drawing and winding techniques, horizontally
aligned CNT sheets have been produced from vertically
aligned and spinnable CNT arrays.18,19 The introduc-
tion of aligned CNTs in polymer matrices represents a
new direction for the development of composite mater-
ials in a wide range of applications.20 The aligned CNT
sheets allow easy fabrication of aligned CNT composites
with desirable structural characteristics. However, wavy
and poor-packed CNTs in the sheets have degraded the
composite properties.21 Consequently, the reduction of
the wavy and poor-packed CNTs in the sheets was con-
ducted through stretching and/or pressing techniques,
thereby improving the mechanical properties of aligned
CNT composites.22–27

Although studies of aligned CNTs reinforced PI com-
posites have been found in several reports,28,29

researches on TPI composites reinforced by aligned
CNTs are rare. Moreover, aligned CNT/TPI composites
are able to be recycled and repair the damage structures
because TPI resin can be re-melted and re-processed by
applying heat and pressure.30 For this study, high heat
resistance composites made of TPI resin and highly
aligned CNT sheets have been developed using the
hot-melt processing method with a vacuum-assisted
system (VAS). Effects of CNT volume fraction and pro-
cessing conditions on the mechanical properties of the

composites were examined. In addition, hot stretching of
the aligned CNT/TPI composites was conducted to
increase further CNT alignment in the composites.
Hot stretching of the aligned CNT/TPI composites can
lead to decreasing the microscopic waviness of the CNTs
and their bundles. The enhancement of CNT alignment
in the composites by hot stretching can increase the
strength and stiffness of the composites.

Experimental procedures

Materials

Vertically aligned multi-walled CNT arrays with about
0.8mm height were grown on a bare quartz substrate
using chloride-mediated chemical vapor deposition.15

Highly aligned CNT sheets were produced from
vertically aligned CNT arrays using drawing and
press-winding techniques.23 Figure 1(a) portrays the
processing of a horizontally aligned CNT sheet from
a vertically aligned CNT array. A scanning transmis-
sion electron microscopy (STEM) image describing
the structure and diameter of CNTs is depicted in
Figure 1(b). As-grown CNTs used in this study have
mean diameter of 22 nm (see inset in Figure 1(b)). TPI
resin film Midfil NS-31 was supplied by Kurabo
Industries Ltd. (Osaka, Japan) with a glass transition
temperature of 320�C and a melting temperature of
388�C. Thickness and density of the TPI film are
about 6mm and 1.43 g/cm3, respectively.

Fabrication of aligned CNT/TPI composites

The composites made of TPI resin films and aligned
CNT sheets were developed using hot-melt processing
method with the VAS. The VAS was used during the
composite fabrication to minimize air voids within the
composites. First a 20-mm-width and 80-mm-length
aligned CNT sheet with CNT plies varying from 100
to 500 was placed between the two TPI resin films to

Figure 1. (a) Processing of a horizontally aligned CNT sheet from a vertically aligned CNT array using drawing and press-winding

techniques23; and (b) A STEM image describing the structure of CNTs and an inserted figure of CNT diameter distribution.

2 Journal of Composite Materials 0(0)



produce aligned CNT/TPI composites. The stacking
CNT sheet and TPI films were set between the two
UPILEX films supplied by UBE Industries Ltd
(Tokyo, Japan). Subsequently, the composites were
pressed at different temperatures (400, 410, and
420�C) for 10min without pressure for easy impregnat-
ing melt TPI resin into the CNT sheets and followed by
10min under three different pressures of 1, 1.5, and
2MPa using a test press (MP-WNL; Toyo Seiki
Seisaku-sho Ltd, Tokyo, Japan). Finally, the compos-
ites were cooled naturally by air under processing pres-
sure for creating crystallinity in the TPI composites.

Hot stretching of aligned CNT/TPI composites

The aligned CNT/TPI composite samples were hot-
stretched using a hydraulic servo testing equipment
(Servopulser EHF-F1; Shimadzu Corp., Kyoto,
Japan) with a load speed of 0.01N/s. The composite
samples with 10mm width and 80mm length were
used for hot stretching until maximal tensile load.
The images showing the testing equipment with a
mounted sample before and after hot stretching are
depicted in Figure 2. The UPILEX film end tabs were
bonded on both sides of the sample grip portions

(see Figure 2(a) inset). The distance between the
clamped end tabs of the samples was 40 mm. After
hot stretching, the composites were re-processed at
410�C for 10min under 2MPa pressure using the test
press above and were cooled naturally by air under
pressure.

Thermogravimetric analysis

Thermal degradation of TPI resin, CNTs, and their
composites was analyzed up to 1000�C in argon gas
at a flow rate of 100ml/min using a thermogravimetric
analyzer (STD Q600; TA Instruments, Delaware,
USA). About 5mg of each specimen was loaded for
each measurement at a heating rate of 10�C/min. The
thermogravimetric analysis (TGA) curves and the mass
losses were recorded.

Characterizations and testing

Microstructural morphologies of the aligned CNT
sheets and composites were observed using FE-SEM
(SU8030; Hitachi Ltd, Tokyo, Japan). Polarized
Raman spectra were measured to ascertain the degree
of CNT alignment in the composites using Raman

Figure 2. Photographs showing the hot stretching equipment with a mounted sample before and after hot stretching: (a) hot

stretching equipment with a mounted sample, (b) specimen before stretching, and (c) specimen after stretching.
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spectroscope (XploRA-ONE; Horiba Ltd, Kyoto,
Japan) with the laser excitation of 532 nm. Tensile tests
were conducted for the aligned CNT/TPI composites in
a laboratory environment at room temperature (RT) of
23� 3�C and 50� 5% relative humidity. Tensile speci-
mens with 10mm gauge length and 3mm width were
tested on a testing machine (EZ-L; Shimadzu Corp.,
Kyoto, Japan) with a crosshead speed of 0.1mm/min.
Samples width was measured using an optical micro-
scope (SZX12; Olympus Corp., Tokyo, Japan), whereas
their thickness was measured using a digital micrometer
(IP65; Mitutoyo Corp., Kanagawa, Japan). The longi-
tudinal strain of tensile samples was measured using a
non-contacting video extensometer (TRIViewX;
Shimadzu Corp., Kyoto, Japan) with two targets.
Mean tensile properties of the TPI resin and composites
were obtained from at least five specimens.

Results and discussion

Microstructural morphologies of aligned
CNT sheets and composites

FE-SEM micrographs showing microstructural
morphologies of the aligned CNT sheets produced
using drawing and press-winding techniques, and
in-plane CNT distribution of aligned CNT/TPI com-
posites are presented in Figure 3. As Figure 3(a)
shows, the CNTs are well aligned in the drawing direc-
tion and are densely packed in the sheets. As reported
in our earlier studies,22�25 press-winding method led to
decreasing wavy CNTs and increasing the CNT dense
packing in the sheets. In addition, in-plane CNT distri-
bution of aligned CNT/TPI composites in Figure 3(b)
showed that the alignment of CNTs in the composites is

maintained during the melt TPI resin impregnation
using the hot-melt processing with the VAS.

CNT volume fraction and density

The air voids in the composites can be negligible
because of using the VAS during the composite pro-
cessing. Therefore, the CNT volume fraction in the
aligned CNT/TPI composites was determined through
TGA data. The respective mass loss of the CNTs, TPI
resin and the composites was measured between 150�C
and 850�C. The CNT mass fraction (mf) of the com-
posite was calculated from mass loss of the CNTs
(�mf), TPI resin (�mm) and the composite (�mc) as
follows.22–25

mf ¼
�mm ��mcð Þ

�mm ��mf

� � ð1Þ

The CNT volume fraction (Vf) was then estimated
from the mass fraction of the CNTs, TPI resin density
(�m) and density of the composite (�c) as follows

Vf ¼ 1�
1�mf

� �
�c

�m
ð2Þ

The mass loss, mass fraction and volume fraction of
CNTs in the composites with different CNT-ply num-
bers are given in Table 1. Results show that the CNT
volume fraction of the composites increases gradually
with increasing the number of CNT plies. The TGA
curves of TPI resin, the CNTs, and the composites
are displayed in Figure 4. As Figure 4 shows, thermal
degradation of the CNTs is slight, whereas the mass
loss of the TPIs is large at high temperature.

