
ABSTRACT 
 

BRADFORD, PHILIP DAVID. Advanced Materials Based on Carbon Nanotube Arrays, 
Yarns and Papers. (Under the direction of Dr. Yuntian Zhu.) 
 
 

Carbon nanotubes have hundreds of potential applications but require innovative 

processing techniques to manipulate the microscopic carbon dust into useful devices and 

products. This thesis describes efforts to process carbon nanotubes (CNTs) using novel 

methods with the goals of: 1) improving the properties of energy absorbing and 

composite carbon nanotube materials and 2) increasing understanding of fundamental 

structure – property relationships within these materials. Millimeter long CNTs, in the 

form of arrays, yarns and papers, were used to produce energy absorbing foams and high 

volume fraction CNT composites.   

Vertically aligned CNT arrays were grown on silicon substrates using chemical 

vapor deposition (CVD) of ethylene gas over iron nano-particles. The low density, 

millimeter thick arrays were tested under compression as energy absorbing foams. With 

additional CVD processing steps, it was possible to tune the compressive properties of 

the arrays. After the longest treatment, the compressive strength of the arrays was 

increased by a factor of 35 with a density increase of only six fold, while also imparting 

recovery from compression to the array. Microscopy revealed that the post-synthesis 

CVD treatment increased the number of CNT walls through an epitaxial type radial 

growth on the surface of the as-grown tubes. The increase in tube radius and mutual 

support between nanotubes explained the increases in compressive strength while an 

increase in nanotube roughness was proposed as the morphological change responsible 

for recovery in the array.  

Carbon nanotube yarns were used as the raw material for macroscopic textile 

preforms with a multi-level hierarchical carbon nanotube (CNT) structure: nanotubes, 

bundles, spun single yarns, plied yarns and 3-D braids. In prior tensile tests, composites 

produced from the 3-D braids exhibited unusual mechanical behavior effects. The 



proposed physical hypotheses explained those effects by molecular level interactions and 

molecular hindrance of the epoxy chains with individual carbon nanotubes occupying 

about 40% of the composite volume. Dynamic Mechanical Analysis was used to study 

the molecular transitions of neat epoxy resin samples and their corresponding CNT yarn 

composite samples with varying matrix properties. Dramatic effects on the intensity and 

temperature at which α-transitions occurred were recorded, as well as a marked effect on 

the smaller segmental motions, or β-transitions. These changes in the matrix assist in 

explaining the previously reported tensile property data and the proposed physical 

explanation of those data. Electrical conductivity of carbon nanotube yarns and 

hybridized 3-D braided composites consisting of CNT yarns and insulating glass fibers 

were also investigated. The innovative hybridized structure provided electrical 

conductivity to the otherwise insulating preforms and composite structures.  

Finally, a new processing method of “shear pressing” was developed to produce 

CNT buckypapers. Tall aligned carbon nanotube arrays were converted into aligned CNT 

buckypaper preforms for composite fabrication. These preforms contained the desired 

characteristics of millimeter long CNTs, high CNT volume fraction, high CNT 

alignment, small diameter MWNTs and fast processing speed, which have been 

challenging to achieve simultaneously and are crucial for obtaining the optimum 

composite tensile properties. Alignment of CNTs in the buckypaper preforms was 

confirmed through SEM analysis of the shear pressed films in their as-pressed state and 

of failure surfaces of a tensile specimen. Mechanical properties of the composite were 

very promising as they were higher than other CNT-epoxy composites with similar 

volume fractions. Tensile strength of the composites reached 400 MPa. Electrical 

conductivity of the composites reached 77 S/cm, proving that they may be useful for 

composite applications where electrical conductivity is important.   
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1 Introduction 
 

Carbon nanotubes represent an almost ideal structural material. These microscopic 

seamless graphitic tubes have incredible stiffness, strength, and toughness. The 

combination of their “metal like” high electrical and thermal conductivity with “polymer 

like” low density makes them attractive for a host of advanced multi-functional 

applications. However, unlike present day structural materials there are no large scale 

production methods that can harness the properties of carbon nanotubes. This stems from 

the fact that the microscopic tubes are usually very short and resemble carbon dust. The 

ability to organize carbon nanotubes is a critical factor in realizing their properties. Due 

to their fiber like structure with high length-to-diameter ratios, the properties of carbon 

nanotubes are highly anisotropic. With this anisotropy it is clear that to obtain the 

maximum value for any mechanical or physical property, the assembly of carbon 

nanotubes must have alignment of the nanotubes in one direction. This has been a 

challenging task and this emphasis on alignment makes up only a small part of the carbon 

nanotube literature. This thesis describes efforts to produce and characterize novel carbon 

nanotube materials utilizing aligned assemblies of carbon nanotubes. These materials 

include carbon nanotube arrays, yarns and buckypapers used in energy absorbing carbon 

nanotube foam structures and high volume fraction aligned CNT composites.   

Chapter 4 presents a new method for processing aligned carbon nanotube arrays using 

a post-growth chemical vapor deposition treatment. The processing allowed the arrays to 

recover from compressive stain to transform them into a foam material with tunable 

compressive properties. Some treatments produced CNT array foams with superior 

compressive properties to polymer and metal based foams. In chapter 5 a novel method 

for integration of carbon nanotube yarns into traditional composite structures through 3-D 

braiding is presented. This technique imparted significant electrical conductivity to the 

hybrid structure and represented a route for producing multifunctional composite 

structures which benefit from small quantities of expensive carbon nanotube yarns. 

Chapter 6 investigates the carbon nanotube – polymer interactions in high volume 
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fraction, aligned carbon nanotubes composites. These interactions were found to have an 

effect on the temperature transitions of the composite, as well as the tensile mechanical 

properties. In Chapter 7, a novel method for producing aligned buckypaper preforms and 

composites is detailed. Carbon nanotube arrays with CNTs with lengths up to 2 mm were 

“shear pressed” to produce the buckypapers. Composites produced from the buckypapers 

gave higher tensile strength values than other CNT – epoxy composites from the 

literature.  
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2 Literature Review    
 
2.1 Carbon Nanotube Structure and Properties    

Carbon nanotubes are a recently identified allotrope of carbon and have been the 

focus of tens of thousands of research studies over the past two decades. They are 

fascinating to researchers because of their extreme properties and distinctive structure; 

these features attract attention from the electronics, biomedical, chemical and composites 

industries. Nano-scale carbon tube structures could be seen in the literature prior to 1991 

[1] however the excellent TEM images and tube structure analysis completed by Sumio 

Iijimia of the NEC Corporation in 1991 is most often noted as the beginning of the 

carbon nanotube era[2].  

In a carbon atom the electrons in the 2s shell can hybridize with the 2p orbitals to 

form bonds with other carbon atoms. Depending on how this hybridization occurs there 

are three possible options: sp1, sp2 and sp3. The sp1 hybridiztion often forms linear bonds 

because the angle between the new orbitals is 180o. The sp2 hybridization forms three 

sigma bonds in a single plane with a bond angle of 120o. This is the structure of taken by 

graphite. This structure is very strong in the plane of the graphite sheet. However, only 

weak interactions are present between graphite sheets and thus graphite in a powder form 

is often used as a lubricant. The sp3 hybridization allows for four sigma bonds to form 

and is the basis for the structure of diamond. The structure of a carbon nanotube is 

essentially a sp2 bonded graphite sheet that has been rolled into a seamless tube. 

Depending on the growth method either one or both of the ends are half sphere fullerene 

caps. Carbon nanotubes having only one tube layer are designated single wall carbon 

nanotubes (SWNTs) while CNTs having multiple nested tubes are designated multi-wall 

carbon nanotubes (MWNTs). Nanotubes having only two walls are increasing in 

popularity because they have similar properties to SWNTs but are easier to manufacture. 

This type of CNT is designated as dual wall carbon nanotubes (DWNTs). Single wall 

carbon nanotubes can be as small as 2 nm and most often less 5 nm. Multi-walled carbon 

nanotubes usually have a diameter of 5-20 nm but can be as large as 50 nm. These tubes 
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can contain tens of nested layers. Generally SWNTs and DWNTs tubes provide the most 

desirable properties, however they are more difficult to produce and thus are more 

expensive. 

The other morphological feature that defines the structure of the nanotubes is its 

wrapping structure. Changing the direction in which the graphite sheet is rolled on its self 

changes the electrical properties of the material. The wrapping is defined by the basis 

vectors for a graphite sheet and the integer indexes (n, m) which is shown in Figure 2.1.  

 
 
 

 
 

Figure 2.1 Structure of a graphene sheet with integers (n,m) that define the wrapping 
structure for a carbon nanotube.  
 
 
 

If the indexes are equal to each other (n=m) then the CNT is identified as an armchair 

structure and has metallic properties. If (m = 0) and (n > 0) then the CNT has a zig-zag 

structure and in all other wrapping cases the tubes are called chiral. Both zig-zag and 

chiral nanotubes are semiconductors.  
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It is extremely hard to control the chirality of CNTs on a large scale however some 

progress has been made in producing all metallic tubes [3].  It is hard to identify the 

chirality of MWNT because of their nested layers, however, they almost always exhibit 

semiconducting properties. Metallic carbon nanotubes should have extremely high 

electrical conductivity because their extremely regular structure allows for ballistic 

conduction of electrons along their length [4,5]. Due to this conduction mechanism, and 

their high thermal conductivity, current densities exceeding that of copper has been 

recorded for individual CNTs [6]. Although most MWNT exhibit semiconducting 

properties they are very useful for increasing the electrical conductivity of normally 

insulating materials like ceramics and polymers [7-9]. Electrical conductivity can be 

increased many orders of magnitude in these material with only a very small weight 

percent of CNTs added [10]. This has been used in commercial applications to minimize 

static accumulation and discharge and has the potential to eliminate the usage of carbon 

black fillers for the same purpose.  

