
ABSTRACT 

ZHANG, LIWEN. Aligned Carbon Nanotubes for High-Performance Films and Composites. 
(Under the direction of Professor Yuntian Zhu). 
 

Carbon nanotubes (CNTs) with extraordinary properties and thus many potential 

applications have been predicted to be the best reinforcements for the next-generation 

multifunctional composite materials. Difficulties exist in transferring the most use of the 

unprecedented properties of individual CNTs to macroscopic forms of CNT assemblies. 

Therefore, this thesis focuses on two main goals: 1) discussing the issues that influence the 

performance of bulk CNT products, and 2) fabricating high-performance dry CNT films and 

composite films with an understanding of the fundamental structure-property relationship in 

these materials. 

Dry CNT films were fabricated by a winding process using CNT arrays with heights of 

230 µm, 300 µm and 360 µm. The structures of the as-produced films, as well as their 

mechanical and electrical properties were examined in order to find out the effects of 

different CNT lengths. It was found that the shorter CNTs synthesized by shorter time in the 

CVD furnace exhibited less structural defects and amorphous carbon, resulting in more 

compact packing and better nanotube alignment when made into dry films, thus, having 

better mechanical and electrical performance. 

A novel microcombing approach was developed to mitigate the CNT waviness and 

alignment in the dry films, and ultrahigh mechanical properties and exceptional electrical 

performance were obtained. This method utilized a pair of sharp surgical blades with 

microsized features at the blade edges as micro-combs to, for the first time, disentangle and 

straighten the wavy CNTs in the dry-drawn CNT sheet at single-layer level. The as-combed 

CNT sheet exhibited high level of nanotube alignment and straightness, reduced structural 



defects, and enhanced nanotube packing density. The dry CNT films produced by 

microcombing had a very high Young’s modulus of 172 GPa, excellent tensile strength of 3.2 

GPa, and unprecedented electrical conductivity of 1.8×105 S/m, which were records for CNT 

films or buckypapers. This novel technique could construct CNT films with reproducible 

properties, which also had the potential to be scale-up for industrial mass production. 

Based on the microcombing approach, dispersion issue of the long, straight, and highly 

aligned CNTs was investigated by adding PVA matrix into the microcombed CNT sheets. It 

was found although microcombing promoted the formation of agglomerated strands of the 

long, straight, and aligned CNTs, this was not an adverse problem in impairing the composite 

performance. When matrix was added, those agglomerated strands were wrapped together 

which maintained a more stable and better contact between nanotubes than those in the dry 

films.  The as-produced CNT/PVA composite films exhibit an electrical conductivity of 

1.84×105 S/m, Young’s modulus of 119 GPa, tensile strength of 2.9 GPa, and toughness of 

52.4 J/cm3, which represent improvements over those of uncombed samples by 300%, 100%, 

120%, and 200%, respectively, demonstrating the effectiveness and reliability of 

microcombing in producing high-performance CNT/polymer composite films.  
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Chapter 1 

Thesis Introduction 

Carbon nanotubes (CNTs) have emerged as new materials with amazing theoretical 

mechanical, thermal, electrical, chemical, and optical properties, opening a lot of interesting 

ways of operation in different scientific and technological fields. The remarkable properties 

of CNTs come from their special structures: strong σ and π bonds in the sp2 hybrid orbital of 

carbon atoms; seamless graphitic tube structures; exceptionally high length-to-diameter 

ratios; and polymer-like low density. The final goal in carbon nanotube research is to find a 

way for their integration inside existing technologies, in order to fully exploit their 

tremendous characteristics. A crucial step involves transforming the nano-sized materials 

into macro-sized products, which can enormously help for the development of widely 

diffused practical applications. Based on literatures, it has been found the system 

requirements for obtaining the maximum value of CNT products are: long nanotubes 

perfectly aligned in one direction with a high degree of nanotube straightness; and when 

composite are to make, additional requirements are: high CNT fraction, good dispersion, and 

good interfacial stress transfer. However, it has been a challenge to produce CNT assemblies 

that meet all the requirements.  The objectives of this work are to discuss the issues that 

render high-performance dry CNT films and CNT composite materials, and develop an 

innovative solution to meet all the requirements simultaneously.  

Firstly, Chapter 2 generally reviews the structures, properties, and applications of CNTs, 

and discusses the methods of growing CNTs and fabricating CNT products in the literature. 
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Chapter 3 introduces the common experimental procedures used in this dissertation. In 

Chapter 4, the length effects of carbon nanotubes on the structure and properties of aligned 

dry CNT films are investigated. Chapter 5 proposed a microcombing method to effectively 

enhance the CNT alignment and reduce the CNT waviness in the dry-drawn CNT sheet to 

fabricate dry CNT films with unprecedented mechanical and electrical properties. Chapter 6 

discusses the dispersion issue of long, highly aligned, and straight nanotubes when aligned 

CNT/polymer composite films are produced by microcombing method. Chapter 7 

summarizes the outcomes of the research in this work and discusses the work can be done in 

the future.  
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Chapter 2 

Literature Review 

2.1 Carbon Nanotube Structures 

Carbon nanotubes (CNTs) are allotropes of carbon. Rather than the 2-dimensional (2D) 

planar atom structure of graphite and the 3-dimensional (3D) tetrahedral atom structure of 

diamond, CNT has a 1-dimensional (1D) hollowed cylindrical structure formed by carbon 

atoms. The discovery of CNTs has an arguably long history. It was speculated that the first 

hollow carbon filament was possibly synthesized as early as 1889 in Thomas Alva Edison’s 

era when a light bulb filament was searched for incandescent lamps based on the 

experimental method and conditions, [1,2]. Their well-known discovery was in 1991, Sumio 

Iijima got clear transmission electron microscopy (TEM) images and completed the tube 

structure analysis [3]. From then on, CNTs have attracted tens of thousands of research 

studies. 

The carbon atom has three possible hybridizations: sp1, sp2, and sp3. And different 

hybridization options lead to different structural arrangements of carbon atoms, forming 

different materials. CNTs are sheets of graphite that has been rolled into a seamless tube with 

open ends or capped with a hemisphere of fullerene structure [4,5]. The carbon atoms in 

CNTs are essentially sp2 hybridized and bonded trigonally as in graphite. Three outer-shell 

electrons of each carbon atom occupy the planar sp2 hybrid orbital to form three in-plane σ 

bonds, and the other outer-shell electron in the p orbital forms an out-of-plane π bond. This 

makes a planar hexagonal network, which is very strong. However, different from graphite, 
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the circular curvature of the CNT causes quantum confinement and σ-π rehybridization in 

which three σ bonds are slightly out of plane; for compensation, the π orbital is more 

delocalized outside the tube [6], as shown in Figure 2.1. This makes CNTs mechanically 

stronger, electrically and thermally more conductive, and chemically and biologically more 

active than graphite. In addition, they allow topological defects, such as pentagons and 

heptagons, to be incorporated into the hexagonal network to form capped, bent, toroidal, and 

helical nanotubes, whereas electrons will be localized in pentagons and heptagons because of 

redistribution of π electrons.  

 

 

Figure 2.1 Schematic of sp2 hybridization in graphite and the deformed sp2 hybridization in 
CNT structure (drew based on ref.[6]). 

 

Depending on the number of layers of rolled coaxial graphite sheets, CNTs can typically 

be classified as single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes 

(MWNTs). MWNTs can be further classified as double-walled (DWNTs), triple-walled 

(TWNTs), or few-walled carbon nanotubes (FWNTs). The structure of an SWNT can be 

conceptualized by wrapping a one-atom-thick layer of graphite called graphene into a 

seamless cylinder [4]. The way the graphene sheet is wrapped is represented by a pair of  
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Figure 2.2 (a) A graphene layer with (n, m) nanotube naming scheme describing how a 
nanotube is rolled up; (b) SWNT of zigzag structure; (c) SWNT of armchair structure; (d) 
SWNT of chiral structure [4,7]. 

 

indices (n, m) called the chiral vector  (Figure 2.2). The integers n and m 

denote the number of unit vectors along two directions in the honeycomb crystal lattice of 

graphene. If n = m, the nanotubes are called “armchair”. If m = 0 and n > 0, the nanotubes 

 
!
C = n!a1 +m

!a2
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are called “zigzag”. Otherwise, they are called “chiral”. SWNTs have unique electrical 

properties due to their chirality. When  is a multiple of 3, metallic conductance occurs. 

This suggests that one third of the tubes are metallic and two thirds are semiconducting. 

Armchair nanotubes are all metallic while zigzag and chiral nanotubes can be either metallic 

or semiconducting [8–10]. It is hard to identify the chirality of MWNTs because of their 

nested layers; however, most of them exhibit semiconducting properties. 

 

2.2 Carbon Nanotube Properties and Applications 

While the diameter of a CNT ranges from several nanometers to less than a hundred 

nanometers, the length of a CNT may range from less than a micron to several millimeters or 

even centimeters, resulting in high aspect ratio of individual CNTs with up to ~107 [11–13]. 

In addition, the hollowed cylindrical structure gives CNTs very low densities. These unique 

nanostructures result in many extraordinary properties of CNTs, such as high tensile strength, 

high electrical and thermal conductivities, high ductility, high thermal and chemical stability, 

which make them suitable for a variety of applications like nanoprobes [5,14–16], displays 

[17–19], sensors [20], molecular reinforcements in composites [5,6,21–23], molecular 

electronic devices [24–28], optical devices [29], thermal interface materials [30–32], and 

electrochemical and chemical storage media [5,19,26,33]. However, because of the high 

aspect ratios, the properties of CNTs are highly anisotropic. 

The superb mechanical properties of CNTs are the major concern for applying them as 

advanced reinforcements in the composite materials. Their remarkable stiffness and strength 

come from the strong σ bonds in the sp2 hybrid orbital. In graphite, the σ bond is 0.14 nm 

n −m
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long and 420 kcal/mol strong in sp2 orbital. And in diamond, the σ bond is 0.15 nm long and 

360 kcal/mol in sp3 configuration. Therefore, graphite is stronger in-plane than diamond [6]. 

However, in CNTs, the σ-π rehybridization caused by circular curvature makes the σ bonds 

even stronger than those in graphite. For SWNTs, the experimentally measured Young’s 

modulus is about 1 to 4 TPa [34,35] and the tensile strength is in the range of 13 to 52 GPa 

[35] along the tube axis. For MWNTs, the experimentally measured Young’s modulus and 

tensile strength are around 1 TPa [36] and 11 to 63 GPa [37], respectively. These properties 

are one to two magnitudes higher than the high-performance carbon fibers which are made of 

planar graphene layers [38,39]. Therefore, CNTs are the desired materials that promise 

effective reinforcements for composites. In addition, CNT also exhibits a high ductility, i.e. 

large strain-to-failure, which arises from its strong covalent bonding and seamless tube 

structure that has less defects and stress concentrations than other graphitic structures. When 

CNTs are fully strained, their strain-to-failure can reach up to 12% [37] and 16% [40] under 

tension and bending conditions, respectively. Molecular-dynamics simulations of SWNTs 

under tensile deformation have revealed that under certain circumstances, the strain-to-failure 

of the nanotubes can be as large as ~30% [41]. The high ductility of nanotubes adds their 

advantage when reinforcing composites where energy absorbance is done by deformation but 

not cracking. 

The exceptionally high electrical conductivity is another important feature for CNTs, 

which comes from the strong σ and π bonds in the atomic structures as well as their chirality. 

The electrical conductivity of metallic SWNTs can be as high as about 107 S/m as reported 

by Ebbesen et al. in 1996 [42] since the defect-free tube structures allow ballistic electron 
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transports [43,44]. For metallic MWNTs, the measured electrical conductivity is usually 

lower than that of metallic SWNTs for mainly two reasons: firstly, there are always both 

metallic and semiconducting individual tubes in MWNTs according to the statistical 

probability of their chirality; secondly, the experimental studies have been limited to the bulk 

measurements where only outmost wall of MWNT is contacted and measured [45]. 

Nevertheless, both metallic SWNTs and metallic MWNTs can carry high current densities 

along their tube length [46]. Adding only a small fraction of CNTs into insulating polymers 

or ceramics can effectively increases their electrical conductivities [47–50]. Such composite 

materials can dissipate electrostatic charges, having potential applications in electrostatic 

charge dissipation and electromagnetic interference shielding. When high fraction of CNTs 

are applied or composing them with conductive materials, the extraordinary electrical 

properties of CNTs promise their use as electrode materials for energy storage devices, and 

nanoelectronic devices and circuits [19,24–28,33]. 

CNTs are also good thermal conductors along their length that the thermal conductivities 

of both SWNTs and MWNTs are higher than those of natural diamond and the basal plane 

graphite [51,52], making them good thermal interface materials for heat dissipation [30–32]. 

And due to their nano-sized tube structures and low densities, CNTs have an extremely large 

surface area per unit mass, which is chemically reactive [53]. This opens up many likely 

applications for CNTs such as drug delivery materials, chemical- and bio-sensors, and 

catalyst supports [54–56]. In addition, the aligned CNTs are good choices as templates to 

grow other ordered nanostructures [2]. 
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2.3 Carbon Nanotubes Synthesis 

2.3.1 Arc Discharge and Laser Ablation Methods 

The growth of CNTs is of great importance since it determines the properties of the 

nanotubes, and then the final performance of CNT products. It has been shown that given the 

right conditions, CNT synthesis can occur in a wide range of environments. There are mainly 

three techniques to grow CNTs: arc discharge, laser ablation, and chemical vapor deposition 

(CVD) [2,26,57,58].  

Arc discharge method is the earliest technique that has been discovered to grow CNTs, 

and is also the first recognized technique for synthesizing both SWNTs and MWNTs. It 

involves direct current discharging between two arcing graphite electrodes in a helium or 

argon gas below atmospheric pressure and produces CNTs in the plasma of carbon gas [57–

59]. A setup is shown in Figure 2.3. The CNTs produced in this method are usually random 

but have good crystallinity and very few defects, although the yield is low and the 

purification procedure is complex [2]. 

 
Figure 2.3 Setup of arc discharge technique [59]. 
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Laser ablation is a process of removing materials from a solid surface by irradiating the 

surface with a laser beam. When synthesizing CNTs, a piece of graphite target is vaporized 

by laser irradiation under a high temperature in an inert atmosphere [57,58,60]. Similar to the 

arc discharge method, the CNTs produced by this technique are also powder-like and 

randomly entangled, and it is also not suitable for large-scale production of nanotubes. Figure 

2.4 illustrates the growth apparatus of laser ablation method. SWNTs can be formed from a 

composite block of graphite and metal catalyst particles [61], whereas MWNTs are found 

when a pure graphite target is used [62]. The quality and yield of the products are highly 

dependent on the growth temperature that the best quality is obtained at 1200°C according to 

literatures. At lower temperatures, the structural quality of CNTs decreases that they present 

more defects. However, laser ablation method produces CNTs with higher purity than arc 

discharge method.  

 
Figure 2.4 Apparatus of laser ablation method for producing CNTs [60]. 
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2.3.2 Chemical Vapor Deposition Method 

Chemical vapor deposition is a chemical process that deposits a solid on a heated surface 

from a chemical reaction in the vapor phase [58]. It is widely used to produce high-purity and 

high-performance solid materials. CVD growth of CNTs is the most often used technique 

nowadays and shows the most promise for industrial production due to its easy setup and 

operation, easy scale-up at low cost, and capability of growing CNTs directly on a desired 

substrate [2,6]. This is the technique that used to grow CNTs utilized in this work, therefore, 

a more detailed literature review is provided. 