Figure 3. FE-SEM micrographs illustrating (a) the microstructure of an aligned CNT sheet and (b) in-plane CNT distribution of the

400-ply CNT/TPI composite. CNT: carbon nanotube; TPI: thermoplastic polyimide.
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The thermal degradation rate of the TPI resin is extre-
mely slow below 520�C, but the mass loss rate becomes
fast above 520�C and below 850�C. Above 850�C, the
TPI starts to decompose with a lower rate of the mass
loss. The initial decomposition temperatures of the
composites were determined approximately at 520�C.
About 2.7–3.5% of the original mass losses of the com-
posites were measured at 520�C.

The density of a CNT in the aligned CNT/TPI com-
posites might be estimated from the CNT volume frac-
tion, TPI resin density, and density of the composite
using the rule of mixtures. The density of a CNT in the
100-ply aligned CNT/TPI composites was found to be
from 1.69 g/cm3 to 1.71 g/cm3. Kim et al.31 have
reported that measured density for two different sam-
ples of CNTs with outer diameters of about 15 nm and
22 nm is equal to 1.74� 0.16 g/cm3. In addition,

Laurent et al.32 have showed that the measured density
of CNTs ranges between 1.58 g/cm3 and 1.90 g/cm3.
Therefore, the estimated density of CNT in the aligned
CNT/TPI composites is in good agreement with several
literatures.31,32

Effects of processing pressure on the composite
properties

To determine a reasonable pressure for fabrication of
aligned CNT/TPI composites, 100-ply CNT-reinforced
TPI resin composites were produced at 410�C for
10min without pressure and followed by 10min under
1, 1.5, and 2MPa pressure using the test press. Efforts
to carry out pressing under over 2MPa pressure were
not successful because of the sample deformation
induced in the in-plane misalignment of CNTs in the
composites. The measured thickness and estimated
CNT volume fraction of the 100-ply CNT/TPI compos-
ites are 14�17 mm and 11.3�11.8%, respectively. The
density of the composites produced under 1�2MPa
pressure at 410�C is 1.459�1.463 g/cm3. The average
thickness of the composite specimens under the pro-
cessing pressures of 1, 1.5 and 2MPa is 16.5, 16.0 and
15.5 mm, respectively.

Effects of processing pressure on the mechanical
properties of the 100-ply aligned CNT/TPI composites
are presented in Figure 5. Results show that the tensile
properties of the composites increased concomitantly
with the increase of processing pressure to 2MPa.
Mean tensile strength, elastic modulus, and fracture
strain of the composites, respectively, enhanced from
205.8MPa, 33.9GPa, and 0.61% to 231.7MPa,
35.7GPa, and 0.65% corresponding to increasing the
processing pressure from 1MPa to 2MPa. The
increase in the mechanical properties of the compos-
ites is attributed to slight decrease of the composite
thickness caused by the higher pressure. Therefore,

Table 1. Properties of TPI resin and aligned CNT/TPI composites.

Materials CNTs TPI resin

Composites with different numbers of CNT plies

100 200 300 400 500

Mass lossa (%) 3.26 42.0 �36.8 31.6 26.7 21.9 17.4

CNT mass fraction (%) � � �13.4 26.9 39.4 51.8 63.5

CNT volume fraction (vol. %) � � �11.5 23.7 35.4 47.5 59.4

Thickness (mm) � 13�15 14�17 18�20 21�23 24�26 26�28

Density (g/cm3) � 1.43 1.46 1.49 1.53 1.56 1.59

Tensile strength (MPa) � 79.6� 3.08 231.7� 31.9 361.3� 32.1 465.8� 33.2 512.7� 43.3 490.3� 35.5

Elastic modulus (GPa) � 2.53� 0.21 35.7� 3.62 51.6� 5.23 66.1� 5.62 71.9� 6.17 70.7� 7.44

Fracture strain (%) � 5.46� 0.41 0.65� 0.07 0.70� 0.05 0.71� 0.06 0.72� 0.07 0.70� 0.08

aMass loss was measured between 150�C and 850�C.

CNT: carbon nanotube; TPI: thermoplastic polyimide.

Figure 4. Thermograms showing the mass loss of the CNTs,

TPI resin and the aligned CNT/TPI composites. CNT: carbon

nanotube; TPI: thermoplastic polyimide.

Nam et al. 5



a 2MPa pressure can be considered as a reason-
able value for the fabrication of aligned CNT/TPI
composites using the hot-melt processing method
with the VAS.

Effects of processing temperature on the composite
properties

The melting temperature of TPI resin used in this study
is about 388�C. The processing temperature for TPI
composite fabrication was recommended being between
400�C and 420�C (http://www.mitsuichem.com/service/
pdf/aurum_j.pdf and http://enpla.jp/enpla/bunrui/tpi.
html). Therefore, the properties of the 100-ply
CNT/TPI composites fabricated at the temperatures
of 400, 410, and 420�C for 10min without pressure
and followed by 10min under 2MPa pressure were
measured to determine a most reasonable temperature
for the composite fabrication. Measured results showed
that the thickness, density and CNT volume fraction
of the composites almost unchanged with increasing
the processing temperature from 400�C to 420�C.

Consequently, the change of the processing tempera-
tures between 400�C and 420�C did not affect consid-
erably to the physical properties of the composites.

Tensile strength and elastic modulus of the 100-ply
CNT/TPI composites fabricated under a 2MPa pres-
sure at 400, 410, and 420�C were measured using tensile
test. Mean tensile strength and elastic modulus of the
100-ply CNT/TPI composites, respectively, showed a
slight increase from 222.3MPa and 34.5GPa at 400�C
to 231.7MPa and 35.7GPa at 410�C, and indicated an
inconsiderable decrease to 224.8MPa and 35.3GPa at
420�C. It is noteworthy that the tensile strength and
elastic modulus of the aligned CNT/TPI composite
does not change significantly as the processing tempera-
ture increases from 400�C to 420�C. However, the
tensile strength and elastic modulus of the 100-ply
CNT/TPI composites fabricated at 410�C showed
somewhat higher than those at other processing tem-
peratures. In addition, average fracture strain of the
composites varied slightly between 0.64% and 0.65%.
Therefore, the heating temperature of 410�C can be
regarded as a reasonable temperature for the aligned
CNT/TPI composite fabrication in this study.

Effects of CNT content on the composite properties

The aligned CNT sheets with the number of CNT plies
varying from 100 to 500 were used to produce aligned
CNT/TPI composites. The mechanical properties of the
TPI resin and aligned CNT/TPI composites were mea-
sured using the tensile testing. Typical stress–strain
curves of the TPI resin and aligned CNT/TPI compos-
ites fabricated at 410�C under a 2MPa pressure are
depicted in Figure 6. The stress of the TPI resin
increases up to the maximum with increasing of the

Figure 5. Effects of processing pressure on the mechanical

properties of the 100-ply aligned CNT/TPI composites: (a) tensile

strength and elastic modulus and (b) fracture strain. CNT: carbon

nanotube; TPI: thermoplastic polyimide.