Carbon nanotubes have also recorded the highest thermal conductivity of any 

material. The main conduction mode is propagation of phonons down the tube length. 

Their repeating and defect free structure allows for minimal phonon scattering [11] and 

as a result, theoretical values for thermal conductivity are as high as 6000 W·m-1·K-1 [12] 

with the thermal conductivity measured across a single MWNT reported as high as 3000 

W·m-1·K-1 [13]. The thermal conductivity of polymer composites have been increased 

using a dispersion of carbon nanotubes [14]. However, these increases were minimal 

because phonon transfer between CNTs is poor [15]. Long continuous carbon nanotubes 

provided higher composite thermal conductivity. Vertically grown carbon nanotube 

arrays have been used to measure the thermal conductivity of structures with continuous 

CNTs between thermal contacts [16]. The thermal conductivity through such arrays was 

as high as 12 W·m-1·K-1 with a CNT volume fraction of approximately 1-2% in the CNT 

array. This conductivity value is very promising for high volume fraction CNT 

composites.  

 5



The mechanical properties of carbon nanotubes were the main attraction for the 

push to develop CNT reinforced composite materials. Mechanical strength values for 

CNTs are much greater than traditional high performance carbon fibers, thus they are the 

most likely candidate for the next generation of lightweight high performance composite 

materials. The extreme stiffness and strength of CNTs arises from the covalent carbon-

carbon bonds in the structure. The seamless structure does not have stress concentrations 

and defects that many other structural materials possess. Traditional carbon fibers have 

the same graphite planes lined up parallel to the fiber axis. However, the graphite planes 

are not perfectly aligned, have internal defects and have edges, all of which are sites for 

defect nucleation and cracking to occur. For this reason, pitch carbon fibers can have a 

modulus of elasticity that approaches that of carbon nanotubes (800 GPa), but because of 

structural defects, have a low failure strain (0.4-0.8%) which reduces the ultimate stress 

achievable in the material. Strengths for SWNT were calculated to be 100 GPa in [17], 

while experimental strength values of 13-52 were obtained in a study by Yu et. al. [18]. 

These strengths are reached when the CNTs are fully strained with theoretical and 

experimental values for strain-to-failure ranging from 5-16% [19-21].  

Due to their nanometer scale dimensions (at least in two dimensions) carbon 

nanotubes have an extremely large surface area per unit mass. Surface area calculations 

show that the specific surface area ranges from 200 to 1300 m2 per gram for large 

MWNT and small SWNT respectively [22]. Although CNTs are relatively stable because 

of their seamless graphitic structure, many chemical reactions can occur on their surface. 

This combination of high surface area and potential for reaction with functional 

molecules has opened up many likely applications in drug delivery, catalyst supports, 

chemical sensors, gas storage media and composites [23]. 

 

2.2 Carbon Nanotube Production 

Carbon nanotubes are produced mainly through three main methods: electric arc 

discharge, laser ablation and chemical vapor deposition (CVD). In the electric arc 
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discharge method, CNTs form in a plasma of carbon gas formed between carbon 

electrodes [24]. The process is completed below atmospheric pressure in argon or helium 

gas. The products of the process collected on the anode contain many other graphite 

structures and therefore must go through purification steps to obtain pure CNTs. As this 

process produces very small quantities of material on the electrodes, it is not commonly 

used for commercial production. Laser Ablation is a similar technique that uses a high 

temperature furnace and a high energy laser to vaporize a carbon target that contains a 

small amount of metal. The metal, usually nickel or cobalt forms small catalyst particles 

that initiate the growth of the carbon nanotubes [25]. This method also requires extensive 

purification of the products to produce pure CNT material and produces only small batch 

quantities.   

Carbon nanotubes are most often produced today using CVD processes. Chemical 

vapor deposition synthesis of CNTs is done at relatively low temperatures (500-1200 oC) 

and utilizes metal catalyst particles to nucleate carbon nanotubes and support their 

growth. These particles can be introduced in the vapor phase through the decomposition 

of a metal containing gas such as ferrocene [26] or iron pentacarbonyl [27]. The catalyst 

material can also be deposited directly on a support or a substrate to produce CNT 

growth. Metal thin film deposition on silicon substrates has become very popular method 

for creating precise thickness films which can then be heated to form nano-particles 

suitable for carbon nanotube growth. Modifying the thickness of the catalyst film has the 

effect of changing the catalyst particle size and distribution [28]. If the catalyst particles 

are spaced very far apart, the growing CNTs fall back on to the substrate when they can 

not support vertical growth without buckling. If the catalyst particles are spaced more 

closely together, the vertically growing CNTs will lean on each without collapsing back 

to the surface of substrate. This mutual support enables the continuous vertical growth. 

These arrays of CNTs have been of great interest to the research community because they 

can contain CNTs with lengths of up to multiple millimeters, which have not been 

obtained with other methods. Figure 2.2 shows an image of a millimeter long CNT array 
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grown on a silicon substrate. They produce very pure CNT product that does not need 

purifying in most cases. Millimeter long CNTs growing from particles with diameters of 

nanometers can have a CNT-to-catalyst weight ratio as high as 50,000 to 1 [29].  As CNT 

array growth is performed and the products utilized in this work, a closer examination of 

the literature is warranted.  

 
 
 

 
Figure 2.2 1.5 millimeter tall vertically aligned carbon nanotube array grown on a silicon 
substrate. 
 
 
 
2.2.1 Growth of Vertically Aligned Carbon Nanotube Arrays 

Iron is the catalyst of choice to grow long aligned CNT arrays. Other metals such as 

cobalt [30] and nickel [31] can produce CNT arrays, however reports of millimeter long 

arrays are almost exclusively from iron particles. This stems from iron’s ability to break 

down hydrocarbon gases, transport carbon atoms through and across iron particles and 

precipitate it in the form of graphite. R. Anton demonstrated that iron particles on an 

amorphous carbon substrate transform to Fe3C at 450 oC and form a shell with graphitic 
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layers [32]. In-situ TEM observations of the nucleation of CNTs from iron particles by 

Yoshida et al. provided a ground breaking view of the process [33]. Their TEM images 

showed that graphite layers form on the iron carbide facets, extend along the facets and 

then form multiple layers of graphite as a cap over the particle. The particle then deforms 

significantly to expel the graphite tube. Figure 2.3 shows the images taken of the CNT 

nucleation.  

 
 
 

 
 

Figure 2.3 Sequence of carbon nanotube nucleation from an iron carbide nanoparticle 
(taken from Yoshida et al. [33]). 
 
 

 

After a thorough investigation into the thermodynamics and electronic structure of 

different transition metal catalyst, Esconjauregui et al. reasoned that the high catalytic 

activity of iron for CNT growth was due to its incomplete d-orbital which makes it 

capable of breaking down carbon sources, dissolving the carbon atoms and forming meta- 

stable carbides. The meta-stable carbides have affinity for carbon such that they are able 
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to release precipitated carbon atoms while continuing to break down and transport carbon 

from source gases [34].   

Arrays have been grown on quartz plates [35], sapphire substrates [36] and ZrO and 

alumina spheres [37], but a majority of CNT arrays are grown on silicon wafers. It is 

presumed that the low cost, high temperature resistance and the extremely low roughness 

of Si wafers are the predominating factors in the selection of this material as the 

substrate. In many cases, the base Si wafer is coated with a thin Al2O3 layer of 5-20 nm 

thickness before deposition of the catalyst thin film. This alumina buffer layer is very 

commonly used and is thought to increase CNT array growth height and quality through 

its interaction with iron particles. It is been proposed that the alumina provides more 

uniform particle formation and prevents iron diffusion into the substrate [38]. Layered 

thin films of alumina and iron showed an diffusion coefficient of 10-18 cm2/s at 800 oC. 

This compared to a diffusion coefficient of 8.1x10-7 cm2/s for iron in silicon [39] and 10-

14 cm2/s in SiO2 at 800 oC [40].  The slow diffusion rate would allow the particles to 

remain a constant size longer. Once a large percentage of catalyst atoms diffuse into the 

substrate, growth of the CNT will be terminated.  Noda et al. showed an increase in CNT 

growth rate with an alumina buffer layer which they attributed to alumina’s assistance in 

cracking the hydrocarbon growth gasses [41]. 

Buffer layer and catalyst thin film deposition for tall CNT arrays has been 

accomplished through thermal evaporation [42-46], sputtering [29,47-50], and ion beam 

assisted deposition (IBAD) [38]. Although, the final product of these deposition is the 

same (a thin film on a substrate) the deposition conditions can have a dramatic effect on 

the structure and composition of each layer, which in turn produces a CNT array unique 

to a specific set of deposition conditions. The author of this dissertation is not aware of 

any studies that compare array growth from identical thickness buffer and catalyst layers 

deposited under differing conditions. It is well known that deposition pressure, substrate 

temperature and deposition rate produce drastically different thin film morphologies [51]. 