 

 

Figure 2.5 Schematic representation of the setup of the CVD method [57]. 
 

CVD synthesis of CNTs is usually done at relatively low temperatures (500°C - 1200°C). 

By imparting energy, a gaseous carbon precursor is “cracked” into reactive atomic carbon 

and hydrogen by metal catalyst particles, which nucleate CNTs and support their growth on 

the substrate. A schematic of the CVD process is presented in Figure 2.5. In CVD process, 

the growth of CNTs occurs in three main steps [63]: (i) decomposition/pyrolysis of the 

carbonaceous gas molecules; (ii) diffusion of the resultant carbon atoms through the catalytic 
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particle from the particle/gas interface toward the particle/nanotube interface due to the 

concentration gradient; (iii) precipitation of carbon atoms at the particle/nanotube interface. 

In the third step, CNTs grow catalytically and then thicken via a catalyst-free pyrolytic 

carbon decomposition mechanism. 

Carbon-containing gases, such as methane (CH4), ethylene (C2H4), acetylene (C2H2), 

benzene (C6H6), toluene (C7H8), ethanol (C2H5OH), and carbon monoxide (CO), have been 

used as carbon precursors [2,58]. The carbon precursors affect the quality of CNTs. For 

example, if the CH concentration is high such as acetylene, many CNTs are enriched by 

amorphous carbon and carbon nanoparticles, resulting in rough nanotube surfaces [64]. This 

is due to the over-supply of carbon atoms during the CNT growth. On the other hand, 

different synthesis temperatures are needed for different carbon precursors in order to break 

down the C-C or C-H bonds to release carbon atoms for CNT growth, then influencing the 

CNT structures, purity, and yield accordingly. 

Metal catalyst is another key factor for CNT growth in CVD method since they act as the 

starting points of the tubular structure development [5]. Nickel (Ni), cobalt (Co), iron (Fe), 

gold (Au), platinum (Pt), stainless steel and their alloys have been successfully used as 

catalysts for CNT growth [2,15]. The size of catalyst particles determines the diameter of 

CNTs. The outer diameter of CNTs increases with the increasing of catalyst particle size 

whereas the inner diameter increases only slightly. Therefore, CNTs cannot grow on catalyst 

particles with very small diameters. Moreover, the distribution of catalyst particles affects the 

density of CNTs, and eventually the morphology and quality of the as-grown CNT arrays. 

The distance between two adjacent nanotubes can be controlled by controlling the spacing  
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Figure 2.6 (a) Half-meter-long CNTs that buckled and lay down on the substrate [65] ; (b) 
Vertically aligned millimeter-long CNTs [66]. 

 

between catalyst particles. If the catalyst particles are spaced far apart, the growing CNTs are 

separated too far away to allow van der Waals interactions between neighboring nanotubes, 

causing CNTs buckle and fall back on to the substrate (Figure 2.6a [65]). If the catalyst 

particles are spaced closely together, mutual support of the van der Waals forces between 

adjacent nanotubes enable a continuous growth of vertically aligned CNTs (VACNTs) 

(Figure 2.6b [66]), which is the most important advantage of CVD method. It has been 

reported that among all the metal catalysts, transition metal catalysts are the most effective 

species for CNT growth in CVD process [67–69]. This is because their incomplete d-orbitals 

make them highly catalytic active in forming meta-stable carbides, breaking down the carbon 

sources, and dissolving the carbon atoms. The meta-stable carbides are able to release 

precipitated carbon atoms while continuing to break down and transport carbon from 

precursor gases [69]. Iron catalyst is the best choice to grow long aligned CNT arrays. 

Millimeter-long CNTs have been synthesized almost exclusively by iron catalyst [67,68]. 

The nucleation and growth process of CNTs from iron particles were observed by Yoshida et 

al. in 2008, and Figure 2.7 shows the images taken during the process [70]. It reveals that 
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iron particles transform to iron carbides (Fe3C) during CNT growth, providing a way for 

carbon atoms to diffuse through rather than migrating on their surfaces. Then, graphite layers 

form on the iron carbide facets and extend along the facets, forming multiple layers of 

nanotubes. 

  

 

Figure 2.7 Nucleation and growth of a MWNT from an iron catalyst particle [70]. 

 

In CVD method, the substrate where CNT array grow on is extremely important, because 

the metal-support interactions are found to play a determinant role for the CNT growth 

mechanism [63]. As shown in Figure 2.8, when the metal-support interaction is weak, tip-

growth occurs; and when the interaction is strong, base-growth takes place. CNTs can grow 
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Figure 2.8 Schematic of the influence of the metal-support interaction on the CNT growth 
mechanism [63]. 

 

on substrates such as quartz plates [71], sapphire (α-Al2O3) substrates [72], and silicon (Si) 

wafers [67,69,70,73–75], among which Si wafers are the mostly used due to their low cost, 

high temperature resistance, and extremely low roughness. When Si wafer is the substrate, a 

buffer layer is usually needed before the deposition of metal catalyst particles. Many types of 

metal oxides, such as Al, Al2O3, SiO2, MgO, ZrO2, Ti, TiN, or TiO2 can be used as buffer 

layers to support catalyst [2]. And Al2O3 is reported to be the most common and effective 

buffer material used to increase the aligned CNT length and quality in CVD method through 

its interaction with Fe catalyst particles [74,75]. It has been proposed that Al2O3 and Fe have 

a strong interaction between each other, which helps restrict the Fe particle size distribution 

and the diffusion of Fe into the Si substrate [76]. Once a significant amount of catalyst 

particles diffuse into the substrate, CNT growth terminates. Buffer layer, as well as metal 

catalyst, can be deposited through a variety of methods, such as thermal evaporation, 
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magnetron sputtering, pulsed-laser deposition, and ion-beam assisted deposition (IBAD) 

[2,6]. The thickness, composition, deposition rate and deposition pressure of the buffer layer 

are of vital importance for determining the final morphology of the catalyst thin film, which 

in turn influences the CNT growth.  

The operating temperature and pressure of CVD process are also critical in influencing 

the CNT structures, purity, and yield. At low gas pressure, CNTs are completely hollow at 

low growth temperature and bamboo-like at high growth temperature; while at high gas 

pressure, all CNTs have bamboo-like structures regardless of the growth temperature [77,78]. 

And high growth temperature is necessary in synthesizing CNTs with small diameters [79]. 

However, at high temperatures, the yield of CNTs decreases due to the high dissolving rate 

of carbon atoms forming amorphous carbon on the CNT surfaces, and the high possibility of 

chemical reaction between carbon and catalyst forming catalyst carbide causing the catalyst 

to lose catalytic activity for CNT growth [77]. In this case, CNTs exhibit lower purity at 

higher growth temperature.  

 

     

Figure 2.9 Different orientations of the aligned CNTs grown by CVD method [80]. 
 

The length of the CNTs synthesized by CVD method can be simply controlled by the 

growth time. The longest CNTs synthesized by CVD method are about half-meter long as 
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shown in Figure 2.6 (a), which was reported by Zhang et al. in 2013 [65]. And when an 

electric field is applied, the orientation of the aligned CNTs can be changed [80], as 

displayed in Figure 2.9. To summarize, CVD method is able to grow CNTs with high purity, 

high quality, highly ordered unidirectionally aligned structure, and controlled dimensions. 

These are all merits of CVD process over arc discharge method and laser ablation method, 

making them the desired technique for producing CNTs. 

 

2.3.3 Synthesis of Superaligned Carbon Nanotubes 

CVD method can grow VACNT arrays, in which CNTs are vertically self-oriented and 

perpendicular to the substrate. As mentioned in the previous part, the size of catalyst particles 

determines the diameter of CNTs; and the density of catalyst particles affects the density of 

CNTs. When the size distribution of catalysts is narrow and the nucleation density for CNTs 

is high enough, the as-grown CNT array will have a narrow CNT diameter distribution with a 

high surface density, leading to a high degree of alignment of CNTs in the array which is 

then called “superaligned” [19,81,82].  

Superaligned carbon nanotubes (SACNTs) distinguish themself from ordinary VACNTs 

by their capability of being drawn out from the array and converted into continuous films and 

yarns [73,81–84]. They enable easy manipulation of nano-scale CNTs; provide a simple and 

direct way of making continuous CNT yarns and films at macro-scale, where high fraction of 

CNTs can be achieve; and show the potential of fully utilizing the superior properties of 

individual nanotubes, promising for producing high-performance CNT products. Therefore, 
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SACNTs have been very attractive to academic researchers and industries since they were 

reported. The SACNT arrays are used as the raw material in this work. 

 

 

Figure 2.10 (a) Comparison of a SACNT array and an ordinary VACNT array [82]; (b) 
Schematic illustration of the end-to-end joining model for drawing SACNTs [81];  (c) 
Images showing the SACNTs being drawn into a sheet [84].  

 

As shown in Figure 2.10 (a), the ordinary VACNTs are not perfectly aligned but have 

some degree of waviness, whereas the SACNTs have much better alignment and cleaner tube 
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surfaces. The clean tube surface is also one of the prerequisites for CNTs to be superaligned, 

because the capability of drawing the CNTs originates from the strong van der Waals 

interactions between neighboring nanotubes [81,82]. Amorphous carbon on tube surfaces 

weaken the van der Waals interactions. It is proposed that when SACNTs are being drawn 

out from the array, the nanotubes come out continuously with their ends joining together by 

strong van der Waals forces, which process is schematically illustrated in Figure 2.10 (b). 

Figure 2.10 (c) is the images showing the SACNTs being drawn into a sheet. 

To synthesize SACNT arrays, the basic principles are to achieve a narrow size 

distribution of catalysts, a very high CNT nucleation density, and to keep clean surfaces of 

CNTs [19,81,82]. The process requires a very precise control of the growth conditions, which 

is difficult to achieve. Therefore, only a few research groups are capable of synthesizing 

SACNT arrays so far [73,74,83,85–88]. The SACNT arrays were first successfully 

synthesized by Fan’s group in 2002 [73], and than followed by Baughman’s group in 2004 

[83]. In their studies, acetylene was used as the carbon precursor gas, and Fe was the catalyst 

which was deposited on Si wafer by electron-beam evaporation. It was found in their 

following research [81,82,84] that the high density of catalyst particles and their narrow size 

distribution could be achieved by controlling the thickness of metal catalyst thin film and the 

deposition rate for preparing the catalyst film. The CNT nucleation density and growth rate 

increase with increasing growth temperature and carbon precursor feeding rate; however, on 

the other hand, high temperature and high feeding rate also give rise to high deposition rate 

of amorphous carbon on the nanotube surfaces, which renders the CNTs non-drawable. 

Therefore, growth temperature and feeding rate of carbon precursor need to be carefully 
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adjusted and combined in order to guarantee high CNT nucleation density and clean surfaces 

of CNTs. In addition, a polished flat surface of substrate is important since it affects the 

morphology of deposited metal catalyst thin film. The SACNTs produced in this way are 

MWNTs of about 3 to 10 walls with a diameter of about 5-15 nm and a length of a few 

hundred micrometers [81–84].   

However, long drawable CNTs are preferred for their better mechanical performance. In 

2006, Li et al. [74] modified the above synthesizing process and succeeded in producing 4.7 

mm long CNTs with a drawable range of 0.5 to 1.5 mm. Ethylene was used as the carbon 

precursor and water vapor was added during the growth process. A dense Al2O3 buffer layer 

(10 nm) was deposited in between the substrate and the Fe catalyst thin film (1 nm) by IBAD 

technique. It was found that the added Al2O3 buffer layer helped a more uniform deposition 

of the Fe film and prevented the interdiffusion between the Fe film and the substrate, leading 

to a long catalyst life for CNT growth. Additionally, water vapor helped to achieve a high 

growth rate while maintaining a long catalyst lifetime at high temperature due to its ability to 

reduce the formation of amorphous carbon at high growth temperature and thus keep the 

catalyst particles clean. 

While the aforementioned SACNT synthesis process involves several steps which all 

need careful control, an easy and efficient one-step growth method was reported by Inoue et 

al. in 2008 [85] in which no additional process was required for catalyst preparation. Iron 

chloride (FeCl2) powder was used as the metal catalyst for growing CNTs, and it was 

thermally evaporated and deposited on a quartz substrate during the growth procedure. 

Acetylene was the carbon source. It was reported that FeCl2 had high dehydrogenation 
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activity on acetylene, which could increase the growth rate of CNTs. The elimination of 

catalyst predeposition along with the increased growth rate was promised for a significant 

reduction of the costs for growing CNTs by this chloride mediated CVD method. The 

drawable CNTs synthesized in this way possess much more walls (> 20) with much larger 

diameters (~50 nm) than those synthesized by previously mentioned processes, and they are 

also much longer (millimeter long). 

In recent years, other research groups [86–88] have also been able to synthesize drawable 

SACNT arrays. However, their methods are all based on the above two synthesis systems 

with only small modifications, such as changing the type and thickness of buffer layer and 

catalyst thin film, selecting different carbon precursor gases and forming gases, and using 

different growth temperatures and gas feeding rates, in order to meet certain requirements for 

the as-grown SACNTs. 

 

2.4 Carbon Nanotube Products 

CNTs have extremely small sizes, meanwhile, they are reported to be half dense as 

aluminum, 20 times strong as high strength steel alloys, have current carrying capacities 

1000 times that of copper, and can transmit heat twice as well as pure diamond [89]. With 

continuous developments in the synthesis and production of CNTs, attempts have been made 

to assemble these nano-scale materials into macro-scale products which can fully realize 

those marvelous properties of individual CNTs for real applications. While early attempts 

failed to take full advantage of the potential of CNTs, emerging new synthesis methods and 
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novel processing techniques provide the possibilities of fabricating CNT-based materials into 

different forms with improved performance. 

The most common application for random and short CNTs is to incorporate them into 

ceramic, metallic, or polymeric matrices to build value-added composite materials 

[5,21,47,48,90–92]. However, usually only a small fraction of CNTs can be added into the 

matrix, and uniform dispersion and good nanotube/matrix adhesion are critical issues in 

processing of these nanocomposites. The resulted composites usually show only a slightly 

improved behavior due to CNT entanglements and poor CNT/matrix interfacial bonding. In 

this case, additional processes are needed in order to create better CNT dispersion and 

stronger interfacial bonding [48], which makes the procedure more complicated and less 

controllable.  

Successful growth of aligned CNT arrays by CVD method has opened up a new way of 

fabricating aligned CNT products. The array itself can be directly used as energy absorbing 

materials [93], super-hydrophobic surfaces for anti-contamination and self-cleaning [94], and 

templates to grow other ordered nanostructures [95]. By filling matrices into the gap between 

the aligned CNTs on the array, composites can also be produced. Infiltration [96], atomic 

layer deposition [97], and polymerization [98] methods are the common methods used to 

produce composites from aligned CNT arrays. The resulted composite materials exhibit a 

higher CNT fraction and better performance than those made from short CNTs because of the 

long nanotubes and the aligned ordered CNT structure in the array. Nevertheless, the sizes of 

the composites are limited due to the limitation of the as-grown array dimensions, i.e. large 

composites cannot be fabricated from CNT arrays since the largest dimension of the array 
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can be synthesized currently was reported to be only 8 inches [19]. Therefore, they are not 

suitable for industrial mass production. 