Figure 6. Typical stress–strain curves of TPI resin, 100-ply and

400-ply CNT/TPI composites produced at 410�C. CNT: carbon

nanotube; TPI: thermoplastic polyimide.
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strain to about 5.5% and thereafter it declines concomi-
tantly until the specimen fractures. Unlike the TPI
resin, the aligned CNT/TPI composites indicated the
linear stress–strain relation until the samples fracture
with no bending of the curve at high loads, similarly
to the stress–strain curves of aligned CNT/epoxy
composites.21�25

The properties of the TPI resin and aligned CNT/
TPI composites with different numbers of CNT plies
are presented in Table 1. Results show that the thick-
ness and density of the composites increase gradually
with increasing the number of CNT plies. The aligned
CNTs improved the tensile strength and elastic modu-
lus of TPI resin considerably. Compared with the TPI
resin, the 100-ply aligned CNT/TPI composite corres-
ponding to the CNT volume fraction of only 11.5%
exhibited an increase in the tensile strength by 191%
and an enhancement in the elastic modulus by 1312%.
However, a decrease in the fracture strain by 92% was
evident. The enhancement in the tensile strength and
elastic modulus is attributed to the reinforcement of
highly aligned and dense-packed CNTs in the compos-
ites (Figure 3). Therefore, excellent material properties
of CNTs, having a cylindrical structure, can be fully
used when CNTs are aligned in one direction in
assembled materials, as presented by Nam et al.23

Effects of the CNT volume fraction on the mechan-
ical properties of the aligned CNT/TPI composites can
be seen in Table 1. The mechanical properties of the
aligned CNT/TPI composites increased gradually with
the increasing of the CNT volume fraction to 47.5%,
followed by a slight decrease in the mechanical proper-
ties of the composite with the CNT volume fraction less
than 60% (Table 1). The modest reduction in the mech-
anical properties of the composites with CNT volume
fraction more than 47.5% is attributable to an

ineffective resin infusion to the highly dense-packed
CNT sheets using the hot-melt processing method (see
Figure 7). Therefore, the increased CNT content to
about 50% contributes effectively for the enhancement
in the mechanical properties of the aligned CNT/TPI
composites. The highest mechanical properties of the
aligned CNT/TPI composite were achieved with
400-ply CNT sheet reinforcement in this study.
Compared with the 100-ply CNT/TPI composites, the
400-ply CNT/TPI composites showed an increase in the
tensile strength by 119.6%, in the elastic modulus by
99.7%, and in the fracture strain by 10.3%. Overall, the
mechanical properties of the aligned CNT/TPI compos-
ites pointed out the importance by using the right
amount of aligned CNTs reinforcing in the TPI resin.

Effects of hot stretching on the composite properties

Higher alignment and higher tension of CNTs in the
aligned CNT/TPI composites can lead to increasing
their mechanical properties. Therefore, hot stretching
of the aligned CNT/TPI composites was conducted to
enhance the CNT alignment at the temperatures above
the glass transition temperature and below the melting
temperature. The 100-ply and 400-ply aligned CNT/
TPI composites were hot-stretched at the temperatures
of 350�C and 380�C. The respective mean stretch ratios
of the 100-ply and 400-ply CNT/TPI composite
samples for three measurements up to maximal load
at 350�C are 7.8% and 6.3%, while at 380�C are
8.5% and 7.0%. The stretched ratios of the 100-ply
CNT/TPI composites are higher than those of the
400-ply ones. It can be said that the higher the tempera-
ture, the higher the hot stretch ratio.

The tensile strength and elastic modulus of the non-
stretched and hot-stretched CNT/TPI composites are

Figure 7. High resolution FE-SEM micrographs illustrating the fracture surfaces of (a) non-stretched 400-ply and (b) non-stretched

500-ply CNT/TPI composites. CNT: carbon nanotube; TPI: thermoplastic polyimide.
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presented in Figure 8. Average fracture strain of the
100-ply and 400-ply hot-stretched CNT/TPI compos-
ites, respectively, was about 0.50% and 0.75%.
Thickness, density and the CNT volume fraction of
the aligned CNT/TPI composites after hot stretching
at different temperatures are given in Table 2.
As Table 2 shows, with increasing of the hot-stretched
temperature from 350�C to 380�C, the thicknesses and
density of the composites were almost unchanged,
whereas the CNT volume fraction in the composites
increased slightly. In addition, the change of the tensile
strength and elastic modulus of the hot-stretched com-
posites is slight, although the stretched temperature
increases from 350�C to 380�C (Figure 8). However,
the tensile strength and elastic modulus of the compos-
ites have a decreased trend with the increase of the
stretched temperature from 350�C to 380�C.

As Figure 8 shows, the tensile strength and elastic
modulus of the aligned CNT/TPI composites increased
considerably after hot stretching. The hot-stretched

100-ply aligned CNT/TPI composite at 350�C showed
an increase in the tensile strength by 27.4% and in the
elastic modulus by 66.4% compared to the non-
stretched one. The percentage enhancement in the stiff-
ness of the hot-stretched 100-ply CNT/TPI composites
is much higher than that in their strength. For the
400-ply aligned CNT/TPI composites, the hot stretch-
ing at 350�C exhibited increased tensile strength by
54.1% and enhanced elastic modulus by 48.2%. The
percentage increase in the stiffness of the 400-ply
aligned CNT/TPI composites is somewhat lower than
that in their strength. Therefore, the fracture strain of
the hot-stretched 400-ply aligned CNT/TPI composites
increased slightly compared to the non-stretched ones.

The enhancement in the tensile strength and elastic
modulus of the aligned CNT/TPI composites after hot
stretching is attributable to a slight decrease of the com-
posite thickness induced enhancing the CNT volume
fraction (Tables 1 and 2), and to the increase of CNT
alignment. The CNT volume fraction in the 400-ply
CNT/TPI composites increased from 47.5% to 53.2%
after the hot stretching. The increase in the CNT align-
ment is ascribable to the reduction in the CNT micro-
scopic waviness resulting from the hot stretching.22 The
decrease in the CNT microscopic waviness by hot
stretching made the strength enhancement even more
notable.33 Generally, hot stretching of the aligned
CNT/TPI composites is effective in improving their
mechanical properties. Particularly, the hot-stretched
composite at 350�C showed higher mechanical proper-
ties than that at 380�C.

Improving the CNT alignment in the composites
after hot stretching was examined using polarized
Raman spectroscopy. Polarized Raman spectra were
measured using the incident laser light with a wave-
length of 532 nm normal to the composite samples.
The incident light was polarized parallel and perpen-
dicular to the CNT alignment. Typical Raman spectra
with Raman shift between 1000 and 2000 cm�1 are pre-
sented in Figure 9. Polarized Raman spectra for all
samples show two main peaks located at approximately
1350 cm�1 and 1580 cm�1, which are attributed,
respectively, to the disorder-induced D band and the

Figure 8. Effects of hot stretching at different temperatures on

tensile strength and elastic modulus of the 100-ply and 400-ply

aligned CNT/TPI composites. CNT: carbon nanotube; TPI:

thermoplastic polyimide.

Table 2. Properties of hot-stretched CNT/TPI composites.

Stretching

temperature

(oC)

100-ply CNT/TPI composites 400-ply CNT/TPI composites

Thickness

(mm)

Density

(g/cm3)

CNT volume

fraction (%)

Thickness

(mm)

Density

(g/cm3)

CNT volume

fraction (%)

350 14�16 1.466 13.3 23�25 1.573 53.2

380 14�16 1.468 13.8 23�25 1.578 54.5

CNT: carbon nanotube; TPI: thermoplastic polyimide.
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graphite-structure derived G band. The Raman shift of
the aligned CNT/TPI composites does not change after
hot stretching. The intensity ratio between the G band
and the D band (IG=ID) and the ratio of G-band inten-
sity in the parallel configuration to the perpendicular
configuration (R ¼ IGjj=IG?) are given in Table 3.
The intensity ratio between the G-bands and D-bands
of the composites varies slightly after hot stretching at
350�C and at 380�C.

Moreover, the G-band intensity ratio R of the com-
posites increases slightly after hot stretching at 350�C
and at 380�C (Table 3). Fischer et al.34 showed that the
higher G-band intensity ratio causes the higher CNT
alignment. Therefore, the enhancement in the R in this

study is attributed to the better alignment of CNTs in
the CNT/TPI composites after hot stretching.
Generally, hot stretching improved the CNT alignment
in the CNT/TPI composites modestly, resulting in
increasing the mechanical properties of the composites.
However, the G-band intensity ratio R of the compos-
ites after hot stretching at 350�C was a little higher than
that at 380�C (Table 3). The higher G-band intensity of
hot-stretched composites at 350�C resulted in greater
tensile strength and elastic modulus than those at
380�C (Figure 8).