In the sputtering process, the gas composition is also an important factor in the 
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composition of the deposited thin film. A study comparing sputtering types (RF, DC, 

magnetron and reactive) and sputtering gas composition produced alumina thin films 

with 14 different stoichometries [52]. In addition, sputtered thin films usually retain a 

fraction of the sputtering gas as impurities in the film [53]. Amorphous alumina films 

have been shown to be stable up to 1000 oC [54], and so at CNT growth temperatures the 

re-crystallization of the buffer layer will most likely not occur, making the initial 

morphology of the buffer layer an integral factor in CNT growth. 

Carbon nanotube arrays can be grown from a variety of growth gasses that contain 

carbon. The ability of the gas to be broken down into its constituent atoms by a catalyst 

depends on the synthesis temperature and partly on the change in free energy during the 

reaction. Large negative changes in the Gibbs free energy will tend to drive reactions at 

lower temperatures compared to small or positive free energy changes. The Gibbs free 

energy (ΔG) of a reaction can be defined as: 

 

STHG Δ−Δ=Δ                 (1) 

 

where ΔH is the change in enthalphy, T is the reaction temperature and ΔS is the change 

in entropy. With the catalyst being a pure metal which has a standard enthalpy of 

formation of zero, the change in enthalpy of the system can be defined as: 

 

.)(.)( reactfprodf HHH °° Δ−Δ=Δ             (2) 

 

where ΔH ۫f(prod.)  is the standard enthalpy of formation for a metal carbide and ΔH ۫f(react.)  

is the standard enthalpy of formation for the carbon source gas. Since the metal carbide 

formed will be independent of the source gas, the enthalpy of formation of the source gas 

plays an important role in the overall free energy change of the system. After inspecting 

the enthalpy of formation for the common CNT growth gasses:  [55] acetylene (227 

kJ/mol), ethylene (52 kJ/mol), methane (-75 kJ/mol) and ethanol (-234 kJ/mol), it is 
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understandable why acetylene has been reported to produce nanotubes at temperatures as 

low as 465 oC [47] while methane and ethanol growth process usually occur at 800-900 
oC [56-58]. 

A large number of CNT array growth experiments have been conducted at 

atmospheric pressure, however, low pressure CVD growth of CNT arrays has also been 

reported [59]. At atmospheric pressures pure carbon source gas can not be used to grow 

CNTs for any appreciable amount of time. When the source gas breaks down faster than 

the CNTs can grow, a large amount of amorphous carbon is formed and quickly quenches 

CNT growth. Typically, an inert gas such as argon or helium is used to lower the partial 

pressure of carbon source gas to 0.05-0.25 atm. Hydrogen is also commonly used in the 

growth process of CNT arrays, for multiple reasons. The first is to reduce the metal thin 

film layer deposited on the substrate to allow particles to form at high temperatures. Pure 

metals exposed to atmospheric conditions form a thin oxide or hydroxide layer. This 

initial reaction occurs in seconds and the oxidized layer can be up to a few nanometers 

thick [60]. At the typical CNT growth temperatures this oxide is stable and thus the film 

will not reorganize into particles. Exposure of the metal oxides to hydrogen at high 

temperatures will cause a reduction to pure metal [61]. In pure hydrogen, Wagner et al. 

demonstrated that 5 micron diameter Fe2O3 particles were fully reduced to pure iron in 

350 seconds at 750 oC [62]. The influence of hydrogen on the growth height of CNTs 

arrays was studied by Zhang et al., where they found maximum growth height occurred 

with a partial pressure of 0.22 atm of hydrogen and almost no growth occurred with no 

hydrogen [63]. Hydrogen has shown to activate and enhance CNT growth because “in 

addition to being the active sites for H abstraction [from acetylene molecules], mobile 

hydrogen atoms enable molecular transformations such as carbon ring closure and five- 

to six-member ring conversion” [64]. It is thought that hydrogen is also responsible for 

etching amorphous carbon and in larger concentrations will etch the nanotubes 

themselves [63,65]. 
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With the ultimate goal of producing continuous length nanotubes, it is critical that 

the catalyst particle remain active. Amorphous carbon build-up on and around the 

catalyst particles is the main culprit in killing CNT growth. In an attempt to solve this 

problem researchers have turned to water, oxygen and alcohols to scavenge amorphous 

carbon. This effort has been fairly successful as the longest CNT arrays were all 

produced with water assisted growth [66-68], while the longest individual CNTs were 

grown using ethanol source gas [69,70].  Yamada et al. monitored amorphous carbon 

buildup on catalyst particles in a TEM and found that water retarded this buildup. They 

monitored the height of CNT arrays growing with water vapor assistance and found that 

when the water vapor was turned off, the array growth stopped rapidly [71]. In similar 

experiments Amana et al. demonstrated that water vapor also decreased the rate at which 

Otswald ripening occurred, which extended the life of their catalyst particles [72]. 

For continuous growth of carbon nanotubes in an array to occur, the nanotubes must 

receive a continuous supply of carbon source gas. Although the CNTs only make up a 

few percent of the volume of the array their diameters and inter-tube spacing is on the 

order of nanometers. With this small spacing it is important to consider the type of 

diffusion and its effect on the growth of the array. In a study to determine the effects of 

gas diffusion on growth, Xiang et al. modeled gas flow through SWNT and MWNT 

arrays [73]. They found that in MWNT arrays the concentration of growth gas at the 

bottom of the arrays is similar to the bulk concentration while for millimeter SWNT 

arrays the growth gas concentration was lower than the bulk concentration leading to a 

growth rate of only 10% of the initial growth rate. This diffusion limited growth was 

observed for SWNT arrays where growth of patterned arrays with small SWNT pillars 

proceeded at a higher growth rate than solid arrays [74]. 
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2.3 Carbon Nanotube Materials 

2.3.1 Properties and Applications of Carbon Nanotube Arrays 

Interest in the growth of CNT arrays has grown quickly because it is the most 

productive method for growing CNTs with lengths in the range of millimeters. Due to the 

length and alignment of the CNTs, these arrays have demonstrated unique properties 

making them desirable for many proposed applications including super-hydrophobic 

surfaces, electrical and thermal contacts, and energy absorbing materials. 

Surfaces with a superhydrophobic “lotus leaf effect” have been a research interest 

of materials scientist because show promise for self cleaning surfaces. Carbon nanotube 

arrays have shown to exhibit such super-hydrophobicity. Measuring the contact angle of 

a water droplet on a surface using a goniometer is the easiest way to quantify the level of 

hydrophobicity of a surface. A contact angle of 0o represents a full wetting of the surface 

with no droplet being formed. A contact angle of 180o is measured when a droplet forms 

a perfect sphere on the surface. Contact angles greater than 90o are considered 

hydrophobic. Contact angles of 144o and 154o were measured in two different studies of 

array hydrophobicity [75,76]. Ci et al. demonstrated that they could tune the contact 

angle of their CNT arrays by changing the catalyst thickness (and thus changing the 

particle size) and measured contact angles from 100o to 170o [77]. In a demonstration of 

self cleaning, Zhang et al. were able to clean silicon carbide powders from the surface of 

a CNT array using water droplets, demonstrating that these materials can be used for anti-

contamination coatings [78]. 

The macroscopic lengths and electrical and thermal conductivities of CNTs within 

CNT arrays make these materials attractive for thermal and electrical applications. CNT 

arrays could be used for thermal interface materials in integrated circuit technologies to 

increase heat transfer away from vital chip components. In an experimental study, Wu et 

al. was able to increase the thermal conductivity of a silicone elastomer film by 280% by 

integration with a CNT array of only 0.4% volume fraction [79]. In a study utilizing 6 

mm tall CNT arrays, Ivanov et al. measured a through thickness thermal conductivity of 6 
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W·m-1·K-1 for the highly porous structures with density of 0.19 g cm-3 [16]. Ideally, 

conductive carbon nanotubes or small CNT arrays could be used to replace copper as 

vertical interconnects in integrated circuits for decreased resistance and increased thermal 

loads [80,81]. Although researchers have not achieved the performance of copper 

interconnects, research on the processing of CNT array interconnects has progressed. 

Micro scale CNT arrays with large aspect ratios have been produced using a standard 

photoresist and lithography process [82]. Li et al. added an additional processing step to 

this technique by infiltrating the patterned CNT arrays with silicon dioxide and then 

polishing the composite structure to reveal the conductive CNT vias [83]. This technique 

could be adapted to current integrated circuit processing techniques. Long CNT arrays 

have also been used to replace solid carbon brushes in electric motors [84]. As compared 

to the traditional carbon-metal composite brushes, the CNT array brushes maintained a 

more steady voltage and produced less noise, which the authors attributed to the 

compliant surface maintaining better contact on the rotating commutator.   

The mechanical properties of CNT arrays have been studied using various 

compressive methods. Short carbon nanotube arrays (1 micron in height) were 

compressed with a nanoindenter device [85]. The sharp pyramidal tip penetrated through 

the array causing the nanotubes to bend away from the tip instead of being axially 

compressed. Through sensitive force measurement and study the CNT density, spacing 

and diameters a flexural modulus of 0.91-1.24 TPa was estimated for individual CNTs. 