The discovery of drawable SACNT arrays and the development of a dry-drawing method 

in 2002 [73] provide more options for researchers to make CNT products and opportunities 

to better utilize the superior properties of individual nanotubes. The method is easy to operate 

and can produce CNT products with either low nanotube fraction or high fraction or even 

pure CNT products. The CNT yarns or films produced in this way usually have long CNT 

length, high purity, high quality, high level of nanotube alignment, and highly ordered 

structure, which results in high-performance of the products. And the product size is not 

limited by the array dimension. For example, unlike solution spinning of short CNTs where a 

lot of chemicals are used and complex handling is needed, continuous CNT yarns can be 

easily produced by drawing and spinning of CNTs from SACNT array using the dry-drawing 

method, and the yarns present much better properties than those made from short CNTs. 

Figure 2.11 displays the pulling and twisting of a CNT yarn from a SACNT array [83]. In 

2007, Zhang et al. reported the production of pure CNT yarns (Figure 2.12) with a strength of 

up to 3.3 GPa but very low density of about 0.2 g/cm3 [99], which specific strength is 5.3 

times that of the strongest commercial carbon fiber (T1000) and still remain the highest 

among CNT-based yarns produced by different methods [90,91,100]. When matrices are 

added during drawing and spinning process, CNT-based composite yarns can be easily 

fabricated [101]. The dry-drawing method is also applicable to fabricate CNT 

sheets/films/buckypapers [84,102,103] or CNT sheet-based composites [66,104–108], which 
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is going to be discussed later in detail since this is the method used to produce the 

experimental products in this work. 

 

 
 

 

Figure 2.11 A layer of CNT sheet being pulled from a SACNT array and then twisted to 
form a CNT yarn [83]. 
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Figure 2.12 Pure CNT yarns spun from a SACNT array by dry-drawing method [99]. 

 

2.4.1 Dry Carbon Nanotube Films and Buckypapers 

CNTs resemble traditional fibers but possess extraordinary chemical and physical 

properties, which make them attractive for making paper materials, known as buckypapers. 

These papers made of CNTs have been widely studied as catalyst supports [109], filters 

[110,111], structural reinforcements [102,103,112], battery electrodes [113], supercapacitors 

[114], electrical and thermal interface materials [115], and fire retardant layers [116].  

Short CNTs are first made into buckypapers by a general process that is adopted from 

ancient art of paper-making technique which involves dispersing short CNTs in a solution 

and then filter the CNT suspension using a fine filter [109–111,113,114,117–119]. Usually, 

surfactants and high-power sonication are used for helping CNT dispersion. CNTs are almost 

completely randomly distributed in these buckypapers. The nature of their short lengths, 

weak interactions among the tubes, and their tendency of crookedness and agglomeration 

make such CNT sheets very weak and thus diminish CNT potential values [118]. The 

strength and stiffness for these buckypapers are very low, of only several tens megapascal 

and several gigapascal, respectively [119]. Figure 2.13 shows the images of typical dispersed 

short CNT buckypapers, where nanotubes are curved and randomly aligned [117]. 
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Figure 2.13 (a) Image of SWNT buckypapers; (b) Atomic force microscopy image of the 
surface of the buckypaper; (c) Scanning electron microscopy image of the buckyppaper 
[117]. 

 

In order to improve their performance, it was proposed that the ideal structure for 

buckypapers should have long and straight CNTs perfectly aligned and all connected with 

each other [115]. Growth of CNT arrays by CVD method makes this come true, since the 

CNTs are long and perfectly aligned in the array. Directly pushing or pressing CNT arrays 
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into buckypapers can realize highly aligned nanotubes in a planar network. In 2008, Wang et 

al. developed a “domino pushing” method (Figure 2.14a) to fabricate aligned thick 

buckypapers, and got an improved thermal conductivity of 331W/(m⋅K) and good electrical 

conductivity of 2.0×104 S/m along the CNT alignment direction [115]. A similar approach 

was proposed later by Bradford et al. which was named as “shear pressing” (Figure 2.14b) 

[112]. They got a high electrical conductivity of 1.18×104 S/m for those buckypapers made 

by millimeter long CNTs. 

 

 

Figure 2.14 (a) Schematic of the “domino pushing” method [115] ; (b) Schematic of the 
“shear pressing” method [112]. 

 

An easier and more efficient approach of making aligned long CNT buckypapers was 

proposed after finding the drawability of SACNT arrays [84]. When drawing the CNTs in a 

SACNT array, the vertically aligned long CNTs can be continuously pulled out and 

converted to a horizontally unidirectionally aligned CNT sheet. Then, buckypapers with 
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desired thickness can be readily produced by winding the CNT sheet layer by layer 

[102,120,121]. Since the CNTs are processed in a dry state, the buckypapers made in this 

way are also referred to as dry CNT films. This dry processing method has the advantage of 

avoiding complex and time-consuming processes that are typical for solution-based methods 

of making short CNT buckypapers, and have no limits to the size of buckypapers which is an 

issue when CNT arrays are pushed or pressed to buckypapers. The dry films made in this 

way have shown much improved properties than those made by other methods due to a high 

degree of alignment and dense packing of the long nanotubes in the layered sheets [122]. Di 

and co-workers reported ultrastrong and flexible dry CNT films with tensile strengths of up 

to 2 GPa, Young’s moduli of up to 90 GPa, and electrical conductivities of about 3.5×104 

S/m [120]. Figure 2.15 (a) shows the drawing and winding process of making dry CNT films, 

 

 

Figure 2.15 (a) Setup of the preparation of a dry CNT film; (b), (c), (d) Appearance of the 
dry CNT film; (e), (f) Images of the surface morphology of the dry CNT film [120]. 
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and (b)-(f) are the images of the as-produced film revealing the unidirectional alignment and 

high packing density of the long nanotubes. 

 

2.4.2 Carbon Nanotube Reinforced Polymer Composite Films 

Many of modern technologies require materials with unusual combinations of properties 

that cannot be met by the conventional metal alloys, ceramics, and polymeric materials. This 

is especially true for materials that are needed for aerospace, under-water, and transportation 

application. Therefore, composite materials have been developed. Generally speaking, a 

composite is considered to be any multiphase material that exhibits a significant proportion 

of the properties of both constituent phases such that a better combination of properties is 

realized [123]. In most cases, composites have been created to improve combinations of 

mechanical characteristics, such as stiffness, toughness, and strength.  

Usually, composite materials are composed of just two phases: one is termed the matrix, 

which is continuous and surrounds the other phase, often called the dispersed phase. 

Composite materials can be classified either by the type of dispersed phase or the type of 

matrix. In the dispersed phase classification, composite materials consist of three main 

divisions: particle-reinforced, fiber-reinforced, and structural composites. In the matrix 

classification, there are also three main subsections: metal-matrix composites (MMCs), 

polymer-matrix composites (PMCs), and ceramic-matrix composites (CMCs). Among all 

types of composites, fiber-reinforced polymer-matrix composites are the most important and 

popular ones because of their ease of fabrication, low cost, great diversity, and large 

quantities. The main design goal of this kind of composites is high strength and/or stiffness 
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on a weight basis, i.e. specific strength and specific modulus. Fiber-reinforced polymer-

matrix composites with exceptionally high specific strengths and moduli have been produced 

that utilize low-density but high-performance fibers, such as glass, carbon, and Kevlar. CNTs 

have unprecedented physical and chemical properties which no other materials exhibit, as 

well as low densities, making them the most promising candidate for reinforcing composites. 

However, mechanical characteristics of a fiber-reinforced composite depend not only on 

the properties of the fiber, but also on the degree to which an applied load is transmitted to 

the fibers by the matrix phase [123]. Through intensive attempts to fabricate CNT/polymer 

composite materials with high performance, it have been found there are four main system 

requirements for effective reinforcement: a large aspect ratio, good dispersion, alignment, 

and interfacial stress transfer [22]. Aspect ratio must be large to maximize the load transfer 

from matrix to nanotubes, which is crucial in order to optimize composite strength and 

stiffness [123]. More fundamentally, CNTs need to be uniformly dispersed as isolated 

nanotubes individually coated with polymer matrix, which is imperative to achieve efficient 

load transfer to nanotube network, and thus results in a more uniform stress distribution and 

minimizes the presence of stress-concentration centers generated by agglomerated CNTs. 

Due to the high anisotropic properties of CNTs that come from their unique 1D structure, it is 

desired to unidirectionally align nanotubes in matrix in order to achieve better utilization of 

the CNT potential. Good CNT alignment also helps to increase load transfer efficiency [106]. 

Finally, CNT-matrix interfacial bonding is of great importance which directly determines the 

interfacial stress transfer. Since CNTs have an atomically smooth surface and few sites for 

bonding with a matrix, interfacial stress transfer is a critical issue for CNT/polymer 
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composites. Interfacial shear stress (IFSS) is a parameter that used to control the maximum 

stress transfer from matrix to nanotubes. It is defined as the shear stress in polymer matrix at 

CNT-matrix interface. Long nanotubes and strong nanotube-matrix bonding are preferred to 

fabricate high-performance CNT/polymer composites. 

CNT/polymer composites have been processed via a variety of methods, including 

solution processing [48,90,91], melt processing [96], polymerization processing [98], and dry 

processing [104–106]. The easiest and most efficient method has turned out to be the dry 

processing method which uses dry-state drawn of CNT sheets to produce the composite 

films, where long and pure nanotubes are unidirectionally aligned and uniformed distributed 

in polymer matrix at a high CNT fraction, resulting in the greatest utilization of the CNT 

intrinsic properties. Cheng et al. was the first group that tried to fabricate this kind of aligned 

CNT composites [124,125].  By dry-drawing CNT sheets from a SACNT array and then 

stacking them together followed by an infiltration process of epoxy resin, they produced 

CNT/epoxy composite films with 16.5 wt.% CNTs homogeneously dispersed and highly 

aligned in the epoxy matrix. The Young’s modulus and tensile strength of the resulted 

composite films reached 20.4 GPa and 231.5 MPa, respectively. A breakthrough was made 

by our group in 2011 by developing a spray-winding process (Figure 2.16), which was a one-

step process of fabricating aligned CNT/polymer composite films with high performance 

[105,106]. By using a winding mandrel and a spray gun, soluble polymer matrix can be 

sprayed uniformly onto each layer of the continuously drawn CNT sheet while it is being 

wound on the rotating mandrel. It was found the CNT fraction in the as-produced composite 

films could be as high as 65 wt.%, and homogeneous integration was achieved between the 
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nanotubes and the matrix. The best CNT/PVA films produced in this way had a tensile 

strength of 1.8 GPa, Young’s modulus of 45 GPa, toughness of 100J/g, and electrical 

conductivity of 7.8×104 S/m. These results demonstrate the importance of long CNT length, 

good alignment, high CNT fraction, and uniform CNT-matrix integration for making high-

performance CNT composites. 

 

 

Figure 2.16 (a) Schematic of the spray-winding process [102]; Images showing the fracture 
surface (b) and surface (c) morphologies of the CNT/PVA composite films produced by 
spray-winding [106]. 

 

While nanotube alignment plays a determinant role in the efficiency of load transfer from 

matrix to CNTs which influences composite final performance, it has been found that 

specially for CNTs, the waviness is also a critical issue in limiting the effective CNT 
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properties. Fisher and co-workers developed a model combining finite element results and 

micromechanical methods to determine the effective reinforcing modulus (ERM) of a wavy 

nanotube embedded in polymer matrix [89], as shown in Figure 2.17. They disclosed that 

even slight nanotube curvature could significantly reduce the effective reinforcement when 

compared to straight nanotubes. When producing CNT/nylon composite films, Xin et al. tried 

to stretch the films after fabrication in order to straighten the CNTs in the structure [104]. 

With a stretch ratio of 7%, the tensile strength, Young’s modulus, and electrical conductivity 

of the composite films improved 190%, 290%, and 300%, respectively, which was quite 

significant. Figure 2.18 displays the surface morphologies of the CNT/nylon composite films 

under different stretching rate. In a later study, Xin and co-workers successfully stretched the 

 

 

Figure 2.17 Schematic of the finite element cell model of an embedded wavy nanotube [89]. 
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Figure 2.18 Images showing the surface morphologies of CNT/nylon composite films under 
(a) 0%, (b) 2%, (c) 4%, and (d) 7% stretching rate [104]. 
 

 

 

Figure 2.19 Schematic illustration of the concept of straightening CNTs before embedding 
them in a matrix in a layer-by-layer fashion [107]. 
 

dry-drawing CNT sheet before winding it on the mandrel to form a composite [107]. A 

schematic illustration of the process is shown in Figure 2.19. It was found when the CNT 

sheet was stretched by 12%, the as-produced CNT/BMI films showed an exceptionally high 
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tensile strength of up to 3.8 GPa, Young’s modulus of up to 293 GPa, electrical conductivity 

of 1.23×105 S/m, and thermal conductivity of 41 W/(m⋅K).  

 

2.5 Motivations and Research Objectives 

Since the discovery of CNTs in early 1990s [3], they have excited scientists and 

engineers with their wide range of unusual physical and chemical properties, which are direct 

results of the near-perfect structure of nanotubes. No previous material has displayed the 

combination of superlative mechanical, thermal, and electrical properties attributed to them. 

These properties make CNTs ideal, not only for fundamental science but also for a wide 

range of applications.  

As discussed in the previous part, the critical requirements for making high-performance 

macro-scale CNT assemblies are: long nanotube length, high degree of nanotube alignment, 

and high CNT straightness, which all maximize load transfer within the structure, promote 

effective loading, and realize better utilization of the CNT potential. When CNT composite 

are produced, a high CNT fraction, uniform dispersion, and good CNT-matrix interfacial 

bonding are also essential. Much progress has been made over the last few years in making 

CNT buckypapers/dry films and composite films, and their properties are creeping towards 

which have been predicted by theory. However, there are still many opportunities rising from 

previous work in achieving improved properties. 

One opportunity is to use long-length drawable CNTs to produce dry CNT films. 

Theoretically, long nanotubes benefit load transfer, which can result in improved mechanical 

performance of the dry films. This is true when drawable CNTs are made into dry CNT 
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yarns, that with longer CNT lengths, the yarns exhibit higher tensile strengths [126]. 

However, this seems not applicable when longer CNTs are made into dry films [102] and 

composites [66] due to the influence of CNT diameters since CNTs usually exhibit larger 

diameters when they grow longer. There are very few studies discussing the CNT length 

effects on the final properties of CNT products, and the mechanism remains unclear. Chapter 

4 provides a detailed discussion which focuses on CNT length only, eliminating the effect of 

CNT diameter. 

Another opportunity lies in mitigating CNT waviness. Although stretching the as-formed 

composite films [104] and stretching the single layer of dry-draw CNT sheet before 

embedding it into matrix [107] have been proved to be effective in increasing the composite 

final performance, there are difficulties in the stretching process since the as-formed films are 

already densely packed that high stretching rate is impossible; while the single-layer of CNT 

sheet is too brittle to be stretched that careful control of the process and high-quality 

drawable arrays are needed. In Chapter 5, a novel approach is developed, which can easily 

and effectively straighten the wavy CNTs in the dry-drawn CNT sheet. This approach takes 

advantage of the previously reported winding approach [120] which meets all the 

requirements for making desired high-performance CNT buckypapers, solves the problems 

existed in the previous stretching process, and  meanwhile, realizes enhanced load-bearing 

efficiency provided by highly straightened and aligned CNTs. 

The agglomeration of nanotubes is a big issue when making CNT/polymer composites. 