FE-SEM micrographs showing fracture surfaces of
the non-stretched and hot-stretched CNT/TPI compos-
ites with CNT volume fraction less than 50% are
depicted in Figure 10. High-magnification FE-SEM
images in Figure 10 indicate that the CNTs were homo-
geneously distributed throughout the cross-section area
and the TPI resin was infiltrated well between the
individual and bundled CNTs by the application of
hot-melt processing method, resulting in effective load
transfer between the CNTs and TPI resin in the com-
posites. In addition, the CNT dense packing is apparent
on the fracture surfaces of the composites. The CNTs
were either broken or pulled out from the TPI matrix
during the tensile testing. The length of CNTs was
about 0.8mm, and thus the CNTs were clearly
broken in the TPI matrix. Moreover, the pulled-out

Figure 9. Polarized Raman spectra of non-stretched and hot-stretched aligned CNT/TPI composites with (a) 100 and (b) 400 CNT

plies at 0� and 90� (0� and 90� directions correspond to configurations where the polarization direction of the laser light is parallel and

perpendicular to the direction of CNT alignment, respectively). CNT: carbon nanotube; TPI: thermoplastic polyimide.

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

the composites.

100 ply 400 ply

IG/ID

R

IG/ID

RComposite sample 0� 90� 0� 90�

Non-stretch 2.73 3.11 1.87 2.71 3.36 1.91

Hot stretch at 350�C 2.80 3.34 2.02 2.82 3.47 2.06

Hot stretch at 380�C 2.75 3.25 1.96 2.81 3.29 1.98
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CNTs with a few micrometers length are visible on the
fracture surfaces of the composite specimens (Figure
10). However, there is a difference in the fracture sur-
faces between low (100-ply) and high volume fraction
(400-ply) CNT/TPI composites. The high volume frac-
tion CNT composites showed larger CNT bundles than
the low ones. The existence of the CNT bundles created
by pressing the CNT sheets was evidenced on the sur-
face morphologies of the CNT sheets (Figure 3(a)). In
general, FE-SEM observations of the composite frac-
ture surfaces demonstrated that the hot-melt processing
method with the VAS is useful for the fabrication of the
aligned CNT/TPI composites.

As presented above, with the same number of CNT
plies, the hot-stretched CNT/TPI composites showed
greater mechanical properties than those of the non-
stretched ones (Figure 8). To evaluate the effect of
hot stretching on the composite properties, the percent-
age increase of mean elastic modulus between the hot-
stretched composites and the non-stretched ones with
the same number of CNT plies was analyzed, with the

results presented in Figure 11. As Figure 11 shows,
the percentage increase in the elastic modulus of the
100-ply CNT/TPI composites is higher than that of
the 400-ply ones. This enhancement is attributable to
decreasing the effectiveness of hot stretching when
increasing the CNT content in the composites, similar
to the mechanical stretching of aligned CNT/epoxy
composites.22 Therefore, the percentage increase of
the elastic modulus caused by the hot stretching
shows a decreased trend with increasing of the CNT
volume fraction, as presented by Nam et al.22,25

Moreover, the tensile strength and elastic modulus
of the composites can be studied as a function of the
CNT volume fraction. The aspect ratio of the CNTs
used in this study is extremely high (>10,000).
Therefore, the elastic modulus of the composites
might be estimated using the rule of mixtures.21,24

The relation between the elastic modulus and CNT
volume fraction of the composites is depicted in
Figure 12. The effective elastic modulus of a CNT in
the composites is presented in Figure 13. The best fit

Figure 10. FE-SEM micrographs showing fracture surfaces of (a) non-stretched 100-ply, (b) hot-stretched 100-ply, (c) non-stretched

400-ply, and (d) hot-stretched 400-ply CNT/TPI composites. CNT: carbon nanotube; TPI: thermoplastic polyimide.
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effective elastic modulus of a CNT was found to be from
116 to 274GPa for the non-stretched composites and
from 195 to 418GPa for the hot-stretched composites
at 350�C. The estimated elastic modulus of the CNT/
TPI composites with ECNT ¼ 200GPa agrees with the
experimental one of low volume fraction non-stretched
composites and high volume fraction hot-stretched com-
posites (Figure 12). The effectiveness of reinforcing
CNTs in the hot-stretched CNT/TPI composites is
greater than that in the non-stretched ones.

As Figure 13 shows, with the same CNT volume
fraction, the effective elastic modulus of a CNT in the
hot-stretched composites is higher than that of the non-
stretched ones. The higher effective elastic modulus of a
CNT in the hot-stretched composites is ascribed to the
higher CNT alignment caused by the hot stretching
(Figure 9 and Table 3). However, the effective elastic
modulus of a CNT in the aligned CNT/TPI composites
decreased with the increasing of the CNT volume frac-
tion. Reasons for the reduction of the CNT effective
elastic modulus with the increase of CNT loading
remain unclear. This is attributable to imperfect
impregnation of melt TPI resin resulting in nanoscopic
voids. Further investigation in next studies, such as
TEM observation, is necessary to explain this phenom-
enon. In general, the effectiveness of reinforcing CNTs
in the TPI composites was reduced as the CNT volume
fraction increased, similarly to that of aligned CNT/
epoxy composites.24

Conclusions

The aligned CNT-reinforced TPI resin composites have
been developed using the hot-melt processing method
with the VAS. Effects of the CNT volume fraction, pro-
cessing conditions, and hot stretching on the mechanical
properties of the composites have been studied. The fol-
lowing conclusions can be drawn from this study:

1. The aligned CNT/TPI composites were fabricated
successfully at 410�C under 2MPa pressure using
the hot-melt processing method with the VAS.

2. The hot-melt processing method maintained the
CNT alignment during the infiltration of melted

Figure 12. Elastic modulus versus CNT volume fraction of

aligned CNT/TPI composites (hollow markers present experi-

mental data; solid markers show average values). CNT: carbon

nanotube; TPI: thermoplastic polyimide.

Figure 11. Percentage increases of mean elastic modulus in

comparison between the hot-stretched composites and non-

stretched composites.

Figure 13. Effective elastic modulus of a CNT versus CNT

volume fraction of aligned CNT/TPI composites. CNT: carbon

nanotube; TPI: thermoplastic polyimide.
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TPI resin into the aligned CNT sheets. Therefore,
this method can be useful for the fabrication of
aligned CNT/TPI composites.

3. The incorporation of the aligned CNTs in the TPI
matrix contributes effectively to increase the mech-
anical properties of the composites.

4. The best mechanical properties of the aligned CNT/
TPI composites were achieved at the CNT volume
fraction of about 50% in this study.

5. Hot stretching at the temperatures above the glass
transition temperature and below the melting tem-
perature improved the mechanical properties of
aligned CNT/TPI composites considerably.

6. The experimental results suggest that the aligned CNT/
TPI composites can be used as lightweight and high
heat resistance materials for the aerospace applications.
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thermally-annealed aligned MWCNT/epoxy composites were fabricated 
using hot-melt prepreg processing. Effects of thermal annealing on 
properties of the aligned MWCNT sheets and their composites were 
examined. Transmission electron microscope images and Raman spectra 
measurements of the aligned MWCNT sheets showed an improvement of 
the MWCNT nanostructure after high-temperature thermal annealing. In 
addition, high-temperature thermal annealing did not cause the change in 
the microstructural morphologies of the MWCNT sheets. Although the 
strength of thermally-annealed MWCNT sheets was not improved, their 
stiffness was enhanced significantly. Particularly, high-temperature thermal 

annealing increased markedly both the tensile strength and the elastic 
modulus of the aligned MWCNT/epoxy composites. The enhancement in the 
tensile strength and elastic modulus of the composites is mainly attributed 
to the improvement of the MWCNT nanostructure by high-temperature 
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Abstract 

Aligned multi-walled carbon nanotube (MWCNT) sheets were thermally annealed at 

high temperatures of 1800, 2200, and 2600 
o
C. Pristine and thermally-annealed aligned 

MWCNT/epoxy composites were fabricated using hot-melt prepreg processing. Effects 

of thermal annealing on properties of the aligned MWCNT sheets and their composites 

were examined. Transmission electron microscope images and Raman spectra 

measurements of the aligned MWCNT sheets showed an improvement of the MWCNT 

nanostructure after high-temperature thermal annealing. In addition, high-temperature 

thermal annealing did not cause the change in the microstructural morphologies of the 

MWCNT sheets. Although the strength of thermally-annealed MWCNT sheets was not 

improved, their stiffness was enhanced significantly. Particularly, high-temperature 

thermal annealing increased markedly both the tensile strength and the elastic modulus 

of the aligned MWCNT/epoxy composites. The enhancement in the tensile strength and 

elastic modulus of the composites is mainly attributed to the improvement of the 

MWCNT nanostructure by high-temperature thermal annealing. Generally, high-

temperature thermal annealing improved the stiffness of the aligned MWCNT sheets 

and their composites considerably. 