Using much larger curved indentation tips, Pathak et al. measured a compressive strength 

of 800 MPa for their CNT arrays [86]. This high very compressive stress, as compared to 

other CNT arrays, was attributed to the short height of the CNT arrays (around 200nm) 

and extremely high packing density. In comparison, millimeter long arrays with a lower 

packing density produced a compressive strength of 1.8 MPa in a study conducted by 

Deck et al [87]. Five micron thick CNTs arrays with an amorphous diamond top coating 

were examined by Teo et al. in a nano-dynamic mechanical analysis (DMA) testing 

device. They proposed that with a large loss modulus and high compressive strength, 
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their CNT “nanomattress” would be an excellent material for damping applications. A 

series of papers published by Daraio et al. showed the ability of CNT arrays to absorb a 

large amount of energy under impact by a steel ball [88-90]. Using a piezo-gauge they 

determined that the force at impact was reduced seven fold by the 600 μm long array on 

top of the substrate.  

The most dramatic demonstration of energy absorption by CNT arrays was 

documented by Cao et al. and Suhr et al. in their work with “super-compressible 

foamlike” arrays [91,92]. In those experiments, millimeter long CNT arrays with large 

multi-wall CNTs (~40 nm diameter) were exposed to multi-cycle compressive loading 

and demonstrated a high compressive strength of 15 GPa, as well as recovery after load 

removal. The area inside the loading-unloading curves pointed to a large amount of 

energy being absorbed during each cycle. The authors believed that the large amount of 

energy absorbed was a function of friction between nanotubes and the process of forcing 

air out of the array. The ability of the array to recover is a function of CNT stiffness and 

flexibility. Although they are extremely stiff structures, carbon nanotubes can be bent 

through a very small radius without fracturing [93]. The elastic behavior exhibited in 

those studies is not common among CNT arrays and the mechanisms behind it were not 

elucidated by the authors.   

 

2.3.2 Carbon Nanotube Yarns and Fibers 

It is intuitive to think that with their high aspect ratio, carbon nanotubes could be 

processed into yarns and fibers resembling traditional textile products. With their 

advantageous mechanical, thermal and electrical properties, the formation of small CNT 

yarns could find applications in composites reinforcement, sensors and electronic 

applications. Due to challenges with agglomeration, processing of CNTs into yarns and 

fibers has only developed in the last decade. There are three main routes to producing 

CNT yarns and fibers: solution spinning, drawing from a CVD furnace and spinning of 

CNTs from aligned carbon nanotube arrays. The term “yarn” is applied to CNT structures 
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that are similar to traditional textile yarns containing a defined level of twist. The term 

“fiber” is applied to CNT structures where CNT are relatively aligned in a single 

direction, but have little or no defined twist angle.   

Carbon nanotube fibers were first produced using solution methods. In these 

methods short nanotubes are first dispersed into a solution, organized and then removed 

from solution in the form of a small ribbon or fiber. One of the first approaches used an 

electric field to collect SWNT in a dispersed solution [94]. There, the authors submerged 

two electrodes in the solution: one made from a commercial carbon fiber and the other 

platinum. When a voltage was applied across the electrodes, with the carbon fiber acting 

as the positive electrode, a cloud of CNTs formed around the graphite fiber. When the 

graphite fiber was removed from solution at a slow and controlled rate, a small fiber of 

CNTs followed. Raman characterization showed that there was preferential alignment in 

the fibers. Vigolo et al. used a solution based method to produced aligned CNT fibers 

based on “flow induced alignment” shown in Figure 2.4 [95]. Their dispersed CNT 

solution was injected into a flowing stream of dilute polyvinyl alcohol where fibers 

coagulated when the two solutions intermixed. After removing the fiber, it was 

condensed as the water evaporated away. The resulting fiber was really a CNT fiber 

composite as it contained some PVA from the spinning process. In subsequent 

publications, the authors showed that stretching after spinning could increase the 

mechanical properties [96], and that they could make relatively pure CNT fibers by 

annealing the fibers in hydrogen at 1000 oC [97].  

Another research group followed up these studies with a modified version of the 

flow induced alignement method. By extracting a more PVA rich “gel” fiber, they were 

able to complete post processing stretching and rinsing to increase the fiber strength and 

toughness [98]. A report in the journal Science demonstrated that SWNTs dispersed in a 

fuming sulfuric acid solution could be wet spun into fibers [99]. When extruded through 

a capillary tube into a coagulation bath alignment of the CNTs was achieved in the 
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coagulated fibers. This was the first method where appreciable lengths of micron sized 

fibers were collected in a continuous manner. 

 

 

 
 

Figure 2.4 CNT fibers produced using flow induced alignment in a PVA solution (taken 
from Vigolo et al. [95]). 

 
 
 
Carbon nanotube fibers have also been created directly from a CVD furnace using a 

floating catalyst CNT growth mode [100]. Those authors injected a solution of ethanol, 

ferrocene and thiophene into a furnace at approximately 1100 oC. The ethanol served as 

the carbon source gas while the ferrocene decomposed to form iron catalyst particles. An 

aerogel of CNTs was reported to form and it was consolidated into a fiber by winding it 

on to a rotating rod at the bottom of the furnace. Figure 2.5 is a schematic of their growth 

and take-up process. Subsequent studies by the same research group showed that by using  
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Figure 2.5 Schematic of process used to form continuous length CNT fibers (a) and films 
(b) (taken from Li et al. [100]). 
 
 
 
hexane as the source gas they could dramatically increase the strength while they could 

optimize the properties by increasing the winding rate [101,102].  

With continuous winding speeds up to 20 meters per minute this technology is 

favorable for larger scale production of CNT fibers. Using a similar growth technique, 

Ma et al. made films of CNTs which they removed from the furnace and then twisted to 

form yarns. They also proposed that the strength of their films and yarns was a result of 

connections between CNTs as a result of multiple CNTs growing off of individual 

catalyst particles [103]. 

The third, and arguably the most popular method, of making carbon nanotube yarns 

uses a draw-twist method from aligned CNT arrays. In 2002 researchers at the Tsinghua 

University in China, published a method of “spinning continuous carbon nanotube yarns” 

from an aligned CNT array 100 microns in height [104]. With the aid of van der Waals 

 19



forces and bundling of CNTs within the array, they were able to pull a continuous aligned 

ribbon of CNTs from the array. The only problem was that their yarns were not really 

yarns, technically speaking, because they applied no twist to the structure. Therefore, the 

title was misleading as they did not really “spin” any CNT material into “yarns”. 

Capitalizing on this oversight, Zhang et al. published a paper in Science where they 

applied twist to the same CNT ribbons pulled from CNT arrays [105]. The spinning 

process is shown in Figure 2.6, a SEM image showing the consolidation of their CNT 

ribbon into yarn.  

The yarns possessed multifunctional characteristics such as good strength and 

electrical conductivity. In addition the yarns could be tied into tight knots without 

abrasion, kinking or failure. These same small diameter yarns were processed using the 

textile process 3-D braiding [106]. This was the first report of processing the fine CNT 

yarns into macroscopic structures.  

 

 

 
 

Figure 2.6 Continous ribbons of CNTs being pulled from a CNT array and twisted to 
form a yarn (taken from Zhang et al. [105]). 
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Zhang et al. demonstrated that they could replicate the CNT yarn spinning process 

on a large scale, growing spinnable CNT arrays on a 4-inch silicon wafer. The strength of 

their yarns was improved to 600 MPa by consolidating the yarns with ethanol and heat 

treating them [107]. A group from Los Alamos National Labs has also been a major 

contributor to this technology. They found that they could spin CNT arrays as long as 1 

mm, improving on previous reports. Accordingly, they reported strengths of up to 3.6 

GPa for their yarns, a value close traditional high performance fibers [38,108,109]. The 

most recent publications on CNT yarns have not produced higher strengths but have 

demonstrated new methods for semi-continuous production [110], and a drawing 

modification to further increase CNT alignment in the yarns [111]. Two comprehensive 

reviews on processing continuous CNT yarns and fibers can be found in [112,113].  

 

2.3.3 Carbon Nanotube Yarn Textiles  

In the near future, CNT yarns will be produced in costly small-scale batches. A 

logical first application of these yarns would be the one that utilizes the unique multi-

functional properties of the yarns while only requiring them in small quantities. 

Hybridizing the CNT yarns with traditional reinforcements could meet this requirement. 

The idea of utilizing CNT yarns for reinforcement in 3-D textile composites was first 

presented in [112]. There, it was proposed that they be integrated into 3-D textile 

preforms to produce hybrid structures containing both conventional yarns and CNT 

yarns. As illustrated in Figure 2.7 for the case of 3-D woven architecture and in Figure 

2.8 for the case of 3-D braided architecture, CNT yarns would replace in such cases 

traditional types of yarns oriented in the ‘secondary’ directions of reinforcement (i.e., 

those corresponding to minor loading directions). Figure 2.7 illustrates the scale of 

hypothetical 3-D woven preform with nanotube yarn used in through thickness (Z) 

direction and typical conventional yarns used in the in-plane (‘warp’ and ‘fill’) directions.  
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Figure 2.7 Schematic of 3-D woven fabric incorporating very fine CNT yarn as through 
thickness (Z) reinforcement (taken from Bogdanovich [112]). 
 