And CNT agglomeration happens not only in short CNT dispersed composites, but also in 

long and aligned CNT composites. When CNTs are too straight and perfectly aligned at a 



 

37 

high fraction, CNTs agglomerate together, causing difficulties for polymer matrix to 

penetrate, and thus resulting in a non-uniform dispersion. Chapter 6 addresses this issue by 

infiltrating poly(vinyl alcohol) matrix into the straightened and highly aligned nanotubes. 

The objective is to develop an understanding of how the mechanical and electrical properties 

of the as-produced composite films change when a high degree of CNT straightness is 

achieved. 
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Chapter 3 

General Experimental Procedure 

3.1 Growth of Carbon Nanotube Array 

The drawable SACNT arrays used in this work were synthesized by CVD method. 

Electron beam evaporation technique was used to prepare the catalyst to grow CNTs, where a 

30 nm-thick SiO2 layer was first deposited on Si substrate, followed by a 20 nm-thick Al2O3 

buffer layer, and then a 1 nm-thick layer of Fe catalyst. The thicknesses of Al2O3 buffer layer 

and Fe catalyst layer are very important for they determine the drawability of the CNT arrays.  

The SACNT arrays were then grown in a CVD furnace called EasyTube® 3000 made by 

FirstNano® cooperation (Figure 3.1a). Firstly, the catalyst substrate was put in the load 

chamber of the furnace, followed by an evacuation of the chamber to below 0.3 Torr. Argon 

gas was flowed into the load chamber at a rate of 1.5 L/m, meanwhile, the growth chamber 

was started to heat up. When the pressure in the load chamber reached 756 Torr, the catalyst 

substrate in the load chamber was loaded into the growth chamber and placed in the center of 

the heating zone, as shown in Figure 3.1 (b). The growth chamber was vacuumed again to 0.3 

Torr and then refilled with argon gas at a flow rate of 4.0 L/m to a pressure of 756 Torr 

(atmospheric pressure). After that, the growth chamber was heated to 710°C within 10 min at 

its maximum heating rate with flowing of a mixture of hydrogen at 0.3 L/m and argon at 1.3 

L/m. When the temperature reached 710°C, the gas mixture changed to hydrogen at a 

flowing rate of 0.1 L/m and argon at a flowing rate of 1.6 L/m, while continue heating the 

chamber. When the temperature of the growth chamber reached 740°C, ethylene was inflated 
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Figure 3.1 (a) Image of EasyTube® 3000 CVD growth furnace made by FirstNano® 
cooperation; (b) Schematic of the CVD growth chamber and the insertion of the catalyst 
substrate. 
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into the chamber at a flow rate of 0.3 L/m, and CNTs started to grow. The growth gas 

mixture of ethylene, hydrogen, and argon remained at atmospheric pressure during the 

growth process. The array was grown for 10-20 min, and then the chamber was cooled down 

and vacuumed again to stop the growth procedure. In order to get the as-grown CNT array 

out of the growth chamber, argon gas was used to flush the chamber at a rate of 3.0 L/m to 

increase the pressure of the growth chamber to 756 Torr. Then, the array would be unloaded 

to the load chamber of the furnace. When the temperature was cooled to approximately 

490°C, the load chamber could be opened and the array was taken out. The CNTs grown in 

this way mainly have 2-5 walls with diameters of 4-8 nm. 

 

3.2 Fabrication of Carbon Nanotube Dry Films and Composite Films 

Aligned dry CNT films were fabricated using drawable CNT arrays by a winding 

technique used widely in previous studies [104,105,107]. In order to study the length effects 

on the film properties, CNTs with different lengths were produced. The arrays were grown 

for different time to obtain CNTs with different lengths: 230 µm, 300 µm, and 360 µm. The 

dry film was formed by drawing a layer of CNT sheet from the CNT array and then wound 

on a rotating mandrel with a diameter of 3 cm at a rotational speed of 20 RPM. A small 

needle with a diameter of 0.65 mm and was bent into 90° was placed at 1 o’clock position on 

the rotating mandrel, with no pressure applied to the CNT sheets. A solution of equal volume 

of deionized water and ethanol was used to condense the as-wound CNT sheets, and was 

applied on the needle by a dropper. Two hundred revolutions produced a film with a 

thickness of 3-5 µm. Then, the film was peeled off from the mandrel and hot-pressed under a 
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pressure of about 10 MPa at 80°C for 2 hrs to dry the film and further compress it to reduce 

the thickness and improve the nanotube packing. After hot-pressing, the film thickness was 

about 2-4 µm.   

Dry CNT films and CNT/poly(vinyl alcohol) (PVA) composite films with reduced CNT 

waviness and improved alignment were fabricated by a newly developed method named 

“microcombing”. In this approach, surgical blades with a teeth width of ~2 µm, and teeth 

depth of ~0.5 µm were used as micro-combs to disentangle and straighten the wavy CNTs in 

the dry-drawn CNT sheet. A layer of CNT sheet was drawn out from the as-grown SACNT 

array, and then passed a pair of parallel surgical blades which were positioned oppositely to 

comb both the top and the bottom of the sheet. The contact angle between the CNT sheet and 

the blade was controlled at 80°-85° for an effective microcombing but not causing damage to 

the CNTs. The degree of microcombing increases with decreasing the contact angles. The 

CNT sheet with reduced waviness was then taken up to a rotating mandrel with a diameter of 

3 cm at a speed of 20 r/min. A metal needle with a diameter of 0.65 mm bent into 90° was 

placed on the mandrel at 1 o’clock position. When dry CNT films were to make, a 

condensing solution of equal volume of deionized water and ethanol was dropped on that 

metal needle to condense the CNT sheet layer by layer during the winding process. The metal 

needle helped a uniform dispersion of the solution on the CNT sheet. When CNT/PVA 

composite films were to be fabricated, a PVA solution was used. PVA powder with a 

molecular weight of 75,000-80,000 and is ≥99.0% hydrolyzed was purchased from 

Sinopharm Chemical Reagent Co., Ltd.. And the PVA solution was prepared by dissolving 

0.1 wt.% of PVA powder into equal volume of deionized water and ethanol. 
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3.3 Microstructural Analysis 

Scanning electron microscopy (SEM) images were taken by HITACHI S-4800 and 

Verios 460L. The thickness of the as-produced samples and the lengths of the CNTs were 

measured; the surface morphologies of the microcombing surgical blades, as well as the 

sample surface and cross-sectional surface morphologies were analyzed. The film samples 

were mounted on the stage using conductive carbon tapes as the CNTs are conductive. 

Transmission electron microscopy (TEM) images were acquired by Tecnai G2 F20 S-

TWIN and JEOL-2010F at 200 kV. These images were used to examine the diameter and 

number of walls of the as-grown CNTs and the surface morphologies of the uncombed and 

combed CNT sheets. The drawable CNT sheet was pulled out from the array and directly 

placed on the Cu TEM grid with holey carbon. Then, a droplet of acetone flew through the 

grid so that the CNT sheet could firmly attach the grid.  

 

3.4 Raman Analysis 

The quality of the as-produced CNT arrays were assessed using the Raman spectra 

collected by a Horiba Labram HR800 system with a 442 nm laser as the excitation source. 

Samples of CNT arrays were scanned in the Raman shift range of 1200-1800cm-1 which 

covers both D-band and G-band of CNTs. Background noise were reduced before acquiring 

the intensities, and three different locations were tested for each sample to ensure the 

consistency of the results. 

The degree of CNT alignment in the as-produced dry films was statistically characterized 

by polarized Raman spectroscopy (BaySpec, 3 in 1 NomadicTM) using a 532 nm laser beam. 
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Vertically polarized incident light passed through a notch filter and then scattered within the 

sample whose alignment axis is rotated to an angle θ with respect to the incident polarization 

direction. At θ=0°, or when the polarization of the excitation laser’s oscillating 

electromagnetic field is parallel to the nanotube longitudinal axis, the Raman intensity is 

maximized. While at θ=90°, the Raman scattering from the SWNTs should display a 

minimum. The ratio of the intensity of the G-band in the parallel configuration to the 

perpendicular configuration (IG///IG⊥) is particularly sensitive to CNT alignment degree: 

higher intensity ratio indicates higher degree of CNT alignment. 

 

3.5 X-ray Diffraction Analysis 

X-ray diffraction (XRD) analysis was also used to examine the degree of CNT alignment 

in the film samples. Azimuthal scans of the XRD measurements were performed using 

Rigaku SmartLab with Eulerian cradle equipped with Cu rotating anode (Kα wavelength of 

1.5418 Å). Each pattern was measured using a step size of 1° and a scan rate of 1°/s at 2θ = 

23.5°. The CNT alignment can be characterized by the anisotropic angular distribution 

intensity of the (002) reflection, which is related to the inter-wall distance of nanotubes. A 

non-uniform (002) intensity indicates the CNTs are aligned. And a smaller full width at half-

maximum (FWHM) indicates a higher degree of CNT alignment in the CNT films. 

 

3.6 Mechanical Property Characterization 

Mechanical properties of the as-produced CNT films were performed using an Instron 

3365 tensile test machine with a load cell of 10 N and a strain rate of 0.5 mm/min. Testing 
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specimens were made by cutting the films into narrow strips, which were typically 1 mm 

wide and 15-20 mm long. The samples were then mounted to templates cut from a piece of 

1000 grit sandpaper in order to avoid slippage between the samples and grips during testing. 

The grips were custom built with screw driven clamps. Gauge length of the test was fixed at 

10 mm. The width of the specimen was measured using a calibrated scale bar in an optical 

microscope. The thickness was measured by a micrometer and further confirmed by SEM. At 

least 10 specimen were tested for each type of CNT film. Failure strain was measured from 

the grip distance until the sample was fractured. Young’s modulus was calculated from the 

slope of the initial straight-line loading region. 

 

3.7 Electrical Property Characterization 

Electrical resistances of the samples were measured using a 4-probe Agilent 34410A 6.5 

digit multimeter along the CNT alignment direction. The testing samples were strips of the 

CNT films which have a width of 1-2 mm and length of 10-30 mm. In order to ensure good 

electrical contact, silver was coated as electrodes on the samples by magnetron sputtering.  

The the electrical conductivities of the films were then calculated from the measured 

resistance values.  
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Abstract 

In this paper we try to discuss the effects of carbon nanotube (CNT) growth length on the 

structure and properties of the aligned pure CNT films. Few-walled CNTs with the same 

diameter but different lengths were used to fabricate dry films. The lengths of the CNTs were 

230 µm, 300 µm, and 360 µm, respectively. It was found that with increasing CNT length, 

both the mechanical and electrical properties of the as-produced films decreased. Scanning 

electron microscopy (SEM) images and polarized Raman spectroscopy revealed that when 
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CNTs were shorter, they tended to form more tightly packed film structures; the bundles of 

the CNTs were larger and exhibited a higher degree of alignment. Although shorter CNTs 

would form more broken ends in the films, the better CNT alignment and tighter nanotube 

packing played a bigger role in defining the overall properties of the films. 

 

(Submitted to Nanotechnology) 
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4.1 Introduction 

Carbon nanotube (CNT) has been a hot research target for the last two decades due to its 

diverse features, especially the unique and superior mechanical and electrical properties 

[34,37,42,127]. CNTs’ high tensile strength and stiffness along with the low mass density 

make them attractive fillers for making high performance but lightweight structural 

composites [20,128]. Their good electrical properties help them find many uses as sensors 

[129], actuators [130,131], electrodes [132–134], and energy storage devices [19,122,135].  

However, it remains a problem that taking full advantage of CNTs’ excellent properties when 

converting them into large-scale structures, limiting their practical applications [136]. 

Extensive studies have been done in finding ways of exploiting the potential of CNTs. 

One way is to use long length CNT to fabricate macroscopic CNT products. The highest 

reported length for the CNTs to date is over half-meter [65], however, CNT lengths usually 

vary from several micrometers [137] to a few millimeters [85]. The discovery of spinnable 

super-aligned CNT arrays, where the vertically aligned CNTs could be drawn out to form a 

continuous CNT sheet with the nanotubes aligned horizontally in the drawing direction 

[73,84], has provided the most simple and elegant way to utilize the unique one-dimensional 

properties of CNTs. The CNT sheets are often formed into continuous CNT structures [81], 

such as CNT yarns [74,81,83,99] and/or films [66,102,103,108,122]. Attempts have been 

made to improve the mechanical properties of both CNT yarns and films, obtaining strengths 

ranging from several hundred megapascals to a few gigapascals [83,99,102,103]. 

The strongest dry CNT yarn (without matrix) exhibited a strength higher than 3 GPa and 

had a Young’s modulus of 205 GPa [99]. In that study, it was found that the CNT yarns made 
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by longer CNTs tended to have higher strengths. They ascribed this phenomenon to two 

factors: first, longer CNTs are better load carriers; and second, longer CNTs have less broken 

ends, which are the flaws that weaken the yarn properties. Fundamental yarn strength 

equations show that the ratio of the tensile strength of a yarn (σy) to that of the component 

fibers (CNTs) (σf) can be approximated by: 

                                                                                                 (1) 

where k=(dQ/µ)1/2/3L, α is the helix angle that CNTs make with the yarn axis, d is the CNT 

diameter, µ is the friction coefficient between CNTs, L is the CNT length, and Q is the CNT 

migration length [138]. From this equation, we can predict that longer CNT length, L, 

produces higher yarn strength, σy. 

Ideally, it should also apply to the films that made of CNTs. However, studies show 

different situations when the aligned CNTs are assembled into films with no twisting. Wang 

et al. produced CNT/bismaleimide (BMI) composite films with CNT lengths ranging from 

0.65 mm to 1.3 mm, with the longer CNTs possessing larger diameters [66]. No apparent 

relationship was found between the CNT length and the composite mechanical properties. 

However, the thermal and electrical properties of the composite films increased with the 

increasing CNT diameter and length, which the authors attributed to more effective phonon 

and electron conduction path provided by thicker CNTs. Contrary results were reported by 

Liu et al. [102], in which dry CNT films were made using the CNTs with different lengths 

and number of walls. It was reported that the films made with shorter CNTs with less number 

of walls exhibited the highest tensile strength and Young’s modulus, but the electrical 

σ y

σ f

≈ cos2α[1− (k cscα )]



 

49 

property showed no length dependency, which was quite different from Wang’s results. Liu 

et al. attributed the decreasing of the mechanical properties of longer and thicker CNTs to 

their reduced load carrying capacities. Since the outermost layer of a CNT carries most of the 

load before fracture, the CNTs with the most number of walls have the lowest ratio of the 

effective cross sectional area of the outermost layer to the total cross sectional area, i.e. they 

have the lowest load carrying capacities.  

Studies on how the film properties change with CNT lengths have been very limited, and 

the mechanisms are not clear. Therefore, in this work, we studied in detail the length-based 

effects of the CNTs and eliminated the effect of the CNT diameter, which was an issue in the 

above-mentioned studies. It was found that dry aligned films made by shorter CNTs 

exhibited better mechanical and electrical properties, which arose from greater level of 

alignment and tighter nanotube packing of the shorter CNTs. Therefore, we conclude that 

rather than the broken ends which weaken the film properties, the CNT alignment and tight 

packing are the dominant factors in determining the film’s final properties. 