 

Keywords 
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1. Introduction 

Carbon nanotubes (CNTs) have attracted great interest after their full description by 

Iijima in 1991 [1]. Individual CNTs have exhibited unique optical, electronic, thermal 
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and mechanical properties [2–4]. With their outstanding properties, CNTs have been 

potential materials for a wide range of practical applications [5]. To enable practical 

applications of individual CNTs, bulk CNT materials including CNT arrays [6–8], CNT 

yarns [9,10], CNT sheets [11–13], and CNT composites [14–19] have been developed 

and assessed. However, the mechanical and transport properties of these materials are 

much lower than those of individual CNTs [20–22]. The main factors including the 

CNT length, diameter, alignment, waviness, entanglement, packing, structural defects, 

and weak van der Waals interaction between individual CNTs and CNT bundles are 

affected to the properties of bulk CNT materials. Therefore, recent efforts have been 

made to improve the performance of CNT materials by controlling the CNT length [23], 

CNT alignment [15,16], CNT diameter [17], CNT entanglement [24], and inter-tube 

load transfer [25–27]. Several methods have been conducted to enhance the properties 

of macroscopic CNT materials, such as solvent densification [26,27], stretching and/or 

pressing [15–19], irradiation cross-linking [28], and thermal annealing [29–36]. 

Among the methods presented above, high-temperature thermal annealing of CNTs 

in vacuum or inert environment improved the quality and nanostructure of individual 

CNTs by increasing crystallinity, healing defects, and straightening the MWCNT walls 

[31–35]. For individual CNTs, Yamamoto et al. [33] reported that thermal annealing 

improved both the strength and stiffness of single MWCNTs produced by the chemical 

vapor deposition (CVD) method. This improvement was associated to the waviness 

degree of the graphitic planes along the nanotube axis and the degree of the MWCNT 

crystallinity. Chen et al. [35] indicated that the effect of annealing temperature on the 

structure evolution of MWCNTs is much greater than that of duration time. In addition, 

annealing temperatures improved the crystallinity of highly disordered CNTs, but defect 

healing of high-quality CNTs seems to require temperatures above 2000 
o
C [36]. For 

macroscopic CNT materials, such as CNT yarns [29] and CNT arrays [30,31], high-

temperature thermal annealing increased their electrical, thermal, and mechanically 

compression properties. 

Effectiveness of high-temperature thermal annealing on the thermal and electrical 

properties of bulk CNT materials was examined [29–31]. However, studies of thermal 

annealing influences on the mechanical properties of CNT sheets and their composites 

are rare. Therefore, effects of high-temperature thermal annealing at 1800, 2200, and 

2600 
o
C on the mechanical properties of aligned MWCNT sheets and MWCNT/epoxy 

composites were investigated in this study. Pristine and thermally-annealed MWCNT-

reinforced epoxy composites were developed using hot-melt prepreg processing with a 

vacuum-assisted system (VAS). Tensile properties of the pristine and thermally-

annealed aligned MWCNT sheets and their composites were measured to evaluate the 

effectiveness of high-temperature thermal annealing. MWCNT volume fraction was 

estimated through thermogravimetric analysis (TGA) data. Field emission scanning 

electron microscopy (FE–SEM) (SU8030; Hitachi Ltd., Tokyo, Japan) was used to 

observe the microstructural morphologies of the MWCNT sheets and their composites. 

Transmission electron microscope (TEM) (JEOL JEM-2100F; Nippon Electronics Ltd., 

Tokyo, Japan) was applied to observe the MWCNT nanostructure. 

2. Experimental procedures 

2.1. Materials 
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Vertically aligned MWCNT arrays with about 0.8 mm height were grown on a bare 

quartz substrate using chloride-mediated chemical vapor deposition [6]. As-grown 

MWCNTs examined in this study have mean diameter of 30.3 nm [17]. A 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 condition of 130 °C for 2 h. 

The areal weight of the B-stage epoxy resin sheet with density of 1.2 g/cm
3
 was 

controlled to approximately 12 g/m
2
. 

2.2. Production of aligned MWCNT sheets 

The vertically aligned MWCNT arrays used for this study are highly drawable. Pristine 

aligned and multi-ply MWCNT sheets were created from the vertically aligned 

MWCNT arrays using drawing and press-winding method [17–19]. The drawing and 

winding techniques were applied to produce the aligned MWCNT sheets, whereas direct 

pressing was used to reduce the wavy and poor-packed MWCNTs in the sheets. The 

stacked 100-ply aligned MWCNT sheets were used for high-temperature thermal 

annealing and composite fabrication. Detailed procedures for the MWCNT sheet 

processing have been reported elsewhere [17–19]. 

2.3. High-temperature thermal annealing of aligned MWCNT sheets 

The aligned MWCNT sheets was heat-treated at high temperatures of 1800, 2200, and 

2600 
o
C under argon atmosphere using a resistance heated graphite element furnace. 

The temperature was increased to predetermined temperature at a heating rate of 

approximately 20 
o
C/min and then held at this temperature for 1 hour, followed by 

cooling to ambient temperature. The pristine MWCNT sheets labeled as S-0 were 

thermally annealed at different temperatures yielding the S-X samples, in which X 

corresponds to annealing temperatures in number (1800, 2200, and 2600). 

2.4. Processing of aligned MWCNT/epoxy composites 

The aligned MWCNT/epoxy composites were fabricated using hot-melt prepreg 

processing with the VAS. This method maintained the alignment of MWCNTs during 

epoxy resin infiltration and minimized air-voids within the composites [16–19]. To 

begin with, an aligned MWCNT sheet with 20 mm width and 40 mm length covered 

with an epoxy film was set between two release films (WL5200; Airtech International 

Inc., CA, USA) and was pressed 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) to create an 

aligned MWCNT/epoxy prepreg. Subsequently, the prepregs were peeled from the 

release films and release paper. Finally, the prepregs were cured at 130°C for 2 h under 

2 MPa in the VAS to produce the composites. Pristine and thermally-annealed MWCNT 

sheets reinforced epoxy composites are designated respectively as C-0 and C-X, in 

which X corresponds to annealing temperatures in number (1800, 2200, and 2600). 

2.5. Thermogravimetric analysis 

The thermal degradation behaviors of epoxy resin, MWCNTs, and their composites 

were analyzed up to 800 °C in argon gas 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. The 

respective mass losses of epoxy resin, MWCNTs, and the composites were recorded. 

2.6. Characterizations and testing 
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Polarized Raman spectra of aligned MWCNT sheets were measured using Raman 

spectroscope with laser excitation of 532 nm (XploRA-ONE; Horiba Ltd., Kyoto, 

Japan). Tensile tests were conducted for the aligned MWCNT sheets and the aligned 

MWCNT/epoxy composites in a laboratory environment at room temperature (RT) of 

23 ± 3°C and 50 ± 5% relative humidity. Widths of specimens were measured using an 

optical microscope (BH2-UMA; Olympus Corp., Tokyo, Japan) connected with a 

digital camera (SLT-A65V; Sony Corp., Tokyo, Japan), whereas their thickness was 

measured using a digital micrometer (IP65; Mitutoyo Corp., Kanagawa, Japan). 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 crosshead speed of 0.1 mm/min. 

The longitudinal strain of tensile specimens was measured using a non-contacting video 

extensometer (TRViewX; Shimadzu Corp., Kyoto, Japan) with two targets. Mean 

tensile properties were obtained from at least five specimens. 

3. Results and discussion 

3.1. Effects of thermal annealing on morphologies and properties of MWCNT 
sheets 

FE–SEM micrographs showing microstructural morphologies of the pristine and 

thermally-annealed MWCNT sheets are presented in Figure 1. TEM images illustrating 

nanostructure of the pristine and thermally-annealed MWCNTs are depicted in Figure 2. 