 
 

This type of hypothetical hybrid fabric was produced in practice by 3TEX, Inc. on a 

special automated 3-D weaving machine that was capable of handling the fine CNT yarns 

in [114].  Figure 2.8 illustrates a hypothetical 3-D hybrid braided material that contains a 

large amount of aligned axial tows intertwined with very fine off-axis CNT yarns. In 

other words, CNT yarns could be 3-D braided around the ‘stationary’ bundles of much 

larger diameter axials. This type of hypothetical fabric was produced in practice by Dr. 

Mungalov of 3TEX, Inc. on a specially designed 3-D braiding machine described in 

[115].   

 

 

 
 

Figure 2.8 Schematic of square 3-D braided hybrid preform with large axial fiber 
bundles and very fine CNT off-axis braided yarns (taken from  Bogdanovich [112]). 
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3-D textile composites, including 3-D woven and 3-D braided materials, combine 

high in-plane mechanical properties with dramatically improved transverse strength, 

delamination toughness, damage tolerance, impact resistance, and other important 

characteristics. However, even relatively small volume content of the out-of-plane or off-

axis fibers results in considerable increase of interstitial resin pockets, decrease of in-

plane fiber volume fraction and, consequently, a significantly lower stiffness and strength 

in the principal (in-plane or axial) directions. Utilizing fine CNT yarns could lessen these 

adverse effects due to the dramatic decrease in size of the through thickness (or other 

type out-of-plane or off-axis) reinforcement while still sufficiently improving the 

transverse properties of the composite [112].  

CNT yarns, when used in the structures mentioned above, would also enable for 

various multifunctional properties of the hybrid textile structures and their composites. 

Individual carbon nanotubes have shown to have high thermal [13] and electrical 

conductivity [116] and the yarns made from them have also showed promising electrical 

properties [105]. Producing electrically conductive composites from CNT yarns could 

find applications in integrated hybrid composite antennas, actuators, or sensors. 

  

2.3.4 Carbon Nanotube Buckypapers 

Carbon nanotubes are an attractive material for making paper materials for the same 

reasons that they are attractive for making textiles: they resemble traditional fibers but 

possess extraordinary mechanical and physical properties. The name “buckypapers” is a 

play off of the terms “buckyballs”, “buckytubes” and “buckminsterfullerene”. These 

papers made of carbon nanotubes have been studied for use as filters [117], fire retardant 

layer for laminated composites [118], lightweight conductive coatings for 

electromagnetic interference shielding [119], lightweight lightning strike protection for 

aerospace vehicles [120] and composite reinforcements [121]. 

The most common method for producing buckypapers is to disperse CNTs in a 

solution, usually by the aid of a surfactant and high powered sonication, and then filter 
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the solution using a fine filter [122-124]. The black paper is then dried and peeled off the 

filter paper. The thicknesses are generally in the range of a few tens of microns thick. 

Due to the use of the dispersion method, short nanotubes have to be used to make the 

papers using the above method, reducing the potential properties. In addition, 

buckypapers made using the solution method have almost a completely random 

distribution of nanotubes. Figure 2.9 shows an image of a typical dispersed CNT 

buckypaper, where almost every CNT is completely curved.  

 
 
 

 
 

Figure 2.9  Dual wall CNT buckypaper produced from the solution filtering method. 
Almost every section of tubes are curved (taken from Endo et al. [123]). 
 
 

 

Although the dispersion method is the most common for making buckypapers, 

modifications of the process and novel processing routes have produced buckypapers 

with unique features. It was demonstrated by Whitby et al. that dispersing CNTs was not 

necessary to make buckypapers. In their process, the nanotubes were sonicated for a short 

time in solution with no polymer surfactant. Agglomerated clumps of nanotubes were 
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formed and quickly removed from solution using a frit. After drying they found that they 

had a CNT paper with random CNT orientation in three directions. Their samples had a 

high porosity that could be altered by using different solvents [125]. Highly porous 

buckypapers have also been produced by the integration of polystyrene nano-spheres into 

the CNT dispersion, with the subsequent dissolution of the polystyrene [126]. The level 

of micro- and nano-porosity could be controlled by changing the volume fraction of 

nano-spheres in the dispersion. The feasibility of using millimeter long CNT for 

buckypapers has also been studied. Using high speed mechanical separation and acid 

treatments, millimeter long CNTs were formed into a “pulp” by Xu et al [127]. The pulp 

was filtered and dried to make large papers. Although long nanotubes were used, the 

mechanical properties were low (~ 5 MPa tensile strength) raising questions on whether 

or not their length was preserved during the processing steps. The previous buckypaper 

production techniques resemble traditional paper making methods. Zhang showed that 

traditional textile non-woven technique of hydroentangling can be used to produce 

buckypapers [128]. High speed water jets were used to entangle CNTs on a porous 

support. The buckypapers could be produced quickly and continuously without the 

lengthy dispersion step.  

Buckypapers are often produced because their densely packed CNT structure is 

advantageous for applications like preforms for composite reinforcement or electrically 

conductive paper. However in both of those applications the desired properties would be 

dramatically improved by alignment of the densely packed tubes. Alignment in of CNTs 

has been hard to accomplish in high volume fractions. In low volume fractions, CNTs can 

untangle and straighten in a flowing solution. This was shown possible in the wet 

processing of CNT fibers from dilute solutions. In high volume fraction CNT solutions, 

alignment is hampered by the severe entanglement of the CNTs. A few methods have 

shown ways to produce buckypapers with both dense packing and a preferential CNT 

alignment. After dispersing CNTs in an acid solution Li et al. noticed that aligned 

buckypapers formed on the walls of their container after evaporation of the solution at 
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high temperatures [129]. Aligned CNT buckypapers have also been produced using a 

high strength magnetic field [130]. Their exact method was not published but it involved 

using a 17.3 Tesla magnet to align CNTs in solution before filtration to form the 

buckypaper. The same group showed that the electrical conductivity of their papers 

increased tripled and thermal conductivity doubled after the alignment step [124,131]. 

Aligned buckypapers have also been produced using a “domino pushing” method. Wang 

et al. demonstrated that short CNT arrays could be converted to films by covering the 

array with a micro-pore membrane and then moving a cylinder across the array to push 

over the nanotubes. The buckypaper was then removed from the film using ethanol [132]. 

Buckypapers grown from the floating catalyst method in a CVD furnace, with an initial 

random orientation, have been aligned using stretching [133]. SEM images of the 

buckypapers before and after stretching confirmed the alignment (see Figure 2.10).  

 
 
 
 

 
 

Figure 2.10 Buckypapers grown using CVD before (left image) and after (right image) 
stretching to produce alignment (taken from Cheng et al. [133]). 
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The alignment was enhanced significantly with the stretching process using up to 

40% strain.  It is important to note that other buckypapers tend to fail at strains less than 

2%. The mechanism to explain such extreme stretching was not elucidated. Finally, CNT 

buckypapers can be produced by pulling aligned “sheets” or “ribbons” from CNT arrays. 

Instead of twisting the sheet to form a yarn, they are collected as micron thick, 

translucent films [134-136]. A single CNT sheet is shown in Figure 2.11. Hundreds or 

thousands of CNT sheets can be stacked on top of each other to produce an aligned 

buckypaper.  

 
 
 

 
 

Figure 2.11 SEM image of a single CNT sheet pulled from a CNT array (taken from 
Cheng et al. [59]).  
 
 
 
2.4 Composite Materials 

In the world of structural materials, composites have not been around for long. 

Plastics invented around the turn of the twentieth century were envisioned as structural 

materials but lacked stiffness. In the Mid 1900’s newly developed and relatively stiff 

glass fibers were mixed with plastic resins to make some of first modern structural 
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composite materials [137]. Although definitions of a composite material very widely, it is 

generally accepted that a composite material is one that is made up of two or more 

constituents: one part being a continuous matrix phase which defines the shape of the part 

and transfers load and the other part being a strong and stiff reinforcement that bears the 

majority of the load. In most cases, composites provide superior overall mechanical 

properties to the individual parts. This is the reasoning behind utilizing carbon nanotubes 

as the reinforcement phase in composite materials; CNTs are the strongest material ever 

discovered yet in the form of a microscopic dust it is difficult to harness their strength. A 

short review on the properties of composite materials will prepare the reader for the jump 

to the processing and properties of recently developed CNT composite materials.   

Composite materials are often classified by matrix type or reinforcement type. In 

the matrix classification there are three main subsections: metal matrix composites 

(MMC), ceramic matrix composites (CMC) and polymer matrix composites (PMC). The 

high cost of production, difficulty of manufacture and higher density of MMC and CMC 

has limited most of these materials to special applications. Lower materials costs and 

relative ease of processing have allowed PMC composites to be integrated into many 

applications in everyday life. The main driving force pushing composite technologies is 

their specific strength (or strength-to-weight ratio). Carbon fiber composites have a larger 

specific strength than aluminum alloys, which is desired in the aerospace industry, while 

glass fiber composites have a higher specific strengths than sheet steel, spurring their 

integration into marine and automotive applications. Composites are also classified 

according to the reinforcement type. Particulate composites are ones that use small 

particles, platelets, flakes or rods to reinforce the matrix, where the dimensions of the 

reinforcement are roughly similar. Short fiber composites contain reinforcements that 

have length to diameter ratios of approximately 20 to 500 while continuous fiber 

reinforcements have much longer fibers whose lengths often match the dimensions of the 

composite part. Carbon nanotubes are often considered short fiber composites because 

their lengths are typically in the range of tens to hundreds of microns, however, their 
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aspect ratios can reach into the tens or hundreds of thousands. For this reason, there has 

been some disagreement as to which category carbon nanotubes fall into to. The 

following paragraphs present basic mechanics of the simplest cases for both types of 

composites. 