 

4.2 Experimental 

4.2.1 Growth of CNT Arrays   

The spinnable super-aligned CNT arrays used in the experiment were grown on silicon 

substrates using a chemical vapor deposition (CVD) method. The catalyst used in the study 

were Al2O3 (20 nm)/Fe (1 nm), which were deposited on a silicon wafer (with a 30 nm SiO2 

layer) using an electron beam evaporation technique. Then, the substrate was put in a 5-inch 

quartz tube furnace to grow the CNT array at 740°C by introducing a mixture of ethylene, 
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argon, and hydrogen into the reaction system at atmospheric pressure. Ethylene was the 

carbon source, and argon and hydrogen acted as the forming gas. The flow rates of argon, 

hydrogen and ethylene were 1.6 L/min, 0.1 L/min, and 0.3 L/min, respectively. By varying 

the growth time, arrays with different CNT lengths were obtained. Three different CNT 

lengths of 230 µm, 300 µm, and 360 µm were produced, with respective growth times of 12 

min, 15 min, and 20 min. Attempts have also been made to grow shorter and longer CNTs. 

But due to the limitation of our technique, those arrays did not have a good spinnability, 

which would introduce a big human error when used for fabricating films. 

 

4.2.2 Preparation of the Dry CNT Films 

The aligned dry CNT films were fabricated by a winding technique used widely in 

previous studies [104,105,107]. Figure 4.1 is the schematic of the process.  A layer of CNT 

sheet was drawn out from the spinnable CNT array and then wound on a rotating mandrel 

with a diameter of 3 cm at a rotational speed of 20 RPM. A small needle with a diameter of 

0.65 mm and was bent into 90° was placed at 1 o’clock position on the rotating mandrel, with 

no pressure applied to the CNT sheets. A solution of equal volume of deionized water and 

ethanol was used to condense the CNT sheets, and was applied on the needle by a dropper, as 

shown in Figure 4.1. The needle helped to uniformly spread the solution on the CNT sheets, 

bringing an even condensation of the CNTs.   

Two hundred revolutions produced a film with a thickness of 3-5 µm. Then, the film was 

peeled off from the mandrel and hot-pressed under a pressure of about 10 MPa at 80°C for 2 
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hrs to dry the film and further compress it to reduce the thickness and improve the nanotube 

packing. After hot-pressing, the film thickness was about 2-4 µm.   

  

 

Figure 4.1 Schematic of the preparation of the dry CNT films. 

 

4.2.3 Characterization Methods 

Transmission electron microscopy (TEM) images of the individual CNTs were obtained 

using a JEOL-2010F microscope operated at 200 kV to characterize the diameter and number 

of walls of individual CNTs. For each CNT length, about 120-150 images were taken, and 

then were analyzed by ImageJ software. Quality of the CNT arrays were assessed using the 

Raman spectra collected by a Horiba Labram HR800 system with a 442 nm laser as the 

excitation source. 6 measurements were made for each array. Scanning electron microscopy 

(SEM, Verios 460L) was used to measure the lengths of the CNTs and the structures of both 

the CNT arrays and the as-produced dry CNT films. 
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Mechanical tests were performed using an Instron 3365 tensile test machine with a load 

cell of 10 N and a strain rate of 0.5 mm/min. The testing specimens were narrow strips, 

which were typically 1 mm wide and had a gauge length of 10 mm. More than 10 specimens 

were tested for each type of samples. The width of the specimen was measured using a 

calibrated scale bar in an optical microscope. The thickness was measured by a micrometer 

and further confirmed by SEM.  A 4-probe Agilent 34410A 6.5 digit multimeter was used to 

measure the electrical conductivity of the films along the CNT alignment direction. Silver 

electrodes were applied to the samples using magnetron sputtering. To calculate the film 

density, the weight of each specimen was determined using a MX5 microbalance by Mettler-

Toledo, Inc., which had an accuracy of 1 microgram. The CNT alignment degrees in the as-

produced dry films were statistically characterized by polarized Raman spectroscopy 

(BaySpec, 3 in 1 NomadicTM) using a 532 nm laser beam. 3 to 7 measurements were taken 

for each sample.  

 

4.3 Results and Discussion 

4.3.1 Morphologies of Individual CNTs 

The CNTs were grown vertically on the array substrates using the CVD method, 

therefore the lengths of the CNTs could be determined by the array heights, as shown in 

SEM images in Figure 4.2. The distributions of the number of walls and diameters are 

displayed in the histograms in Figure 4.2, which were obtained from statistical analysis of the 

TEM images of the nanotubes. The TEM samples of the CNTs were prepared in the same 

way as described in ref. [66], in which way the observed morphologies of the CNTs were 
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mostly preserved as they were in the dry films. It was found that for all different CNT 

lengths, the CNTs mainly had 2-3 walls and a diameter range of 4-10 nm. The average 

diameters for the CNTs with three different lengths were about 5 nm, with no significant 

statistical differences between them, as shown in Figure 4.2 (d) and Table 4.1. 

In order to characterize the array qualities, Raman spectra were recorded. The results are 

summarized in Table 4.1 and the representative spectra are shown in Figure 4.3. For 230 µm 

CNT array, the ratio of the intensity of the G-band to that of the D-band (IG/ID) has an 

average value of about 3.64, while for 300 µm and 360 µm CNT arrays, they are 2.96 and 

2.42, respectively. The larger IG/ID ratio for shorter CNTs indicates a more graphitic structure 

with less disorder such as structural defects and amorphous carbons [139]. Amorphous 

carbons are likely the major issue for our CNT arrays, since it takes longer time to grow 

longer CNTs, more amorphous carbons can deposit on the surfaces of already grown CNTs 

[74].  

 

Table 4.1 CNT morphological changes as a function of growth time. 

CNT length (µm) Growth time (min) Diameter (nm) Aspect ratio Raman IG/ID 

230 12 5.37 ± 1.14 43,000 3.64 ± 0.30 

300 15 5.50 ± 0.83 55,000 2.96 ± 0.26 

360 20 5.71 ± 0.76 63,000 2.42 ± 0.20 
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Figure 4.2 Figures showing the lengths of the CNTs, and the distribution of the diameters 
and number of walls of the CNTs with different lengths. 
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Figure 4.3 Representative Raman spectra of the CNT arrays with different CNT lengths. 
 

4.3.2 Film Mechanical and Electrical Properties 

We used a winding process to fabricate our aligned CNT films with ethanol solution 

condensing the film during the process. While CNTs were drawn and wound, the interactions 

between the CNTs and the CNT and ethanol solution were all determined by the original 

properties of the CNTs. As discussed earlier, the only differences for the three types of CNTs 

used in our study are the amorphous carbons and structural defects, which were caused by 

different growth times that directly resulted in different CNT lengths. In this case, we can say 

that the CNTs grown into different lengths exhibit different properties, and these properties 

determine how the CNTs assemble in the as-produced dry films. Therefore, we use the CNT 

length as the feature, and the three different types of aligned dry CNT films fabricated using 

different CNT lengths are named CNTF 230, CNTF 300, and CNTF 360, respectively. 
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The mechanical and electrical properties of the as-produced dry CNT films are 

summarized in Figure 4.4 and Table 4.2. Whereas CNT yarns showed increasing mechanical 

properties for longer CNTs [99], our results revealed that both the mechanical and electrical 

properties of the films decreased with increasing nanotube length, and the trend was not 

linear. The dry films made of the 230 µm long CNTs had an average Young’s modulus of 

about 151 GPa, which was dramatically higher than that of the CNTF 300 and CNTF 360 

samples, which were about 35 GPa and 31 GPa, respectively. The difference between the 

CNTF 300 and CNTF 360 samples was not statistically significant. The tensile strengths and 

electrical conductivities of the 3 films followed the same trend as the Young’s modulus, as 

shown in Figure 4.4 (c). 

 

Table 4.2 Summary of mechanical and electrical properties of CNTF 230, CNTF 300, and 
CNTF 360. 
 

Type of 

films 

Density 

(g/cm3) 

Modulus 

(GPa) 

Tensile strength 

(MPa) 

Strain 

(%) 

Electrical 

conductivity 

(S/cm) 

CNTF 230 0.8413±0.0024 151±18 1561±188 2.95±0.32 985±12 

CNTF 300 0.8409±0.0117 35±2 956±67 3.51±0.32 560±1 

CNTF 360 0.7404±0.0407 31±4 817±119 3.52±0.56 443±41 
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Figure 4.4 Mechanical and electrical properties of the as-produced dry CNT films made with 
different CNT lengths: (a) Typical stress-strain curves; (b) Film densities; (c) Comparison of 
the Young’s modulus, tensile strength, and electrical conductivity of the dry films. 

 

The densities of the as-produced dry films were measured, and the result was presented in 

Figure 4.4 (b). It was found that all three films had a very low density (< 1.0 g/cm3), in the 

meantime films made by shorter CNTs showed a little bit higher value, indicating denser 

structural packing. This could also be seen in the low magnification SEM images in Figure 

4.5, which showed the overall morphologies of the film CNTF 230, CNTF 300, and CNTF 

360.  It was obvious that film CNTF 230 exhibited more dense regions than film CNTF 300 

and film CNTF 360. Large part of the CNTs in film CNTF 230 were tightly bound together 
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forming a very smooth film surface. The region of loose CNT bundles was small. When the 

CNTs became longer to 300 µm, the dry film contained more regions of loose CNT bundles 

and the tight-packing region became smaller. The structure was even looser for film CNTF 

360. These were in accordance with the Raman results of the CNT arrays, that the growth of 

longer CNTs accumulated more amorphous carbons deposited on their surface, the presence 

of more amorphous carbons would increase the roughness of the CNTs, and thus, hinder the 

tight packing between the CNT bundles, decreasing the load transfer. The well graphitized 

CNTs usually favor increased van der Waals interactions and electron transfer along the 

CNTs, which in turn would benefit the overall mechanical and electrical properties for the 

dry CNT films [66]. 

Although shorter CNTs tend to have more broken ends, which would be the weak points 

for the films during deformation [99], the higher Young’s modulus and tensile strength for 

the films made by shorter CNTs reveal that tight structural packing of the CNTs, rather than 

the number of ends, is the dominant factor in determining the mechanical properties of the 

films. Further more, higher graphitic structures in the shorter CNTs support electron transfer 

along the nanotubes [66], and more inter-tube contact areas resulted from tighter nanotube 

packing facilitates the electron transfer between the CNTs [107]. These factors all together 

resulted in better electrical conductivity for the dry CNT films made by shorter CNTs. 

The alignment degree of the CNTs in the film is another essential factor that significantly 

affects the film’s mechanical and electrical properties. Although the CNTs in the spinnable 

arrays were super-aligned and quite straight (Figure 4.6), they exhibited an entangled and 

wavy morphology when they transformed from vertically aligned state in the arrays to 
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horizontally aligned state in the dry films, and three different CNT lengths might result in 

different CNT alignment degrees, as indicated by the high magnification SEM images as 

shown in Figure 4.7. When forming the dry films, CNTs bound together to form large 

bundles, and those bundles had a preferred orientation in the film winding direction. From 

the SEM images in Figure 4.7, it was obvious that the film CNTF 230 contained much larger 

bundles than the other two films made by longer CNTs, and those large bundles had a much 

higher degree of alignment. For film CNTF 300 and film CNFT 360, the alignments of the 

CNT bundles were worse and there were much smaller and wavier bundles.  

 

 

Figure 4.5 Low magnification SEM images showing the overall morphologies of the film 
CNTF 230 (a), CNTF 300 (b), and CNTF 360 (c). 
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Figure 4.6 SEM images of the super-aligned CNTs in the array. 

 

 

Figure 4.7 High magnification SEM images showing the degree of alignment and wavy 
morphologies of the CNT bundles in the film CNTF 230 (a), CNTF 300 (b), and CNTF 360 
(c). 
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To better characterize this feature, polarized Raman spectroscopy was conducted and the 

results were shown in Figure 4.8. Theoretically, the CNT alignment degree can be described 

by the ratio of the intensity of G// to the intensity of G⊥, where parallel configuration 

represents that the polarization direction of the excitation laser beam is parallel to the 

nanotube alignment direction, i.e. θ=0°; and the perpendicular configuration is when θ=90° 

[140–142]. Higher CNT alignment degree should result in a higher intensity ratio. As shown 

in Figure 4.8, a typical G-band intensity ratio for film CNTF 230 is about 2.54; while for film 

CNTF 300 and CNTF 360, the ratios show a great decrease to 1.15 and 1.10, respectively. 

This quantitative analysis suggested a much higher CNT alignment degree in the film CNTF 

230 than that for film CNTF 300 and CNTF 360. On the other hand, the decrease of the G// to 

G⊥ ratios followed a similar trend as the decrease of the film’s mechanical and electrical 

properties (Figure 4.4c). This explains what has not been clarified previously by the film 

packing density: film CNTF 230 and film CNTF 300 exhibited a similar density, but their 

mechanical and electrical properties showed a great difference. In comparison, although the 

density for film CNTF 300 was higher than that for film CNTF 360, their CNT alignment 

degrees were similar, resulting in similar mechanical and electrical properties. Therefore, in 

this case we conclude that the CNT alignment played a more significant role than the film 

packing density in determining the overall performance of the CNT films. Interestingly, the 

failure strains of film CNTF 300 and film CNTF 360 were larger than that of film CNTF 230 

(Figure 4.4a), because during tensile deformation, the wavy bundles would be straightened 

first, and then aligned in the tensile direction to carry load.   
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Figure 4.8 Polarized Raman spectra of the D and G bands from film CNTF 230 (a), CNTF 
300 (b), and CNTF 360 (c). 0° corresponds to a configuration where the polarization 
direction of the laser beam is parallel to the CNT alignment direction, while 90° corresponds 
to a configuration where the polarization direction of the laser beam is perpendicular to the 
CNT alignment direction.  
 

4.4 Conclusions 

In this study, dry CNT films made by 230 µm-, 300 µm- and 360 µm-long CNTs were 

fabricated by a winding process, and were used to examine the length effects on the film’s 

structure and mechanical and electrical properties. It was found the films made of 230 µm 

CNTs exhibited the highest Young’s modulus, tensile strength, and electrical conductivity. 
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The mechanical and electrical properties decreased sharply for the films made of 300 µm and 

360 µm CNTs. Although shorter CNTs have more broken ends, our study reveals the degree 

of CNT alignment and tight structural packing are more important in determining the film 

overall properties. When CNTs are longer, they are wavier and have more amorphous 

carbons and structural defects, all of which decrease the van der Waals interactions between 

the CNT bundles, leading to looser packing of the as-produced dry films, thus, lower 

mechanical and electrical performance. If we can grow higher CNT arrays with the same 

quality as the lower ones, then, the dry films made by longer CNTs are expected to have the 

same CNT alignment degree and structural packing density as those made by shorter CNTs. 

In this case, the longer CNTs would result in better overall performance of the dry films, 

which is a different case from our study. 
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Abstract 

In order to maximize the carbon nanotube (CNT) buckypaper properties, it is critical to 

improve their alignment and reduce their waviness. In this paper, a novel approach, 

microcombing, is reported to fabricate aligned CNT films with a uniform structure. High 

level of nanotube alignment and straightness was achieved using sharp surgical blades with 

microsized features at the blade edges to comb single layer of CNT sheet. These microcombs 

also reduced structural defects within the film and enhanced the nanotube packing density. 

Following the microcombing approach, the as-produced CNT films demonstrated a tensile 
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strength of up to 3.2 GPa, Young’s modulus of up to 172 GPa, and electrical conductivity of 

up to 1.8×105 S/m, which are much superior to previously reported CNT films or 

buckypapers. More importantly, this novel technique requires less rigorous process control 

and can construct CNT films with reproducible properties.  