As Figure 1 shows, MWCNT bundles created by the pressing are visible on the surface 

morphologies of the MWCNT sheets. Most MWCNTs and MWCNT bundles in the 

sheets are well aligned in the drawing direction. However, the micro- and nano-voids 

can be observed in the MWCNT sheets. In addition, FE-SEM images in Figure 1 

revealed that the microstructure of the pristine MWCNT sheet is similar to that of 

thermally-annealed MWCNT sheets. Therefore, there is no significant change in the 

microstructural morphologies of MWCNTs in the sheets after thermal annealing. 

However, the changes in the MWCNT nanostructure caused by high-temperature 

thermal annealing is observable by high-resolution TEM images (Figure 2). TEM image 

of as-grown MWCNTs in Figure 2(a) shows a rough surface, few structural defects and 

disordered structure with wrinkled fringes. For the MWCNTs annealed at 1800 
o
C 

(Figure 2(b)), even though the rough surface was not changed the structural defects and 

wrinkled fringes reduced significantly. When the annealing temperature increases to 

2200 
o
C (Figure 2(c)), the graphitic planes in the MWCNTs become more aligned 

although the undulated fringes are still visible. In addition, the rough surface of 

thermally-annealed MWCNTs decreased considerably. After annealing at 2600 
o
C 

(Figure 2(d)), the smooth surface and highly ordered graphitic structure with straight 

fringes are achieved, as presented in earlier reports [33,35]. Generally, high-temperature 

thermal annealing reduced the structural defects of the MWCNTs and induced highly 

ordered graphitic structure with straightening of the MWCNT walls. 

The improvement of the MWCNT nanostructure in the sheets after high-temperature 

thermal annealing including the removal of the MWCNT defects and straightening of 

the MWCNT walls was examined through polarized Raman spectra measurements in 

this study. Typical Raman spectra of the MWCNT sheets before and after thermal 

annealing treatments in the range of 1000–3500 cm
-1

 were presented in Figure 3. Raman 

spectra of all specimens were measured with incident light normal to the MWCNT sheet 

samples, which was polarized parallel and perpendicular to the MWCNT alignment 
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(Figure 3 inset). Raman spectra for all samples show three main peaks located at 

approximately 1350, 1580 and 2700 cm
-1

, which are attributed respectively to the 

disorder-induced D band, the graphic-like G band, and the first overtone of the D band 

called G ′  band. The D band is a typical sign for defective graphitic structures because 

of curvature effects in graphene layers and the presence of pentagons or heptagons [32]. 

The G band is characterized by the graphite crystal structure. The G ′  band is related to 

the three dimensional order (i.e. stacking of graphene layers) [31]. 

The G-band intensity (
GI ) does not depend on the lattice defect density, whereas the 

D-band intensity (
DI ) decreases and the G ′ band intensity ( GI ′ ) increases as the defect 

density decreases [31]. As Figure 3 shows, high-temperature thermal annealing induced 

a significant reduction in the D band intensity and a dramatic increase in the G ′ band 

intensity. Therefore, the density of MWCNT structural defects reduced after thermal 

annealing. In addition, the relative intensity ratios between the G and D bands are used 

for the evaluation of structural graphitic disorder [37]. The relative intensity ratios of 

Raman bands (
G D/I I  and 

G D/I I′ ) of the MWCNT sheets were presented in Table 1. 

Results show that the intensity ratios of Raman bands of the MWCNT sheets increased 

considerably upon the increase of annealing temperature. Compared to the S-0, the S-

2600 exhibited an increase in the ratio 
G D/I I  by 221% and in the ratio 

G D/I I′  by 

310%. The enhanced intensity ratios of Raman bands proved that the structural defects 

originally presented in as-grown MWCNTs were healed as the annealing temperature 

increased, as reported by several authors [31-35]. Consequently, the MWCNT quality in 

the sheets was enhanced after high-temperature thermal annealing. The increase of the 

MWCNT quality is expecting to improve the properties of the MWCNT sheets. 

Furthermore, the ratio of G-band intensity in the parallel configuration to the 

perpendicular configuration (
|| /G GR I I ⊥= ) was used to characterize the degree of 

MWCNT alignment in the sheets [17-19]. The higher MWCNT alignment produces the 

higher G-band intensity ratio because Raman scattering is more intense when the 

polarization of the incident light is parallel to the axis of a MWCNT. As Table 1 shows, 

the G-band intensity of the MWCNT sheets did not change considerably after thermal 

annealing. This result denotes that there is no improvement in the MWCNT alignment 

after high-temperature thermal annealing. The alignment of the MWCNTs and their 

bundles in the sheets before and after thermal annealing is evidenced by the surface 

morphologies in Figure 1. In general, the increased intensity ratios of Raman bands in 

the thermally-annealed MWCNT sheets demonstrated that the defective structure of the 

MWCNTs was healed by high-temperature thermal annealing (Figure 2), resulting in a 

stable graphite planer structure. However, high-temperature thermal annealing did not 

improve the MWCNT alignment in the sheets. 

High-temperature thermal annealing was effective for the removal of the structural 

defects of individual MWCNTs and improvement of graphitic structure, resulting in 

improving both their effective strength and modulus [33]. The healing of MWCNT 

structural defects and betterment of graphitic structure are expected for improving the 

mechanical properties of aligned MWCNT sheets. Therefore, the tensile properties of 

aligned MWCNT sheets which were thermally annealed at different temperatures were 

measured in this study. Tensile properties of the pristine and thermally-annealed 

MWCNT sheets are given in Table 2. Typical stress–strain curves of the MWCNT 
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sheets are depicted in Figure 4. For the S-0, the stress is enhanced rapidly with the 

increase of the strain to about 0.7%, and then it declines quickly to about 1.5% strain, 

followed by a slow decrease until the sample fractures, as presented in earlier reports 

[17,18]. The reduced stress is attributed to the MWCNT sliding during tensile testing. 

Unlike the S-0, the thermally-annealed MWCNT sheets showed a nearly-linear stress–

strain relation until fracture with small bending of the curve at high loads. Particularly, 

the S-2600 indicated a sudden fracture with no bending of the stress-strain curve. This 

proves that the MWCNT sliding in tensile testing of the sheets is declined considerably 

after thermal annealing, thereby increasing the stiffness of the MWCNT sheets.  

In addition, the outer dimensions and the mass of the MWCNT sheet samples before 

and after high-temperature thermal annealing were measured. Results showed a slight 

change in the outer dimensions and the mass of the MWCNT sheet after the thermal 

annealing, as presented by Faraji et al. [38]. The measured mass losses of the MWCNT 

sheets annealed at 1800, 2200, and 2600 
o
C were 4.0, 4.2, and 4.3%, respectively. In 

addition, about 0.13% of original mass loss was obtained for three samples of the S-0 

between 25 °C and 120 °C by TGA measurement. This mass loss can be ascribed to the 

moisture evaporation by thermal heating. Therefore, the mass loss of thermally-

annealed MWCNT sheets is partly attributed to the moisture evaporation. In addition, 

the mass loss of thermally-annealed MWCNT sheets is ascribable to the elimination of 

impurities in the sheets caused by high-temperature treatment. 

As Table 2 shows, high-temperature thermal annealing increased the MWCNT sheet 

thickness. The increased thickness of the thermally-annealed MWCNT sheets is 

ascribable to the expansion of air trapped within the micro-voids of the sheets along the 

cross-plane direction. During high-temperature thermal annealing of the MWCNT 

sheets the air trapped in the micro-voids tends to spread out of the sheets, resulting in 

increasing the thickness of the thermally annealed MWCNT sheets. However, the air 

escape in the MWCNT sheets by high-temperature thermal annealing does not change 

their microstructural morphologies (Figure 1). In addition, the weak van der Waals 

forces and inter-tube bonding between individual and bundled MWCNTs may 

contribute to the thermal expansion along the sheet thickness direction. Nevertheless, 

the thickness of thermally-annealed MWCNT sheets at different temperatures did not 

change significantly. Consequently, the areal density of the aligned MWCNT sheets 

changed slightly after high-temperature thermal annealing (Table 2). 