Long continuous fiber composites are often treated with an isostrain model. That is, 

when the whole composite part is strained in tension, the fibers and the matrix deform 

simultaneously and equally. The simplest case of a unidirectional composite produces the 

highest tensile properties of any composite geometry is also the simplest to analyze. It is 

for that reason that many carbon nanotube studies often analyze their results using the 

fundamental “Rule of Mixtures” equations. The longitudinal modulus (E11) of a 

unidirectional composite is defined by: 
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where Em is the elastic modulus of the matrix, Ef is the elastic modulus of the fiber and f 

is the fiber volume fraction. Long fiber composites can also be arranged in 2-D laminates 

and 3-D reinforced composites to obtain higher mechanical properties in multiple loading 

directions. The mechanics of these materials are complex and beyond the scope of this 

work.    

The Halpin-Tsai model is a more accurate model to determine the elastic moduli of 

unidirectional composites and can be applied to short fiber composites because it factors 

in the length (lf) and diameter (df) of the reinforcement. The longitudinal and transverse 

moduli are calculated by: 
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For a short fiber composite with random fiber orientation in two dimensions (e.g. a non-

woven mat of fiber) the modulus can be estimated as: 
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A short fiber composite with a random fiber orientation in three dimensions (e.g. short 

fibers randomly mixed in bulk resin) the modulus can be estimated as: 
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Equation (10) demonstrates the importance of reinforcement alignment when the 

objective is to make the stiffest and strongest composite possible; the modulus of the 

random composite is only about one fifth that of the unidirectional composite with the 

same reinforcing fibers.   
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When a short fiber composite is strained, the isostrain model does not always hold. 

Observation of the strain field around a fiber shows that the local strain is smaller at the 

fiber ends and increases to the bulk matrix strain moving away from the ends. The 

smaller strains translate to smaller stresses. Thus, the ends of the fiber have a lower level 

of stress than the bulk of the fiber. This lower stress level can be determined by the shear 

lag model [138]. At an aspect ratio of five or less the stress never plateaus and thus the 

fiber is not making its maximum possible contribution to increasing the composite 

stiffness and strength. Most short fiber composites have an aspect ratio much greater than 

five and therefore only a very small fraction of the fiber is under-utilized. The shear lag 

model, like the Halpin-Tsai and isostrain models assumes perfect bonding between the 

fiber and the matrix. In reality, this is not always the case, as lack of chemical bonding or 

mechanical interlocking can create a weak interface and strain is not as efficiently 

transferred to the fiber reinforcement. Weak interfacial bonding can increase the shear lag 

effect making the critical length for effective reinforcement much larger. The level of 

interfacial bonding is expressed as the interfacial shear strength (IFSS). Interfacial shear 

strength can be measured by pushing or pulling a fibers from a matrix and measuring the 

amount of force needed to displace it [139]. Another common technique is the fiber 

fragmentation method. In this method, a single fiber is embedded in a matrix material. 

The single fiber composite is then strained to an amount greater than the failure strain of 

the fiber. The fiber will fragment in the matrix at high strains. The fiber fragment length 

is dependent on the IFSS and can be determined from the fiber geometry. As the 

interfacial shear strength increases, the fiber fragments decrease in length and increase in 

number. The interfacial shear strength plays a large role in determining the mechanical 

properties of carbon nanotube composites.  
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2.5 Carbon Nanotube Reinforcements and Composites 

2.5.1  Stress Transfer in Carbon Nanotube Composites  

Traditional fiber reinforcements have functional surfaces or microscopically rough 

surfaces that allow for good load transfer between matrix and fiber. Carbon nanotubes 

have an atomically smooth surface and few sites for bonding with a matrix material. 

These surface characteristics have prompted modeling and experimental studies to 

determine the level of interfacial shear stress that is developed between CNT and matrix 

to evaluate their potential as fiber reinforcements.  

Using molecular simulations Liao and Li estimated the interfacial shear strength 

between polystyrene and CNT to be 160 MPa with a similar result of 138 MPa for epoxy-

CNT reported by Wong et al [140,141]. This is in sharp contrast to the results obtained by 

Frankland et al. who estimated shear strength of only 3 MPa between CNT and a 

polyethylene matrix in their simulation [142]. Measurements of interfacial shear strength 

have been made by multiple groups who measured the pull out force of embedded CNTs 

using atomic force microscope (AFM) or scanning probe microscope (SPM) tips. A CNT 

length dependence on IFSS was observed by Cooper et al. with a range of 20-375 MPa 

reported for their CNT-epoxy composites. The samples with the shortest embedded 

lengths less than 500 nm gave the highest values while greater embedded lengths all 

returned values less than 80 MPa [143]. An average value of 47 MPa was reported by 

Barber et al. in their experiment to pullout CNTs from a polyethylene-butene matrix 

[144]. There is a large amount of scatter in the data collected for IFSS of polymers and 

CNT. This can be attributed to the different matrix types studied and probably more 

importantly to the fact CNTs are not perfect structures, so slight differences between 

batches or manufactures could make a significant difference in their interfacial properties.  

With an estimated IFSS it is possible to determine the length of CNTs needed to 

carry the maximum stress along most of its length. Haque and Ramasetty used finite 

element modeling to determine these lengths and compared their computational results to 

others, such as the shear lag model [145]. In their study they assumed an IFSS of 50 MPa, 

 32



which seems reasonable considering the range of values presented previously. They 

concluded that for a CNT to experience excellent stress transfer the CNT aspect ratio 

should be greater than 400. Figure 2.12 is taken from their paper in Composite Structures 

[145]. This shows the effect of aspect ratio on the axial stress at different lengths along 

the nanotube. Even CNTs with an aspect ratio of 100 experience maximum stress over 

90% of their length. In reality, this result does not hold because nanotubes are almost 

never straight in a composite, they are often extremely curved or wavy due to their small 

diameter and large flexibility.  

 
 
 

 
Figure 2.12 Normalized stress on a carbon nanotube at different positions along the 
length. Higher aspect ratio reach as saturated stress level over most of the CNT length 
(taken from Haque and Ramasetty [145]). 
 
 
 

Volume fraction, orientation and IFSS are not the only important factors to consider 

when determining the potential strength of a CNT composite. Waviness of CNTs within 

the composite can have a large impact on the composite properties. A micromechanical 

model was developed by Shi et al. to describe a wavy CNT as a helical spring shape 
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[146]. The level of waviness was described by an orientation factor θ, which indicated the 

angle of the helical shape in relation to the loading axis. Using their model they showed a 

progressive lowering of the composite elastic modulus with an increase in θ. The 

mechanical properties of composites with 2-D wavy nanotubes have been modeled using 

finite element analysis [147]. In that study, the model showed that the elastic modulus of 

a composite could decrease by five times or more with a large amount of waviness. 

Figure 2.13 was taken from the same paper and shows an example how both orientation 

and waviness contribute to the reduction of elastic modulus of CNT reinforced 

composites.  

 
 
 

 
 

Figure 2.13 Effects of carbon nanotube orientation and waviness on the effective 
modulus of a CNT composite (taken from Fisher et al [147]). 
 
 
 

2.5.2 Carbon Nanotube – Matrix Interactions   

In traditional fiber reinforced composites, fibers range in diameter from 5-15 

microns. In these composites the fraction of polymer matrix molecules that are located 

within a few nanometers of the fibers is very small. When the diameter of the fibers is 
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reduced to the level of nanometers, the fiber and the matrix are now approximately on the 

same size scale. The surface area per unit mass of the nanotube reinforcement is a few 

orders of magnitude greater than traditional fibers. Therefore, a CNT composite with the 

same volume fraction of reinforcement as traditional composite will have an interaction 

volume with the matrix a few orders of magnitude larger as well.  

The high level of interactions between nano-reinforcement and matrix are important 

because they can induce crystallization of thermoplastic polymers [148,149], change the 

curing kinetics for thermosetting resins [150,151], and influence the temperature 

transitions of the matrix material [152,153]. Dynamic mechanical analysis (DMA) is 

commonly used to determine the temperature transitions of polymer materials. During a 

DMA test, an oscillating force is applied to a sample and the mechanical response of the 

material is monitored as a function of frequency or temperature. The method is used to 

identify temperature transitions in the polymer material, such as α-, ß- and γ-relaxation 

processes, which are important characteristics in determining the mechanical and thermal 

properties of a polymer material.  

While DMA is used heavily in the polymer research fields to identify the properties 

of new viscoelastic materials, the same technique can be used to study composite 

materials [154,155]. If the composite is comprised of a reinforcing material having 

stiffness in orders of magnitude above that of the matrix, and if a reinforcing material is 

non-polymeric, then it can be considered an ideally elastic element. Accordingly, it is not 

supposed to make any contribution to the dampening of the composite system. This is the 

assumption made for high performance fibers like glass, carbon or ceramics. In these 

types of composites the δtan value, or damping, of the composite is reduced 

proportionally to the increase of volume fraction of the fibers, simply because as smaller 

the volume fraction of viscoelastic matrix in the composite, as lower the composite 

damping shall be. Very importantly, the temperature at which the δtan  peak occurs is not 

affected by the volume fraction of an elastic reinforcement, because in traditional 

composites the structure, morphology and properties of the polymer matrix remain the 
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same at all fiber volume fractions. This is, probably, not absolutely true, because in the 

interfacial regions between fibers and matrix they may be engaged in some interactions. 