 

(Published in Small, 2015, 11(31): 3830-3839) 
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5.1 Introduction 

Carbon nanotubes (CNTs), with superior mechanical properties, high thermal and 

electrical conductivities, have been the focus of extensive research for structural composites 

[99,105], thermal interface materials [127,143,144], and electrical conductors [145–147]. 

Researchers have devoted great effort to exploring high strength and lightweight CNT 

reinforcements for composites, by designing novel structures of CNT assemblies at the 

micro- and nano- scales [21,73,122,128,148,149]. CNTs, as reinforcements for composites, 

have been developed in the forms of fibers and films (also named buckypapers, sheets, where 

buckypaper often specifically refers to randomly oriented CNT paper). Among these, CNT 

films and buckypapers have drawn increasing interest due to their outstanding 2D or 3D 

properties, easy fabrication, and amenability for scaled-up production. 

In solution-based or melt-processing fabrication of CNT films and buckypapers, the large 

surface area and high aspect ratio of CNTs make them extremely difficult to disperse in 

solution or melt, and thus gives rise to non-uniform structures [122]. Short CNTs (< 10 µm), 

although easier to disperse, usually render inefficient load transfer across the weakly bonded 

interfaces in resultant composites [128], as the short nanotubes are only held by weak van der 

Waals forces. Consequently, the mechanical properties of CNT buckypapers produced by 

short-CNT dispersion have very low strengths of only about 10 MPa and low Young’s 

moduli of less than 1 GPa [118,119,130,150–152]. These are far below the properties of 

individual CNTs and would limit their potential for envisioned applications. Many attempts 

have been made to improve the mechanical and electrical properties of buckypapers through 

promoting nanotube dispersion [150,151,153,154] or increasing inter-tube bonding to 
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construct a 2D or 3D CNT network within the buckypaper [118,155]. However, no 

significant progress has been made in achieving the predicted properties. 

Recently, it has been found that the CNT alignment has a profound impact on the 

mechanical and electrical properties of CNT films and buckypapers [112,115,152,156,157]. 

“Domino pushing” and “shear pressing” approaches have been developed to fabricate aligned 

CNT buckypapers directly from vertically aligned CNT arrays [112,115]. The long and 

aligned CNTs have effective contacts against each other along their alignment direction, and 

thus contributing to efficient load and electron transfer. However, the size of the as-produced 

buckpaper is usually limited by the size of the array substrate because of the nature of 

“domino pushing” and “shear pressing” approaches. In another work, CNT buckypapers 

produced by the floating catalyst chemical vapor deposition (FCCVD) method were 

processed by a stretching-pressing approach and resulted in a high degree of CNT alignment 

and thus increased the tensile strength by 200% [157] compared with the nonstretched ones 

[158,159]. In 2002, Fan and coworkers developed drawable CNTs, which allow a vertically 

super-aligned CNT array to convert into a horizontally aligned 2D CNT sheet [73]. Rather 

than the 3D CNT array, this 2D CNT sheet has a high degree of CNT alignment in the 

horizontal direction, which maximizes the potentials of the CNTs while constructing them 

into multiple forms, such as CNT yarns and layered CNT films. Inoue et al. took advantage 

of this drawable feature of the super-aligned CNTs, used a winding method to fabricate 

anisotropic CNT films from multi-walled CNT arrays, and achieved a tensile strength of 75.6 

MPa and an electrical conductivity of 4×104 S/m [136]. In 2012, Di et al. used few-walled 

CNT arrays to produce aligned CNT films by a similar winding method coupled with 
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ethanol-densification, and achieved a tensile strength up to 2 GPa and Young’s modulus up 

to 90 GPa [120]. More recently, they renewed their record to 2.96 GPa and 124 GPa for the 

tensile strength and Young’s modulus by densification using ethanol and acetone, 

respectively [121].  

Apart from CNT alignment, another critical issue that limits the CNT film property is 

CNT waviness, as pointed out in our previous work [104,107]. In approaches of fabricating 

CNT/Polymer composite films, stretching was proved effective in reducing CNT waviness 

and improving composite properties. However, stretching of a single layer of aligned CNT 

sheet is extremely difficult. It requires exceptionally careful control of stretching rate and 

very high quality of drawable CNT arrays.  

In this work, we present a simple and effective approach, called “microcombing”, to 

reduce CNT waviness directly at their single-layer level before the potential formation of 

large CNT bundles. Principally based on the previously reported winding technique, this 

method, for the first time, utilizes a micro-scale rough surface to locally mitigate entangled 

bundles and straighten the wavy CNTs.  The as-combed single layer of CNT sheet exhibits 

high level of nanotube alignment and straightness, which leads to a uniform structure of CNT 

film with a tensile strength of up to 3.2 GPa, Young’s modulus of up to 172 GPa, and 

electrical conductivity of up to 1.8×105 S/m. More importantly, the microcombing approach 

is not restricted to high quality of drawable arrays, requires less rigorous process control, and 

can construct CNT films with reproducible properties. 
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5.2 Experimental 

5.2.1 Materials 

The drawable CNT arrays used in the experiment were synthesized using a chemical 

vapor deposition method [120]. The CNT arrays were approximately 200 µm in height, with 

individual nanotubes having 2-5 walls and 5-7 nm in diameters. 

 

5.2.2 Microcombing Process 

The key component of the process, microcombing of individual layer of CNT sheets, is 

accomplished by using two oppositely positioned surgical blades. Scanning electron 

microscopy (SEM) images (Figure 5.1) of the blade edge show micro-features (teeth width: 

~2µm, teeth depth: ~0.5µm), which can act as micro-combs to disentangle and straighten the 

wavy CNTs.  

 

 

Figure 5.1 Micro-features of the edge of the microcombing blade. 
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The experimental setup is shown by the schematics in Figure 5.2, when a layer of CNT 

sheet was drawn out from the CNT array, it passed two surgical blades, then wound to a 

rotating mandrel with a diameter of 3 cm at a speed of 20 r/min. The contact angle between 

the CNT sheet and the blade was controlled at 80°-85°. A metal needle with a diameter of 

0.65 mm bent into 90° was placed on the mandrel at 1 o’clock position, coating the 

densifying solution on the CNT sheet layer by layer during the winding process, as shown in 

Figure 5.2 (b). The densifying solution consists of deionized water and ethanol with a mixing 

ratio of 1:1 by volume. 

 

Figure 5.2 Microcombing process: (a) Schematic overview; (b) Schematic side view. 
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200 revolutions produced a film with a thickness of about 3 µm. The CNT film was then 

peeled off from the mandrel and hot-pressed at 80°C for 2 hrs under a pressure of 10 MPa. 

Under high pressure, the film was condensed to about 2 µm. Since the coating solution was 

H2O and ethanol, they evaporated during the process, leaving a pure dry CNT film with 

aligned long CNTs. 

 

5.2.3 Characterization Methods 

Tensile test specimens were cut from both the uncombed and combed dry CNT films. 

The test coupons are typically 1-mm wide and a gauge length of 10 mm. The width was 

measured using a calibrated scale bar in an optical micrometer. The sample thickness was 

measured by a micrometer and further confirmed by SEM (HITACHI S-4800). Tensile tests 

were conducted using an Instron 3365 tensile testing machine with a load cell of 10 N and a 

strain rate of 0.5 mm/min. The weight of each specimen was measured at University of 

Delaware using a MX5 microbalance by Mettler-Toledo, Inc., which had an accuracy of 1 

mg. Specimen density was calculated based on the measured dimension and weight. Surface 

morphology of both the combing blades and the as-produced dry films were analyzed by 

SEM (Verios 460L) and transmission electron microscope (TEM, Tecnai G2 F20 S-TWIN). 

A 4-probe Agilent 34410A 6.5 digit multimeter was used to test the electrical conductivity of 

the films along the CNT direction. Silver electrodes were produced by magnetron sputtering. 
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5.3 Results and Discussion 

5.3.1 Mechanical Properties 

Table 5.1 and Figure 5.3 compare the mechanical properties of the dry CNT films 

produced by microcombing with previously reported data. The CNT buckypapers made of 

short CNTs are named as short-CNT buckypapers; the buckypapers produced by FCCVD 

method are called floating-CNT buckypapers; and the CNT films made by winding 2D CNT 

sheet from the drawable arrays are called aligned CNT films. The tensile strength of the as-

produced uncombed dry CNT films of (1.56 ± 0.19) GPa agrees well with the previously 

reported data for aligned CNT films (1.0-2.0 GPa). By microcombing, the tensile strength of 

the CNT film was improved by 105% from (1.56 ± 0.19) GPa to (3.21 ± 0.21) GPa, which 

surpasses the mechanical properties of CNT films or buckypapers reported earlier. Also, the 

Young’s modulus has a ~14% increase to (172 ± 13) GPa compared with the uncombed 

films. The density of the uncombed dry films is 0.84 g/cm3, whereas the density of the 

combed dry films is 1.04 g/cm3. Thus, the specific tensile strength of the combed dry CNT 

films is calculated to be 3.08 GPa g/cm3. The higher density of the combed dry CNT films 

indicates enhanced nanotube packing resulted from microcombing. In comparison, the 

reported density of the aligned CNT films is typically 0.9 g/cm3 [120], which is lower than 

our combed films. With a higher packing density, the aligned CNTs have a stronger inter-

tube interaction, which in turn results in a more effective load transfer in the structure.  
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Table 5.1 Mechanical property comparison for buckypapers and dry CNT films. 
 

Type Material Treatment 
Young’s 
modulus 

(GPa) 

Tensile strength 
(MPa) Ref. 

Short-CNT 
buckypapers 

SWCNT  1.2 10 [130] 

SWCNT 
 0.8 10 

[150] 
HNO3 5 74 

SWCNT 
 0.66 11 

[151] 
SOCl2 0.95 37 

SWCNT 
 1.5 6 ~ 15 

[118] 
Irradiation 3.5 80 

MWCNT  0.4 ~ 0.8 4.3 ~ 7.5 [119] 

SWCNT  0.9 14.2 [152] 

SWCNT Oleum + heat 8 30 [153] 

MWCNT Chemicals 0.08 ~ 1.16 0.42 ~ 3.88 [154] 

Floating-
CNT 

buckypapers 

MWCNT 

 1.10 205 

[156] 
30% stretch 11.93 390 

35% stretch 18.21 508 

40% stretch 25.45 668 

Few-
walled 
CNT 

 3.2 ± 0.5 186 ± 19 

[157] 
Stretch 11.9 ± 0.6 307 ± 28 

Stretch+press 
once 

13.4 ± 0.5 416 ± 25 

Stretch+press 
twice 

15.4 ± 1.0 598 ± 36 

SWCNT 
 188 144 

[158] 
Purification 139 107 

SWCNT  5 360 [159] 

Aligned 
CNT films 

Few-
walled 
CNT 

 33.4 ~ 92.5 950 ~ 1973 [120] 
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Table 5.1 Continued. 

Few-walled 
CNT 

 40 ± 5 1.04 ± 0.07 (GPa) 

[121] Ethanol-densified 124 ± 14 2.34 ± 0.31 (GPa) 

Acetone-densified 99 ± 11 2.96 ± 0.29 (GPa) 

Few-walled 
CNT 

Uncombed 151 ± 18 1561 ± 188 This 
work Combed 172 ± 13 3206 ± 212 
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Figure 5.3 Mechanical properties of CNT films: (a) Comparison of combed CNT films with 
previously reported buckypapers and other aligned CNT films; (b) Enlargement of the data 
area for buckypapers produced by short CNT dispersion. 

 

 

Figure 5.4 Typical tensile stress-strain curves of the uncombed and combed dry CNT films. 
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Figure 5.4 displays typical tensile stress-strain curves for the uncombed and combed dry 

CNT films. The slopes of the combed films show an apparent change compared with the 

uncombed ones. The Young’s modulus is significantly improved by the microcombing. This 

is a direct evidence of the reduction of the CNT waviness and the improvement in the CNT 

alignment. In addition, the combed CNT films exhibit a higher tensile strain than that of the 

uncombed films, suggesting a reduction of structural defects induced by microcombing. The 

microcombing is simple, effective, and does not require a narrow window of controlled 

parameters, which greatly promotes the reproducibility and repeatability of the film 

properties. 

 

5.3.2 Electrical Properties 

Table 5.2 compares the electrical conductivity of the combed CNT films and other CNT 

buckypaprs and films. In our work, the uncombed CNT films exhibit a high electrical 

conductivity of 1.0×105 S/m, which is among the highest reported values. After 

microcombing, the electrical conductivity is further improved by 80% to 1.8×105 S/m. This 

substantial increase in electrical conductivity is also a direct result from better inter-tube 

contact to facilitate electron transfer due to the improved CNT straightness, enhanced CNT 

alignment, and higher nanotube packing density. 
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Table 5.2 Electrical conductivity values of the CNT films produced in our work and the data 
from the literatures. 
 

Type Material Treatment Electrical conductivity 
(S/m) Ref. 

Short-CNT 
buckypapers 

SWCNT 
 3 × 104 

[150] 
HNO3 1.2 × 104 

SWCNT 
 7 × 104 

[151] 
SOCl2 3.5 × 105 

MWCNT  0.83 × 104 ~ 1.0 × 104 [119] 

SWCNT 
Oleum 1.3 × 105 

[153] 
Oleum + heat 9 × 104 

MWCNT Chemicals 6.53 × 102 ~ 18.18 × 102 [154] 

MWCNT 
 1.5 × 104 

[115] 
Oriented 2 × 104 

Floating-
CNT 

buckypapers 

MWCNT 
 4.2 × 104 

[156] 
40% stretch 6.0 × 104 

SWCNT  2 × 105 [159] 

Aligned 
CNT films 

MWCNT  4 × 104 [136] 

Few-
walled 
CNT 

 3.5 × 104 [120] 

Few-
walled 
CNT 

 1.16 × 104 

[121] Ethanol-
densified 

3.18 × 104 

Acetone-
densified 

3.49 × 104 

Few-
walled 
CNT 

Uncombed 1.0 × 105 ± 1156 
This work 

Combed 1.8 × 105 ± 21173 
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5.3.3 Effect of Microcombing on the CNT Structure 

Combing, which has been used for centuries in the textile industry, is a process to 

disentangle and straighten staple fibers in order to achieve higher level of fiber alignment in 

the fiber web [160]. In this work, sharp surgical blades with micro-scale features at the blade 

edges were used to disentangle and straighten the wavy CNTs in the as-drawn CNT sheet. 

One pair of the blades was used to comb both the top-side and bottom-side of the CNT sheet, 

giving a uniform microcombing (Figure 5.2). Combing with more blades was found to break 

CNT sheets or to group CNTs into non-uniform bundles, which is not desired. Additionally, 

the rotating speed and the contact angle between the CNT sheet and the combing blades are 

important. It was found fast drawing/rotating speed of the CNT sheet could benefit the CNT 

alignment. But when the speed was too fast, weak van der Waals forces could not hold the 

CNTs together any more, leading to the breakage of the CNT sheet. 20 r/min was the fastest 

speed that we found to operate successfully. In our experiment, the contact angle between the 

CNT sheet and the combing blades was controlled at 80°-85° (Figure 5.2b), which was the 

optimum angle that we found to allow CNT sheet to be fully combed without breakage. 