The change in the nanostructure of high-temperature thermally-annealed MWCNTs 

affected to the mechanical properties of the aligned MWCNT sheets. Effects of high-

temperature thermal annealing on the mechanical properties of the MWCNT sheets 

were presented in Table 2. Results show that high-temperature thermal annealing 

improved the elastic modulus of the MWCNT sheets considerably, although the tensile 

strength and fracture strain decreased slightly (Table 2). The reduced tensile strength of 

thermally-annealed MWCNT sheets is attributable to the increase in the MWCNT sheet 

thickness, even though the breaking force of the tensile testing was enhanced. The 

enhancement in the elastic modulus of high-temperature thermally-annealed MWCNT 

sheets is mainly due to the improvement of the MWCNT nanostructure in the sheets by 

the removal of the MWCNT defects and straightening of the MWCNT walls induced 

better aligned graphene layers (Figure 2). In general, the improvement of the MWCNT 

nanostructure as a result of high-temperature thermal annealing enhanced the stiffness 

of the aligned MWCNT sheets significantly. 
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It is interesting that the tensile strength and elastic modulus of thermally-annealed 

MWCNT sheets increase with increasing of the annealing temperature. The rise in the 

tensile strength and elastic modulus of the thermally-annealed MWCNT sheets is 

attributable to reducing the structural defects, straightening the MWCNT walls (Figure 

2), and increasing the crystalline sizes in the thermally-annealed MWCNTs [33,35]. 

Observing the nanostructure changes of thermally-annealed MWCNTs by TEM images 

in Figure 2 showed that the structure of undulated fringes in the MWCNTs annealed at 

1800 
o
C was similar to that annealed at 2200 

o
C. Although the alignment of graphitic 

planes and the crystalline sizes of the MWCNTs annealed at 2200 
o
C are higher than 

those annealed at 1800 
o
C, there is no increase in the breaking force and the tensile 

strength of the MWCNTs annealed between 1800 
o
C and 2200 

o
C. Therefore, the tensile 

strength and elastic modulus of the thermally-annealed MWCNT sheets enhanced only 

slightly when the annealing temperature increases from 1800 
o
C to 2200 

o
C (Table 2). 

Once the annealing temperature increases to 2600 
o
C, the tensile strength and elastic 

modulus of the thermally-annealed MWCNT sheets enhances considerably. Compared 

with the S-1800, the S-2600 increased in the tensile strength by 10.6% and in the elastic 

modulus by 43.9%. The enhancement in the tensile strength and elastic modulus of the 

MWCNT sheets can be attributed to achieving the highly ordered structure with straight 

fringes and smooth surface of the MWCNTs after annealing at 2600 
o
C (Figure 2). In 

general, thermal annealing caused slight decrease in the strength of the MWCNT sheets 

while modestly improving of their stiffness.  

3.2. TGA analysis and MWCNT volume fraction of the composites 

TGA is a useful method that based on the measurement of mass change related to the 

temperature for the quantitative determination of the thermal degradation and the 

composition of the reinforcement and the matrix in a composite. The TGA curves of 

epoxy resin, the MWCNTs, and the composites are displayed in Figure 5. As Figure 5 

shows, the mass loss of the MWCNTs is slight, whereas thermal degradation of the 

epoxy resin is large. The thermal degradation rate of epoxy resin and the composites is 

extremely slow below about 300 °C. Therefore, the initial decomposition temperature of 

the composites was determined approximately at 300 ºC. About 1.5–3.0% of original 

mass losses of the composites were measured at 300 ºC. The mass loss rate of the epoxy 

resin and the composites becomes fast between 300 °C and 460 
o
C. Above 460 

o
C, the 

epoxy resin and the composites thermally decompose with a lower rate of the mass loss. 

The MWCNT volume fraction was determined through the TGA data. The respective 

mass losses of the MWCNTs, epoxy resin and the composites were measured at 150–

750 °C. The MWCNT mass fraction (mf) of the composite was calculated from the 

MWCNT mass loss (∆mf), epoxy resin (∆mm) and the composite (∆mc) as follows. 

( )

( )
m c

f

m f

m m
m

m m

∆ −∆
=

∆ −∆
        (1) 

The MWCNT volume fraction (Vf) was determined from the MWCNT mass fraction, 

epoxy resin density (ρm), and the composite density (ρc) as follows. 

( )1
1

f c

f

m

m
V

ρ

ρ

−
= −         (2) 
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The mass losses, MWCNT mass fractions, and MWCNT volume fractions of the 

composites are presented in Table 3. About 3.5–4.3% of original mass losses of the 

MWCNT sheets are measured at 150–750 ºC, whereas the mass loss of the epoxy resin 

is about 86.8%. In addition, about 58.5–60.7% of the mass losses of the composites 

were measured between 150 
o
C and 750 

o
C. The mass losses of the composites reduced 

slightly with increasing of the annealing temperature (Table 3). Consequently, high-

temperature thermal annealing of the MWCNT sheets induced a modest enhancement of 

the MWCNT mass fraction and the MWCNT volume fraction in the composites. The 

slight increase in the MWCNT volume fraction of the composites can be explained by 

the inconsiderable decrease of the composite thickness (Table 3). 

3.3. Effects of thermal annealing on mechanical properties of the composites 

The most significance in this study is investigating effects of high-temperature thermal 

annealing of the MWCNT sheets on the mechanical properties of the MWCNT/epoxy 

composites. The mechanical properties of the pristine and thermally-annealed 

MWCNT/epoxy composites were measured using tensile testing. The composites 

showed a linear stress-strain relation until the specimen fractures with no bending of the 

curves at high loads. The mechanical properties of the pristine and thermally-annealed 

MWCNT/epoxy composites are depicted in Figure 6. FE–SEM images illustrating in-

plane distribution of MWCNTs in the pristine and thermally-annealed MWCNT/epoxy 

composites are described in Figure 7. As Figure 7 shows, the alignment of MWCNTs in 

the composites was maintained during resin impregnation using the hot-melt prepreg 

processing, as presented in earlier reports [14,16–19]. FE–SEM micrographs illustrating 

the fracture surfaces of the composites are displayed in Figure 8. As observed in Figure 

8, the MWCNT bundles created by direct pressing of the MWCNT sheets are visible on 

the fracture surfaces of the composites, as presented by Nam et al. [17−19]. The 

existence of the MWCNT bundles is evidenced by the surface morphologies of the 

MWCNT sheets (Figure 1). 

As Figure 6 shows, high-temperature thermal annealing exhibited a modest increase 

in the tensile strength and a significant enhancement in the elastic modulus of the 

aligned MWCNT/epoxy composites, although the fracture strain decreased slightly. For 

instance, the C-2600 showed the tensile strength enhancement by 8.4% only and the 

elastic modulus increase by 39.5% compared with the C-0. The elastic modulus of the 

composites rose considerably from 77.3 GPa to 98.4 GPa after the thermal annealing of 

the MWCNT sheet at 1800 
o
C. In addition, mean elastic modulus of the annealed 

MWCNT/epoxy composites increased gradually with increasing of the annealing 

temperature from 1800 
o
C to 2600 

o
C (Figure 6). Compared with the C-1800, the C-

2200 and C-2600 showed a rise in the elastic modulus by 5.2% and 9.5%, respectively. 

It is particularly interesting that the elastic modulus increase of the C-2600 is similar to 

that of the S-2600. Consequently, the thermal annealing at high temperature improved 

remarkably the stiffness of both the MWCNT sheets and their composites. 

The enhancement in the tensile strength and elastic modulus of the composites is 

attributable to the slight increase in the MWCNT volume fraction (Table 3) and to the 

improvement of the MWCNT nanostructure caused by high-temperature thermal 

annealing (Figure 2). As presented above, the decrease of the MWCNT structural 

defects was proved through TEM images and polarized Raman spectra measurements. 

The defective structure of the pristine MWCNTs transformed into a stable graphite 
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planer structure by high-temperature thermal annealing [33]. In addition, the large 

MWCNT bundles that were observed in the fracture surfaces of the thermally-annealed 

MWCNT/epoxy composites in Figure 8 showed the increased interfacial adhesion 

between MWCNTs. Therefore, the enhancement in the tensile strength and elastic 

modulus of the composites can be ascribed to the adhesive increase between MWCNTs 

and epoxy resin. In general, although the aligned MWCNT sheet strength decreased 

after high-temperature thermal annealing, the composite strength increased markedly. 