However, the proportion of the total volume of such interfacial regions to the total 

volume of the bulk matrix is so minuscule that these effects do not considerably influence 

the composite characteristics revealed by DMA. As the size scale of the reinforcing fibers 

in a given volume gets gradually smaller, but the total fiber volume fraction stays the 

same, the total percentage of polymer chains interacting with the fibers gradually 

increases. As the transverse size of fibers approaches the nano-scale of the polymer 

macromolecules, the large surface area of interaction between the fibers and 

macromolecules shall reflect in the total intensity of non-elastic interactions, which has to 

be seen, consequently, in the δtan curves of the composite.  

When studying composites with nano-sized particles, researchers have been able to 

increase the glass transition temperature, as indicated by the δtan peak obtained from 

DMA. This effect was reported for nanoparticle reinforced PVC [152], polyurethane 

[156] and epoxy [153]. Analogous effects are observed when CNTs are dispersed in 

polymers. A slight decrease in the δtan  value, with a small increase in glass transition 

temperature , were reported in CNT-epoxy composites with ultra low weight fractions 

of 0.01-0.05 % of CNTs [157]. When utilizing larger weight fractions, from 0.1 to 0.4%, 

Zhou et al. showed a progressive decrease in the 

gT

δtan  of their CNT-epoxy composites, 

as well as a progressive increases in  with increasing weight fraction of the CNTs 

[158]. Carbon nanotubes in polycarbonate showed the same trends with small changes 

in

gT

δtan  and  temperature peak [159,160].  gT

 

2.5.3 Low Volume Fraction Carbon Nanotube Composites 

Carbon nanotubes have always been expensive, on the order of hundreds of dollars 

per gram for the cleanest, most defect free single wall nanotubes. Commercial adoption 

of such an expensive material will first happen in specialty and niche applications where 
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only small amount of CNTs are needed. One of these applications is in improving the 

properties of bulk polymer materials. Significant changes in the elastic modulus and 

strength of bulk polymers should be provided by only a small volume fraction of CNTs 

(see equations 3-10). Carbon nanotubes have also shown to increase the fracture 

toughness of polymer materials by bridging cracks [161]. Adding small volume fractions 

of CNTs to insulating polymers has also shown large increases in the electrical 

conductivity allowing for dissipation of static charge [162]. Many processing methods 

have been developed to disperse carbon nanotubes into thermoplastic and thermosetting 

polymers.  

Carbon nanotubes can not be simply mixed with melted thermoplastic polymers to 

produce well dispersed CNT composites. It takes a significant amount of energy to 

individualize the CNTs. A simple way to apply this energy is through sonication of a 

CNT solution. Consequently, solution casting is often used to create CNT-polymer 

composites. First, the CNTs are sonicated and dispersed in a solvent. After a good 

dispersion is formed a second solution with dissolved polymer is added. The solutions are 

cast into films and the solvent is allowed to evaporate off. This method has been used to 

make low volume fraction CNT composites with polystyrene [163,164], poly (vinyl 

alcohol) [165], and ultrahigh molecular weight polyethylene [166]. A more commercial 

method of producing dispersed CNT composites is through the use of high shear mixer. 

The CNTs are added directly to the molten polymer in the mixer and the shear forces 

break apart the nanotube bundles, increasing their dispersion. This method has been used 

to increase the tensile strength and modulus of polystyrene [167], polypropylene [168] 

and nylon composites [169]. Alignment of carbon nanotubes within these mixtures can be 

achieved by extruding and drawing fibers [170,171].  

Thermosetting polymer matrices are commonly used in traditional composites 

because of their high stiffness, mechanical strength at elevated temperatures, resistance to 

creep, and ease of processing. Low viscosity epoxies and other performance resins can be 

fully infused into micron scale cavities between fibers during processing to minimize 
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voids in the final composite parts. One of the weak points of fiber composites is that 

failure is often initiated between plies by delamination, or cracks forming in between 

layers of fibers. If no through thickness fiber reinforcement is employed, the resistance to 

delamination is dominated by matrix properties. Consequently, many papers have been 

published with the motivation of increasing the strength and toughness of epoxy resins 

through adding small amounts of CNTs [172-174]. Zhu et al. measured a 31% increase in 

the interlaminar shear stress (ILSS) with the addition of 0.1 wt. % CNTs to their 

laminated glass fiber - vinyl ester composites [175]. Similar increases in ILSS were 

recorded by Fan and colleagues with the addition of CNTs to laminated glass fiber - 

epoxy composites [176]. The addition of 1 wt. % of CNTs to epoxy by Karapappas et al. 

provided a 40% increase in the mode I and mode II fracture toughness of laminated 

carbon fiber composites [177]. Alignment of CNTs in epoxy was achieved in very low 

weight fraction composites (< 0.1%) through mechanical shearing and electric fields. 

Xiao et al. used parallel steel rotating plates to prepare disks of epoxy with the CNTs 

aligned in the direction of rotation [178], while Martin et al. placed curing CNT-epoxy 

composites in an electric field to align the nanotubes [179]. To further increase the 

mechanical properties of CNT-epoxy composites, the surface of carbon nanotubes can be 

functionalized to increase the IFSS. Amine based hardeners are commonly used to 

crosslink epoxy molecules. With the addition of amine functional groups to a carbon 

nanotubes surface, they can be covalently crosslinked into the epoxy network. Amine 

functionalization of CNTs increased composite strength and stiffness over control 

samples with non-functionalized CNT reinforcement in multiple studies [180-183].     

Carbon nanotubes are useful for increasing the mechanical properties of resin 

systems used in traditional composite materials. However, low volume fraction CNT 

composites will never reach the mechanical properties of traditional fiber reinforced 

composites. With only 1% volume fraction of aligned CNTs in a matrix, a stiffness of 

approximately 10 GPa is expected when loaded in the nanotube alignment direction. 

Much lower values are obtained when the CNTs are randomly oriented. That value is far 
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from the 100-300 GPa elastic modulus that can be obtained for high volume fraction 

unidirectional carbon fiber composites. Recently, with new methods to grow long CNTs, 

described in section 2.2, CNT composite researchers have been aiming to replicate the 

morphology of traditional fiber composites on the nano-scale. Increasing the volume 

fraction significantly, while aligning the CNTs in a single direction is essential to 

producing the next generation of CNT based composites.     

 

2.5.4 High Volume Fraction Carbon Nanotube Composites  

Producing high volume fraction CNT composites is not as simple as mixing large 

quantities of CNTs into a polymer matrix. At lower volume fractions the CNTs can be 

dispersed during processing and curing. When the volume fraction is increased a uniform 

distribution becomes harder to achieve. The agglomeration of CNTs produces resin rich 

and CNT rich areas that provide ineffective load transfer to CNTs and produce stress 

concentrations that act as defects in the material. This was experienced by Ogasawara et 

al. who mixed increasing amounts of CNTs into a thermosetting polyimide resin. The 

material became progressively weaker as larger volume fractions were used. A volume 

fraction of 10% CNTs produced composite samples with a tensile strength 18% lower 

than the neat resin [184]. Higher volume fraction buckypapers with short CNTs provided 

similar results. Buckypaper-epoxy composites produced by Spitalsky had a tensile of 50-

70% lower than the neat resin at weight fractions greater than 10% [185]. High volume 

fraction CNT buckypaper – polycarbonate composites produced reductions in tensile 

strength of up to 65% as compared to the neat resin [186]. A small tensile strength 

improvement of 23% was reported by Lopes et al. however, with an estimated 20 wt. % 

CNTs in their buckypaper – CNT composites, this is far lower than expected and desired 

[187].  

A successful route for producing high volume fraction CNT composites with short 

CNTs is layer-by-layer deposition. Self assembling CNT composites are also known as 

layer-by-layer (LBL) or electrostatic assemblies. In this process CNTs are dispersed in 
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oppositely charged ionic polymeric solutions [188-190]. The structure grows in thickness 

when the sample is removed from one ionic solution, rinsed and then placed in the 

oppositely charged solution. Repeating this process over and over increases the thickness 

of the composite. This process is advantageous because high volume fractions can be 

reached while bundling of the CNTs is limited. This process has been completed with 

both multi-walled carbon nanotubes (MWCNTs) [191] and single walled carbon 

nanotubes (SWCNTs) [192]. While good mechanical properties have been recorded using 

this process it should be noted that the sample sizes used in the literature have been 

extremely thin allowing for less defects to influence the final strength. The micron 

thickness of the samples made using LBL is the major drawback to using this method for 

making high volume fraction CNT composites. Samples referenced previously range 

from 500-1000 nm in thickness, three orders of magnitude thinner than most traditional 

composites. An example of the fracture surface of a micron thick LBL composite is 

shown in Figure 2.14. 