When using smaller contact angles (less than 80°-85°), the contact surface between the CNT 

sheet and the blade became larger. The increased friction made the nanotubes accumulate 

onto the edge of the blade, and break the CNT sheet at the blade. When using larger contact 

angles, the effect of microcombing was less effective in improving the packing and 

alignment of CNTs. 

Figure 5.5 shows both the optical photos and SEM images of the dry CNT sheets before 

and after microcombing, and before and after solution treatment, respectively. After the 
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microcombing process, it is evident that the CNT sheets become shiny due to their 

smoothened surfaces (Figure 5.5a, b). As shown in the SEM images (Figure 5.5b, c, e, f), the 

microcombing process reduced the waviness of CNTs and enhanced the structural 

uniformity. This is also demonstrated by the TEM images of a single layer of CNT sheet 

before and after microcombing, as shown in Figure 5.6. After solution treatment (Figure 5.5e, 

f), the nanotubes formed larger bundles and the sheets became denser. This was caused by 

the shrinking and densification effect of the ethanol in the coating solution. 

 

 
 

Figure 5.5 Optical photos (a, d) and SEM images (b, c, e, f) showing the differences between 
the uncombed and combed dry CNT sheets. 
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Figure 5.6 TEM images of one single layer of CNT sheet before (a, b) and after 
microcombing (c, d). 
 

5.4 Conclusions 

A novel “microcombing” approach is developed in this study to fabricate dry CNT films 

with ultrahigh mechanical properties and exceptional electrical performances. The approach 

has been shown to be effective in mitigating CNT waviness, reducing film defects, and 

improving CNT alignment and packing. The dry CNT films produced by microcombing 

(a) (b) 

(c) (d) 
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exhibited very high Young’s modulus of 172 GPa, excellent tensile strength of 3.2 GPa, and 

unprecedented electrical conductivity of 1.8×105 S/m. This approach is simple and effective, 

and can greatly improve the reproducibility and repeatability of the CNT film properties. 
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Abstract 

A processing approach, microcombing, has been reported recently to produce dry carbon 

nanotube (CNT) films with superior mechanical and electrical properties by taking advantage 

of its efficiency in straightening the wavy CNTs and aligning the strands. Here, we report the 

fabrication of CNT composite films with aligned CNTs and CNT strands, reduced waviness, 

high CNT weight fraction, and relatively uniform CNT distribution, using poly(vinyl 

alcohol) (PVA) as a model matrix. These structural features give the micro-combed 

CNT/PVA composite films electrical conductivity of 1.84×105 S/m, Young's modulus of 119 



 

83 

GPa, tensile strength of 2.9 GPa, and toughness of 52.4 J/cm3, which improve over those of 

uncombed samples by 300%, 100%, 120%, and 200%, respectively, and are also much 

higher than those obtained by other processing approaches. Moreover, this method is 

expected to be applicable to various polymer matrices as long as they can be dissolved in the 

solution.  

 

(Published in Compo. Sci. & Techno., 2016, 123: 92-98) 
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6.1 Introduction 

Carbon nanotubes (CNTs) possess remarkable mechanical [35,37] and electrical 

properties [42]. In combination with their low density and high aspect ratio, CNTs are ideal 

candidates as advanced reinforcements for nanocomposites, which offer tremendous 

opportunities for developing multifunctional materials, such as structural composites, 

transparent electrodes, energy storage devices, field and thermionic emission electron sources 

[19,20,122,161]. For decades, CNT/polymer composites have been the focus of scientific 

research. Various techniques have been explored to achieve organized CNT structures with 

superior performance, from short-CNT-reinforced polymer fibers [162–164] to long and 

aligned CNT/polymer composite films [112,125], from solution-based methods [165–169] to 

dry-processable approaches [66,101,104–107,120]. 

CNTs have one-dimensional tube structures with unidirectional mechanical, electrical, 

and thermal properties. Therefore, it is of great importance to control their orientation and 

configurations when assembling them into macroscopic composites [84,161]. Studies have 

shown that the excellent intrinsic properties of CNTs can be better utilized when 

unidirectionally-aligned long nanotubes are assembled in a composite structure with a high 

CNT fraction [101,105,122,168], and nanotube waviness is a critical factor that limits the 

overall performance of CNT composites [89,104,107].  

Recently, our group reported a novel approach known as "microcombing" to fabricate 

dry, pure CNT films (without any matrix) by utilizing unidirectionally aligned long 

nanotubes [103]. By passing a single layer of CNT sheet through micro-scale rough edges of 

surgical blades, the microcombing process straightened wavy CNTs, reduced the impurities 
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in the film structure, and increased the film packing density and uniformity, which in turn 

greatly improved the properties of the assembled CNT films. The method is simple and 

reliable to fabricate CNT films with reproducible properties. However, the greatly improved 

CNT straightness and packing density may cause another issue – strand agglomeration – in 

the films, which causes problems when this kind of CNTs are used to produce CNT/polymer 

composites. It is believed that the high performance CNT/polymer composites require the 

CNTs to be well dispersed in order to achieve a good interfacial load transfer with the 

polymer matrix [165,166]. This casts doubt on if the microcombing method can be used to 

fabricate high performance CNT/polymer composites. This is an issue that we need to 

address, otherwise our method will only have limited applications. 

In this study, we incorporated our microcombing method into a one-step winding 

approach [104] to fabricate CNT/polymer composites. A layered composite structure was 

designed as it maintains the aligned structure of nanotubes, realizes high CNT loading, and 

ensures intimate interaction between the matrix and nanotubes, all of which promote load 

transfer [170,171]. PVA was used as a model matrix in our study to represent other soluble 

polymer matrices, because it has great processability and excellent adhesive property, and 

has been widely used to enhance the strength of CNT yarns and films 

[101,105,106,149,168,169]. Moreover, PVA is biocompatible and nontoxic. The CNT/PVA 

yarns and films can be made into fabrics which show potential applications in spacesuits, 

bullet-proof vests, and radiation protection suits. In addition, they are promising materials for 

bioapplications [101,172]. 
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It is found that the as-produced micro-combed CNT/PVA composite films are strong (2.9 

GPa) and stiff (119 GPa), which are much higher than other reported values for CNT/PVA 

composite yarns and sheets. They also exhibit a high toughness of 52.4 J/cm3 and a high 

electrical conductivity of 1.84×105 S/m at a high CNT weight fraction of ~75%. Moreover, 

this method is simple, reliable, and reproducible, which provides for a new way to produce 

high performance CNT/polymer composites at large scale and low cost, while a wide range 

of soluble polymer matrices can be utilized.  

 

6.2 Experimental 

6.2.1 Growth of CNT Arrays 

The drawable CNT arrays used in this study were synthesized using a chemical vapor 

deposition method, as described in our previous work [120]. Briefly, electron beam 

evaporation technique was used first to prepare the catalyst by depositing an alumina layer 

(20 nm) and an iron layer (1 nm) on a silicon substrate with thermal oxide (30 nm). Then, 

this substrate was put in a 5-inch quartz tube to grow CNT array at 740°C. A gas mixture of 

argon with 6% hydrogen and pure ethylene were used for CNT growth. The total flow rate of 

gases was set at 1.5 L/min. After growing for 15 min, the array was approximately 200 µm in 

height. Most nanotubes have 2-5 walls and are 4-8 nm in diameters (Figure 6.1). 
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Figure 6.1 TEM images showing the diameter and number of walls of individual CNT. 

 

6.2.2 Preparation of the Polymer Solution 

PVA (MW=75,000-80,000, ≥99.0% hydrolyzed) was purchased from Sinopharm 

Chemical Reagent Co., Ltd. The PVA solution used in the experiment had a concentration of 

0.1 wt.%, which was found to be optimal in our previous study [105]. The solution was 

prepared by dissolving PVA into equal volume of deionized water and ethanol.  

 

6.2.3 Fabrication of the Micro-Combed CNT/PVA Composite Films 

The experimental setup of microcombing for making the CNT/PVA composite films is 

shown in Figure 6.2.  The microcombing zone consisted of a pair of sharp surgical blades, 

which were positioned oppositely. A layer of CNT sheet was drawn from a drawable CNT 

array, and then went through the microcombing zone. The contact angle between the CNT 

sheet and the blade was controlled at 80°-85°, and the inter-blade distance was set at about 6 

cm (Figure 6.2b). In the microcombing zone, micro-scale rough edges of the surgical blades 

acted as combs that straightens the wavy CNTs and provides better CNT alignment. A 
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rotating mandrel with a diameter of 3 cm was used to wind the CNT sheet into macroscopic 

film at a rotational speed of 20 r/min. The PVA matrix was applied on the CNT sheet layer-

by-layer using a needle. And another needle was bent into 90° and placed at 1 o’clock 

position of the rotating mandrel. The needles had a diameter of 0.65 mm. The bent-needle 

contacted the surface of the mandrel so that a little pressure from the needle’s weight was 

applied to the CNT sheet. The PVA solution was applied in between the mandrel and the 

bent-needle at a rate of about 0.3 g/min. In this way, the bent-needle surface helped to spread 

the matrix more uniformly compared with only the drop-process [104].  

 

 

 

Figure 6.2 Experimental setup of the one-step approach of making CNT/polymer composite 
films. 

 

Two hundred revolutions produced a film with a thickness of about 4 µm. The CNT film 

was then peeled off from the mandrel and hot-pressed under a pressure of 10 MPa at 80°C 
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for 2 hrs followed by 160°C for another 2 hrs in order to remove air bubbles and improve 

CNT-polymer integration. The hot-pressing reduced film thickness to about 3 µm.  

For comparison, CNT/PVA composite films without microcombing were produced using 

the same parameters.  

 

6.2.4 Characterization methods 

Transmission electron microscopy (TEM, JEOL-2010F) analysis was conducted at 200 

kV to reveal the diameter and number of walls of individual nanotubes. The CNT alignment 

was studied by both SEM and X-ray diffraction (XRD). Azimuthal scans of the XRD 

measurements were performed using Rigaku SmartLab with Eulerian cradle equipped with 

Cu rotating anode (Kα wavelength of 1.5418 Å). Each pattern was measured using a step size 

of 1° and a scan rate of 1°/s at 2θ = 23.5°. The fracture surface morphology of the as-

produced films was also analyzed by SEM. Weight fractions of the CNT composites were 

determined by thermogravimetric analysis (TGA, Perkin Elmer Pyris 1) in nitrogen 

(99.999%) at a heating rate of 10°C/min.  

A 4-probe Agilent 34410A 6.5 digit multimeter was used to test the electrical 

conductivity of the films along the CNT alignment direction. Electrodes were made of silver 

by magnetron sputtering. Tensile test specimens were prepared by cutting the as-produced 

films into narrow strips, which were typically 1 mm wide and 10 mm in gauge length. The 

width of the specimen was measured using a calibrated scale bar in an optical micrometer. 

The thickness was measured by a micrometer and further confirmed by scanning electron 

microscopy (SEM, Verio 460L). The specimens were tested in tension by an Instron 3365 
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tensile testing machine using a load cell of 10 N and a displacement rate of 0.5 mm/min. In 

order to calculate the film density, the weight of each specimen was measured using a MX5 

microbalance (Mettler-Toledo, Inc.), which had an accuracy of 1 microgram.  

 

6.3 Results and Discussion 

6.3.1 Morphologies of the Uncombed and Combed CNT/PVA Composite Films 

Figure 6.3 presents SEM images showing both the surface morphologies and the fracture 

surfaces of uncombed and combed CNT/PVA composite films. As shown, microcombing 

produced CNT/PVA composite films with straighter CNTs, improved alignment, enhanced 

nanotube packing, and increased film uniformity, which was consistent with the results from 

our previous study on dry CNT films [103]. The CNT alignment can also be characterized by 

the anisotropic angular distribution intensity of the (002) reflection, which is related to the 

inter-wall distance of nanotubes [96,173,174]. A non-uniform (002) intensity indicates the 

CNTs are aligned. Figure 6.4 shows the integrated X-ray intensity of the (002) reflection 

along the 2θ axis versus the azimuth (φ). Two peaks are centered at φ ≈ -1° and 178°, 

respectively, indicating a preferred orientation of nanotubes. The full width at half-maximum 

(FWHM) of the uncombed films is approximately 25°, while that of the combed films is 

about 23°, demonstrating an improved alignment of the CNTs by microcombing [173].  

The CNT-polymer interaction is an essential factor that affects the efficiency of load 

transfer across the CNT-polymer interface [149]. Traditional infiltration method usually 

involves a densely-packed CNT film infiltrated with polymer matrix, where the nanotubes 

are not uniformly distributed in the matrix [112]. The “spray-winding” approach enables the 
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polymer to be infiltrated into each layer of the CNT sheet with a more uniform CNT 

distribution [105–107]. However, the airflow generated by the sprayer usually disturbs the 

CNT alignment in the as-wound CNT sheet. The matrix-applying method used in the 

microcombing approach avoided this issue by applying polymer matrix using the smooth 

surface of a needle (Figure 6.2). This method allowed CNTs to interact with the PVA matrix 

at molecular level with higher CNT-matrix contact area than that produced by the “spray-

winding” approach, leading to more effective load transfer. As shown in Figure 6.3 (c) & (d), 

the as-produced composite films exhibited a layered structure with PVA matrix 

homogeneously wrapping the CNT strands. The combed films showed a more severe strand 

agglomeration than the uncombed ones, since the CNTs were straighter and packed denser. 

In addition, the combed composites exhibited reduced defects along the axial direction of the 

composites, thus they were more likely to be torn apart instead of fracturing during tensile 

deformation (Figure 6.5). The delamination was more severe for the combed films than the 

uncombed ones, suggesting the formation of strong CNT strands by microcombing. 

Therefore, it has been a challenge to take SEM images of the fracture surfaces of the combed 

CNT/PVA composite films. The as-produced CNT/PVA composite films had a high CNT 

weight fraction of ~75%, as calculated from the TGA results (Figure 6.6), which helped to 

enhance the mechanical properties of the composites.  
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Figure 6.3 SEM images showing the differences of surface morphologies and the fracture 
surfaces between the uncombed and combed CNT/PVA films. 

 

 
Figure 6.4 The integrated X-ray intensity of the (002) reflection along the 2θ axis versus the 
azimuth (φ) before and after microcombing.  
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Figure 6.5 Photos showing the fracture of the uncombed (a) and combed (b) CNT/PVA 
films. 

 

 
Figure 6.6 TGA curves of pure CNT film, a combed CNT/PVA composite film, and pure 
PVA. 
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6.3.2 Electrical Properties 

The electrical conductivities of the uncombed and combed CNT/PVA composite films 

are shown in Figure 6.7, and they are compared with the values reported for the uncombed 

and combed dry CNT films [103]. Microcombing increased the electrical conductivity of the 

CNT/PVA films by 300% from 0.45×105 S/m to 1.84×105 S/m, which was to our knowledge 

higher than any other reported values for CNT/PVA composite yarns and films 

[101,105,106]. This improvement could be accredited to the enhanced nanotube alignment, 

straightness, and packing by microcombing (Figure 6.3), which resulted in increased inter-

tube contact area for more efficient electron transfer [140,175]. The enhanced packing could 

be inferred from the increased film density: 0.86 g/cm3 for uncombed CNT/PVA composite 

films, and 0.96 g/cm3 for combed ones (Table 6.1).  

 

 
Figure 6.7 Electrical conductivity of the CNT/PVA composite films in comparison with that 
of the dry CNT films. 
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Table 6.1 Summary of mechanical properties of the as-produced uncombed and combed 
CNT/PVA composite films. 
 