Particularly, high-temperature thermal annealing improved the stiffness of the aligned 

MWCNT/epoxy composites considerably. The improvement in both the strength and 

the stiffness of the aligned MWCNT/epoxy composites by high-temperature thermal 

annealing is a noticeable finding which has not been found in the literature. 

As described above, the enhanced elastic modulus of the composites is attributable to 

the modest increase of the MWCNT volume fraction and to the improvement of the 

MWCNT nanostructure including the removal of structural defects and highly ordered 

graphitic structure caused by thermal annealing. To evaluate the influence of these 

factors on the composite elastic modulus, the respective percentage increases in the 

elastic modulus and the MWCNT volume fraction of the thermally-annealed composites 

compared with those of the pristine composites were analyzed, yielding the results 

presented in Figure 9. Results show that the percentage increases in the elastic modulus 

and the MWCNT volume fraction were enhanced with increasing of the annealing 

temperature. The percentage increase in the elastic modulus is much higher than that in 

the MWCNT volume fraction. For instance, the C-1800 showed a 27.3% increase in the 

elastic modulus and only a 2% rise in the MWCNT volume fraction. As a result, the 

MWCNT nanostructure improvement caused by thermal annealing is more effective 

than the increase in the MWCNT volume fraction. In general, the improvement of the 

MWCNT nanostructure as a result of high-temperature thermal annealing is considered 

as a key factor to enhance the strength and stiffness of the composites. 

Furthermore, the tensile strength and elastic modulus of aligned MWCNT/epoxy 

composites might be studied as a function of the MWCNT volume fraction [17]. The 

aspect ratio of the MWCNTs aligned in the composites is extremely high (>15000). 

Therefore, the elastic modulus of the composites can be estimated using the rule of 

mixtures. The effective elastic modulus of a MWCNT in the pristine and thermally-

annealed composites was calculated using the following equation. 

(1 )
c f m

CNT

f

E V E
E

V

− −
=      (3) 

According to Eq. (3), the effective elastic modulus of a MWCNT in the C-0, C-1800, 

C-2200, and C-2600 respectively were 294, 369, 374, and 379 GPa. These values are 

much lower than the elastic modulus of individual MWCNTs reported in the literature 

[2,3]. The low elastic modulus is attributable to much larger dimension of macroscopic 

tensile specimen than the length of MWCNTs. Compared with the pristine composites, 

the thermally-annealed composites at 1800, 2200, and 2600 
o
C exhibited increased 

effective elastic modulus of a MWCNT by 25.5%, 27.1%, and 28.8%, respectively. The 

rise in the effective elastic modulus of a MWCNT is ascribable to the improvement of 

MWCNT nanostructure and slight increase in MWCNT volume fraction. However, 

compared with the pristine composites with the same MWCNT volume fraction using 

linear interpolation, the thermally-annealed MWCNT/epoxy composites at 1800, 2200, 
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and 2600 
o
C showed an increase in the effective elastic modulus of MWCNT by 25.4%, 

26.9%, and 28.4%, respectively. Therefore, the modest increase in the MWCNT volume 

fraction of thermally-annealed composites affected slightly to the effective elastic 

modulus of MWCNT. In general, the reinforcement of the thermally-annealed 

MWCNTs in epoxy composites is more effective than that of the pristine ones. 

4. Conclusions 

Thermal annealing of aligned MWCNT sheets at high temperature from 1800 
o
C to 

2600 
o
C improved the nanostructure of MWCNTs in the sheets. High-resolution TEM 

images of MWCNTs and polarized Raman spectra measurements proved the removal of 

the MWCNT structural defects and straightening the MWCNT walls caused by high-

temperature thermal annealing. However, the alignment of MWCNTs in the sheets did 

not improve after thermal annealing. High-temperature thermal annealing increased the 

elastic modulus of the MWCNT sheets significantly, although their tensile strength was 

not to be improved. Particularly, high-temperature thermal annealing enhanced 

markedly both the tensile strength and the elastic modulus of aligned MWCNT/epoxy 

composites. The enhancement in both the strength and the stiffness of the composites is 

considered as a remarkable finding of this study. Moreover, the tensile strength and 

elastic modulus of thermally-annealed aligned MWCNT/epoxy composites increased 

with increasing the annealing temperature. The increase in the tensile strength and 

elastic modulus of the thermally-annealed composites is mostly attributed to the 

improvement of the MWCNT nanostructure caused by high-temperature thermal 

treatment. In general, high-temperature thermal annealing improved the stiffness of 

aligned MWCNT sheets and MWCNT/epoxy composites considerably. 
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Figure 1. FE–SEM micrographs showing microstructural morphologies of pristine and 

thermally-annealed MWCNT sheets: (a) S-0, (b) S-1800, (c) S-2200, and (d) S-2600. 

Page 14 of 20

http://mc.manuscriptcentral.com/jcm

Journal of Composite Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

14 

 

Figure 2. TEM images showing nanostructures of pristine and thermally-annealed 

MWCNTs: (a) S-0, (b) S-1800, (c) S-2200, and (d) S-2600. 

Page 15 of 20

http://mc.manuscriptcentral.com/jcm

Journal of Composite Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

15 

 

Figure 3. Polarized Raman spectra of pristine and thermally-annealed MWCNT sheets 

at 0° and 90° (0° corresponds to a configuration where the polarization direction of the 

laser light is parallel to the MWCNT alignment direction, whereas 90° corresponds to a 

configuration in which the laser light polarization direction is perpendicular to the 

MWCNT alignment direction). 
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Figure 4. Typical stress-strain curves of the aligned MWCNT sheets. (A color version 

of this figure can be viewed online.) 

 

Figure 5. Thermograms showing the mass loss of the MWCNTs, epoxy resin and the 

composites. (A color version of this figure can be viewed online.) 
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Figure 6. Effects of high-temperature thermal annealing at different temperatures on the 

tensile properties of aligned MWCNT/epoxy composites. 
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Figure 7. FE–SEM images showing in-plane MWCNT distribution of the pristine and 

thermally-annealed MWCNT/epoxy composites: (a) C-0, (b) C-1800, (c) C-2200, and 

(d) C-2600. 
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Figure 8. FE–SEM micrographs showing microstructural morphologies of pristine and 

thermally-annealed MWCNT/epoxy composites: (a) C-0, (b) C-1800, (c) C-2200, and 

(d) C-2600. 

 

Figure 9. Percentage increases in the elastic modulus and MWCNT volume fraction of 

the composites. 
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Table 1. Relative intensity ratios of polarized Raman bands. 

MWCNT 

sheet 

IG/ID  IG’/ID 
G-band intensity 

ratio (R) 
0° 90°  0° 90° 

S-0 2.96 3.09  2.57 2.67 2.68 

S-1800 4.26 5.03  5.33 4.55 2.87 

S-2200 4.47 5.23  5.35 5.43 2.79 

S-2600 9.50 7.14  10.5 8.54 2.63 

 

Table 2. Properties of pristine and thermally-annealed MWCNT sheets. 

MWCNT 

sheet 

Thickness 

(µm) 

Areal 

density 

(g/m
2
) 

Breaking 

force (N) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

Fracture 

strain (%) 

S-0 5−7 6.48 8.32 ± 1.26 321.5 ± 26.6 41.4 ± 4.42 0.71 ± 0.05 

S-1800 9−11 6.41 11.8 ± 1.11 262.4 ± 21.5 42.0 ± 2.82 0.67 ± 0.06 

S-2200 9−10 6.37 11.4 ± 1.32 264.9 ± 24.2 46.4 ± 3.73 0.62 ± 0.04 

S-2600 9−10 6.32 12.2 ± 1.24 290.2 ± 19.2 60.4 ± 4.92 0.52 ± 0.05 

 

Table 3. Thickness, density and MWCNT fractions of the composites. 

Composite Thickness 

(µm) 

Density 

(g/cm
3
) 

Mass loss
*  

(%) 

MWCNT mass 

fraction (%) 

MWCNT volume 

fraction (vol. %) 

C-0 12 − 14 1.30 60.7 31.4 25.6 

C-1800 12 − 14 1.30 60.2 32.0 26.1 

C-2200 12 − 13 1.31 59.2 33.3 27.2 

C-2600 12 − 13 1.31 58.5 34.1 27.9 

 

* Mass loss was measured between 150 
o
C and 750 

o
C. 
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