Film type 
Density 

(g/cm3) 

Young’s modulus 

(GPa) 

Tensile strength 

(GPa) 

Strain 

(%) 

Toughness 

(J/cm3) 

Uncombed 

CNT/PVA films 
0.86 60±4 1.3±0.04 2.7±0.2 17.4±1.8 

Combed 

CNT/PVA films 
0.96 119±6 2.9±0.2 3.1±0.2 52.4±5.2 

Improvement 12% 100% 120% 15% 200% 

 

Interestingly, the incorporation of the insulating PVA matrix decreased the average 

electrical conductivity of the uncombed films, but did not decrease the conductivity of the 

combed films. In particular, the combed CNT/PVA composite films showed 3.4% (6×103 

S/m) higher average electrical conductivity than the combed dry CNT films. This 

phenomenon was also found in the reported work of CNT/PVA yarns and films [101,105]. 

Since electron transfer was largely controlled by the contact area between the nanotubes, the 

wrapping of the insulating PVA around the CNTs generated an insulating barrier which 

decreased the inter-tube contact area, leading to a decreased electrical conductivity of the 

uncombed CNT/PVA films. In comparison, when the CNTs were combed and had a closer 

inter-tube distance, CNT strand agglomeration occurred and the PVA molecules were hardly 

able to penetrate into those highly packed strands. Instead, the PVA matrix might have 

helped wrap the strands together, maintaining the close contact of the individual nanotubes 
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against each other. In the combed dry CNT films, the film structure was loose and the 

contacts between the CNTs were not stable. Therefore, the combed dry CNT films showed 

slightly lower average electrical conductivity than the combed CNT/PVA films, but larger 

standard deviation. In this case, CNT strand agglomeration caused by microcombing did not 

impair the electrical properties of the as-produced composites, but it helped the electron 

transfer instead.   

 

6.3.3 Mechanical Properties 

The mechanical properties of the uncombed and combed CNT/PVA composite films are 

summarized in Table 6.1. Figure 6.8 displays their typical stress-strain curves. The Young’s 

modulus (60 GPa) and tensile strength (1.3 GPa) of the uncombed composite films were 

comparable to the reported values of the CNT/PVA films made of the same CNTs [105]. 

After microcombing, the films’ Young’s modulus showed about 100% improvement to 119 

GPa, and their tensile strength showed about 120% improvement to 2.9 GPa, which were 

quite significant. Compared to our dry CNT films reported previously (Young’s modulus: 

172 GPa, tensile strength: 3.2 GPa) [103], the Young’s modulus and tensile strength both 

decreased after adding the PVA matrix. However, the total tensile load of the composite film 

was actually higher than that of the dry film with similar CNT quantity, but the addition of 

the matrix increased the thickness of the samples, which in turn resulted in reduced values of 

Young’s modulus and tensile strength, which were normalized by the film thickness. In other 

words, the lower Young’s modulus was caused by lower CNT volume fraction in the 

CNT/PVA composite sample than in the dry pure CNT films if the void space was taken as 



 

97 

matrix in the latter.  Moreover, the PVA was a thermal plastic that could act as lubricant 

between the CNT strands, which inevitably made the composite films less stiff during 

deformation. Therefore, the Young’s modulus showed a larger degree of decrease than the 

tensile strength. The mechanical properties of the combed CNT/PVA films were much higher 

than those reported for CNT/PVA films and yarns [101,105]. Microcombing straightened the 

wavy CNTs, and packed them denser and more uniformly, which improved their mechanical 

properties.  

Examination of Figure 6.8 also revealed a few interesting phenomena. First, the stress-

strain curves of the combed CNT/PVA composites were serrated before failure.  In other 

words, the total stress, which was calculated as the total load divided by the initial cross-

sectional area of the sample, had several abrupt drops and slow rises before the final failure. 

In contrast, no such obvious serrations were on the stress-strain curves of the uncombed 

CNT/PVA sample.  This phenomenon was apparently caused by the successive fracture of 

individual large CNT strands in the combed sample.  When a large CNT strand was broken, 

the load carried by the strand was suddenly reduced to zero, which caused an abrupt large 

drop in the total load carried by the sample. This led to an abrupt drop in the apparent stress 

in the stress-strain curve. The stress continued to increase slowly as the remaining CNT 

strands were strained further.  The above process might repeat itself a few times before the 

final failure of the composite sample. Such a large abrupt load drop could only be caused by 

the fracture of large CNT strands. The fracture of individual CNTs or small CNT strands 

would not lead to observable stress drops because they did not carry high enough load 

individually. The uncombed CNT/PVA composite samples did not show such serrated stress-
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strain curves, indicating that no large CNT strands were formed in the sample.  This is 

another evidence on the promotion of large CNT strands by microcombing, which is 

consistent with the aforementioned big increase in electrical conductivity by microcombing.  

Second, the strains to failure of the CNT/PVA films were larger after microcombing 

(Figure 6.8), which suggested that during tensile deformation, combed CNTs were more 

likely to slide against each other than to break. The enhanced tensile strength and strain 

significantly increased the film toughness by 200% from 17.4 J/cm3 to 52.4 J/cm3 (Table 6.1). 

This is another consequence of formation of large CNT strands promoted by microcombing. 

Any future studies on the micro-combed CNT composites should take into account this 

structural feature.  

 

 

Figure 6.8 Typical stress-strain curves of the uncombed and combed CNT/PVA films. 

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
0

500

1000

1500

2000

2500

3000

3500

S
tre

ss
 (M

P
a)

Strain

Uncombed 
CNT/PVA film  

Combed CNT/PVA film  



 

99 

The simplicity of the microcombing also makes properties of our composites 

reproducible, which is of great importance since reproducibility has been a challenge in CNT 

composites fabrication. For several samples we have made, the mechanical behavior of both 

the uncombed and the combed CNT/PVA composite films are in good consistency, as shown 

in Figure 6.8. Based on our further studies, which is to be reported in the future, the 

microcombing approach can be used to make CNT composite with any polymer matrix if the 

matrix can be dissolved in a solvent to form a dilute polymer solution. It would be interesting 

to see how the mechanical properties are affected if a stiffer and stronger polymer matrix 

such as epoxy is used to make micro-combed CNT composite.   

It should be noted that this method needs to use high-quality drawable CNT array, which 

is more difficult to produce in large quantity than CNT powder. On the other hand, CNT 

powders have so far failed to produce high-strength composites because of their intrinsic 

limitations in dispersion, length, alignment and volume fraction.  

 

6.4 Conclusions 

In this study, it is demonstrated that our recently developed microcombing method can 

also be used to produce high performance CNT/polymer composite films. By using PVA as a 

model matrix, we successfully fabricated the CNT/PVA composite films with superior 

electrical and mechanical properties. The microcombing method provided straightened 

CNTs, enhanced packing density, and reduced impurities in the composites. The 

microcombing promoted the formation of CNT strands, but this was found beneficial for 

enhancing the composite performance. The as-produced CNT/PVA composite films exhibit 
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an electrical conductivity of 1.84×105 S/m, Young’s modulus of 119 GPa, tensile strength of 

2.9 GPa, and toughness of 52.4 J/cm3, which represent improvements over those of 

uncombed samples by 300%, 100%, 120%, and 200%, respectively. While this method is 

simple, reliable, and reproducible, it is also expected to be applicable to a variety of soluble 

polymers. In addition, since PVA is a thermal plastic polymer that has relatively low 

mechanical properties compared with thermoset polymers, we believe that our microcombing 

method can produce CNT/polymer composites with even better properties if high 

performance matrix is used.    
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Chapter 7 

Conclusions and Future Work 

7.1 Conclusions 

For extensive studies within the recent two decades, it has been proved that carbon 

nanotubes have the potential to make high-performance products where high-strength and 

multifunctional properties are desired.  Difficulties exist in making the most use of the 

unprecedented properties of individual CNTs when fabricating macroscopic forms of CNT 

assemblies. The objectives of the research in this work are to discuss the issues that hinder 

the performance of dry CNT films and CNT composite materials, and develop an innovative 

solution to fabricate high-performance and multifunctional CNT films and composites at ease 

and suitable for scale-up using drawable CNT arrays. The following is a summary of the 

research outcomes: 

• CNTs with different lengths: 230 µm, 300 µm and 360 µm, were used to fabricate dry 

CNT films by a winding process. The effects of CNT length on the film’s structure and 

mechanical and electrical properties were examined. It was found the films made of 230 

µm CNTs exhibited the highest Young’s modulus, tensile strength, and electrical 

conductivity. The mechanical and electrical properties decreased sharply for the films 

made of 300 µm and 360 µm CNTs. Although shorter CNTs were not good load bearers 

as longer CNTs, the longer ones were wavier and had more amorphous carbon and 

structural defects which could not avoid due to the feature of growth process. Therefore, 

opposite to what has been predicted by theories, in real situation, shorter CNTs resulted 
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in better performance when made into macro-scale dry films, because the cleaner 

surfaces of the nanotubes and intrinsic straighter morphology led to a higher degree of 

CNT alignment and tighter structural packing. It was speculated that if higher CNT arrays 

could be synthesized in the same quality as the lower ones, then, the dry films made by 

longer CNTs were expected to have the same CNT alignment degree and structural 

packing density as those made by shorter CNTs. In this case, the longer CNTs would 

result in better overall performance of the dry films than the shorter ones. 

• A novel microcombing approach was developed to fabricate dry CNT films with 

ultrahigh mechanical properties and exceptional electrical performances. Principally 

based on the previously reported winding technique, this approach, for the first time, 

utilized a pair of sharp surgical blades with microsized features at the blade edges as 

combs to locally mitigate entangled bundles and straighten the wavy CNTs in the dry-

drawn CNT sheet at single-layer level before the formation of densely packed CNT films. 

The as-combed single layer of CNT sheet exhibited high level of nanotube alignment and 

straightness with reduced structural defects and enhanced nanotube packing density. The 

dry CNT films produced by microcombing had a very high Young’s modulus of 172 GPa, 

excellent tensile strength of 3.2 GPa, and unprecedented electrical conductivity of 

1.8×105 S/m, which were much superior to previously reported CNT films or 

buckypapers. More importantly, this novel technique required less rigorous process 

control and could construct CNT films with reproducible properties, which had the 

potential to be scale-up for industrial mass production. 

•  Based on the microcombing approach, CNT/PVA composite films were produced in 
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order to investigate the effect of dispersion of long and aligned CNTs when they were 

used to make aligned CNT composites at high CNT fractions. High-performance 

CNT/polymer composites required the CNTs to be well dispersed in order to achieve a 

good interfacial load transfer with the polymer matrix. However, the greatly improved 

CNT straightness and packing density by microcombing might cause strand 

agglomeration in the films, which led to dispersion problems when this kind of CNTs 

were used to make composites, bringing decreased performance. Nevertheless, based on 

the study, it was found although microcombing promoted the formation of CNT strands, 

this was instead beneficial for enhancing the composite performance. When matrix was 

added, those agglomerated strands were wrapped together which maintained a more 

stable and better contact between nanotubes than those in the dry films.  The as-produced 

CNT/PVA composite films exhibit an electrical conductivity of 1.84×105 S/m, Young’s 

modulus of 119 GPa, tensile strength of 2.9 GPa, and toughness of 52.4 J/cm3, which 

represent improvements over those of uncombed samples by 300%, 100%, 120%, and 

200%, respectively, demonstrating the effectiveness and reliability of microcombing in 

producing high-performance CNT/polymer composite films. And more importantly, the 

dispersion of long and aligned CNTs was not an issue when making aligned CNT 

composites at high CNT fractions. 
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7.2 Future Work 

7.2.1 Customize Micro-Combs with Desired Features  

In Chapter 5 and Chapter 6, microcombing approach was used to straighten wavy CNTs 

in the dry-drawn CNT sheet, resembling the combing process of fibers in Textile industry. 

This approach was proved to be very effective in largely improving the properties of the as-

produced CNT assemblies. However, the micro-combs used in the research were surgical 

blades, where the micro-teeth had random and uncontrolled sizes. The researcher found when 

different kinds of blades were used, such as razor blades, the effect of microcombing was 

different. In order to further investigate the microcombing mechanism and to obtain an 

optimum microcombing effect, it is desired to customize the micro-combs with appropriate 

teeth shapes, widths, depths, and thicknesses. 

 

7.2.2 CNT/Metal Composite Yarns with High Specific Electrical Conductivity  

It has been found recently that metals can be incorporated into CNT yarns by 

electroplating [176,177]. Due to the polymer-like low density and high electrical 

conductivity of CNTs, the CNT/metal composite yarns are promised to be good substitutes 

for copper, where there is a metal-like electrical conductivity but lower density. This kind of 

conductive yarns is suitable for applications as wires and cables used in microelectronics, 

lightweight conductors, medical implants, and aviation and space applications. The 

researcher found the microcombing method is also applicable to produce CNT yarns with 

enhanced mechanical properties and exceptionally high electrical conductivities, which are 

more desirable materials for electroplating with metal matrix, since high strength is needed 
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for CNT yarn so that it can exist in the electroplating solution. Figure 7.1 shows a schematic 

view of the yarn production procedure by microcombing. It is speculated that the CNT/metal 

composites yarns produced by microcombing and then electroplating have the potential to 

exceed the electrical conductivity of the metal matrix. 

 

 

Figure 7.1 Schematic of fabricating CNT yarns by microcombing approach. 

 

7.2.3 Mass Production of High-Performance CNT Products 

Drawable SACNT arrays were used as the raw material to fabricate CNT products in the 

research of this work, which could easily provide highly aligned CNTs that promised to give 

high properties to the as-produced nanotube products. However, there are problems in mass 

production of the arrays since the sizes of the substrate and growth furnace were quite 

limited. The floating catalyst approach is more amenable for scale-up to large-scale 

production [178]. In this approach, the catalyst particles are dissolved in a solution and 

directly injected into the growth furnace while carbon source gas also flows through the 

growth tube which is heated to the CNT growth temperature. Nanotubes grow immediately 
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and form a continuous sock-like aerogel in the gas flow, and then can be blown out with the 

carrier gas. This kind of aerogel is finally collected by winding it on a mandrel with certain 

dimensions to make into macro-scale buckypapers. Figure 7.2 (a) is a schematic illustration 

of the process and the as-produced buckypapers are presented in Figure 7.2 (b) [157]. The 

CNTs produced in this approach are centimeter-long and have mainly 2 walls. Although the 

CNTs in the as-produced buckypapers are quite randomly aligned, with only a little higher 

degree of alignment in the winding direction than in the width direction. However, studies 

have found that by stretching and pressing those papers, they can also result in dry CNT 

films [157] and CNT/polymer composite films [156,179] with superior performance.  

 

 

Figure 7.2 (a) Schematic illustration of the floating catalyst approach; (b) The as-produced 
buckypapers taken off from the winding mandrel [157]. 

 

However, all previous work done to improve the performance of the floating catalyst 

buckypapers were carried out after the formation of the macroscopic assemblies, where 

multi-layers of CNTs were already densely packed, causing difficulties in stretching process 

and limiting the stretching ratios. It is proposed that if stretching or microcombing can be 

done immediately after the CNT aerogel flew out from the furnace before it winds on the 
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mandrel, there is a high probability to get CNT buckypapers with a higher degree of 

alignment and/or straightness than those stretched afterward, which will result in better 

performance when dry films or composite films are fabricated. 
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