 
 

 

 
 

Figure 2.14 Fracture surface of a micron thick CNT composite produced by the layer-by-
layer technique (taken from Shim et al. [192]). 
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Layer-by-layer assemblies are inherently slow processes because they rely on the 

deposition of a few nanometers of material with every cycle in the process which has 

limited their final thickness to about one micron. Building a composite with a 

macroscopic thickness dimension takes time during the transition from oppositely 

charged ionic solutions and rinsing in between. To reach a thickness of 1 mm, current 

technologies that deposit 20 nm and 5 nm thickness on each cycle would need 50,000 to 

200,000 cycles [193,194]. With each cycle currently taking tens of minutes, even a 

reduction of each cycle to seconds through the use of automated rolling bath system or 

spray deposition system would still require days to produce such thick composites 

[195,196]. Another disadvantage of the LBL process is that a polyelectrolyte is employed 

as the matrix. Polyelectrolyes typically have low glass transition temperature, low 

strength and low moisture resistance. Use of this type of matrix in an aerospace 

composite component is highly undesirable. 

Organizing and aligning long carbon nanotubes is the key to improving the 

mechanical properties of CNT composites. Only in the past few years have researchers 

been able to produce such preforms and composites. Wardle et al. produced high volume 

fraction, millimeter long, aligned CNT – epoxy composites through bi-axial pressing of 

CNT arrays [197,198]. Carbon nanotube arrays with an as-grown volume fraction of 

approximately 2% were pressed in both x and y axes, perpendicularly to the growth of the 

CNTs (z axis). After infusing the pressed preforms with epoxy they found that the 

compressive modulus of the composite was near the predicted value [198]. The shortfall 

of this method is that the length of the composite in the direction of the aligned CNTs is 

limited to the array height, limiting the bi-axial pressed composites to applications 

requiring only compressive loading. 

Yarns and fibers made from long CNTs are an attractive raw material for producing 

CNT composites with a similar morphology to traditional fiber reinforced composites. 

Yarns can be arranged parallel to each other to form unidirectional composites or they 

can be processed with specialty textile machinery to produce woven or braided preforms 
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for composite applications. While there have been numerous studies that have produced 

CNT yarns or studied their multi-functional properties there have only been two studies 

where significant quantities of the yarns were processed into composites for mechanical 

testing [114,199]. Many research groups can produce yarns in meter long lengths, for 

individual yarn testing, while only two groups have produced the hundreds of meters of 

yarn needed to make macroscopic composites [105,199]. Mora et al. made unidirectional 

CNT fiber – epoxy composites using fibers produced by their continuous CVD spinning 

method [200]. Tensile strength of the composite samples was 250 MPa with a CNT 

volume fraction of around 25%. Bogdanovich et al. utilized plied CNT yarns in the textile 

processing technique of 3-D braiding [106]. This was the first time that such yarns were 

used in any textile forming process. The same 3-D braids were consolidated into 

composites in [114]. The square shape preforms allowed for easy consolidation of the 

samples into composites and for tensile testing of both the dry braids and the composites. 

Strength of up to 315 MPa were obtained for the 3-D braid composites with an estimated 

volume fraction of 40%. Figure 2.15 shows the fracture surface for both the 

unidirectional CNT fiber and 3-D braided CNT yarn composites. While there are clear 

resin rich areas seen from the fracture surface of the unidirectional composite, the 3-D 

braided CNT yarn composite showed tight packing of the yarns and no apparent resin 

rich areas. This fact demonstrates one advantage of using the 3-D braided structure when 

preparing CNT composite samples.   
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Figure 2.15 Fracture surfaces of unidirectional CNT fiber composites (left image – taken 
from [199]) and 3-D braided CNT yarn composites (right image – taken from [114]).  
 
 
 

The randomly oriented buckypaper composites, reviewed at the beginning of this 

section, had lower strength than their respected neat resins due to the misalignment of the 

CNTs and short CNT lengths. New methods to produce buckypapers with millimeter 

long CNTs with a preferential alignment have improved the mechanical properties of the 

composites significantly [59,133,201]. One novel process to produce aligned 

buckypapers is to the stacking of CNT sheets, discussed in section 2.3.3. Through 

stacking hundred of layers of aligned CNT sheets on top of each other, Cheng et al. made 

preforms for epoxy resin infusion. Their composites showed an improvement in 

mechanical properties reaching a tensile strength of 230 MPa with weight fraction of 

16.5% CNTs [59,201]. Composites made from stretched aligned buckypapers (see 

section 2.3.3) and bismaleimide (BMI) resin recorded the highest strength and stiffness 

for a CNT – thermosetting matrix composite material: 2 GPa and 169 GPa respectively 

[133]. These values far exceed values reported in any other study. The alignment of 

CNTs alone does not explain the record values, as composites made from yarns, fibers 

and sheet had preferential alignment as well. It is possible that the BMI matrix has a 
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higher load transfer efficiency which should be further investigated by the scientific 

community.  

 

2.6 Research Opportunities and Objectives 

After comprehensive review of the literature on carbon nanotube assemblies and 

composites it is clear that there are many opportunities to build on previous work or 

create new solutions to challenges that the CNT research community faces. A few of 

these opportunities and challenges, which make up the body of this work, are discussed.  

Tall, vertically aligned carbon nanotube array structures have great potential for 

energy absorbing applications due to the excellent mechanical properties and high level 

of alignment. However, there are only a few published research studies that cover this 

topic. In Chapter 4, a new method of creating high compressive strength CNT array 

foams is approached. In this specific approach, the major goals are to create foams that 

have tunable properties sufficient for a range of real world energy absorbing applications. 

In addition to the new processing approach, the mechanical testing data and investigation 

into the structure provide new insights in the compressive behavior of CNT arrays.  

Another opportunity arises from a continuation of previous work of the author and 

research partners. In [112], Bogdanovich developed a completely novel idea of carbon 

nanotube yarn textiles, citing some new and exciting applications where small quantities 

of yarns will make a significant impact on composite structures. The middle portion of 

this dissertation is dedicated to further study into CNT yarn textiles and their properties. 

Chapter 5 details a study of the multi-functional properties of hybrid 3-D braids that 

incorporate CNT yarns with insulating glass fibers. The objective is to develop an 

understanding of how the electrical conductivity of CNT yarns transfers to composite 

structures where small amounts of the yarns are utilized. Chapter 6 describes a dynamic 

mechanical testing experiment of high volume fraction CNT composites produced from 

3-D braided CNT yarns. Previous tensile testing of these composite structures in [114], 

showed unusual mechanical testing results in that the strain-to-failure values of the 
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composites were much lower than expected. Examples from the literature showed that 

CNT-polymer interactions can have an impact on the thermal transitions of low volume 

fraction composites however; no comprehensive study has been completed on high 

volume fraction CNT composites where the interaction volume is much greater. Dramatic 

changes in the thermal transitions of the epoxies and composites are discussed to identify 

possible explanations for the tensile testing data presented in [202]. 

Carbon nanotube composite researchers are interested in developing processing 

solutions to create CNT preforms and composites with an identical morphology to 

traditional fiber composites, where the CNTs: have lengths in the range of millimeters or 

greater, have a unidirectional alignment, are packed to a high volume fraction and can be 

produced in a process that fast and is conducive to future commercialization. While the 

literature shows that other methods for producing CNT composites provide a range of 

those desired characteristics, the novel process of “shear pressing” carbon nanotube 

arrays, for use in high volume fraction CNT composites, in Chapter 7 is a solution that 

provides all (to a degree) of the desired requirements simultaneously. An examination of 

the morphology and tensile mechanical properties of composites are completed to 

demonstrate the benefits of the new processing method. 
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3 Experimental 
  
3.1 Materials 

Carbon nanotubes were grown on (100) 350 μm thick polished silicon wafers 

purchased from University Wafer Company. Buffer and catalyst layers were sputtered 

from 99.99% pure Al2O3 and iron targets purchased from Kurt Lesker Company. 

Chemical vapor deposition was performed with 99.999% argon, hydrogen and ethylene 

from Machine and Welding Supply Company. Carbon nanotube yarns were supplied by 

University of Texas at Dallas, produced using their draw twist method of CNT arrays 

300-500 μm in height. Carbon nanotube 3-D braiding was conducted by 3TEX, Inc. Two 

epoxy resin systems were used for composites fabrication supplied by Hexion Specialty 

Chemicals: 1.) Epon 9505 bisphenol-A epoxy, Epikure 9554 polyamine curing agent, 

Helloxy 116 modifier  2.) Epikote 862 bisphenol-F epoxy resin and EPIKURE W 

aromatic amine hardener. 

 

3.2 Carbon Nanotube Growth and Assembly 

3.2.1  Carbon Nanotube Array Growth 

A buffer layer/catalyst film of 10/2 nm of Al2O3/Fe was magnetron sputtered onto a 

silicon wafer. The base pressure before sputtering was 6x10-5 Pa. Figure 3.1 shows the 

machine setup for the magnetron sputtering system. The sample was rotated during 

sputtering to increase film uniformity and the thickness was monitored using a quartz 

crystal microbalance. The quartz balance was calibrated by sputtering a thin film over the 

course of a few hours and measuring the thickness of the film using SEM. The distance 

from sputtering cathode to sample stage was 7 cm. The alumina layer was sputtered in a 

95/5% Ar/O2 gas mixture (99.999%) at a pressure of 0.13 Pa from a 99.99% Al2O3 target. 

The sputter gas flow rate was 10 sccm and the sputtering power was 8 W/cm2. Under 

these conditions the sputter rate was 0.03-0.04 Å/s.   The iron layer was sputtered at a 

pressure of 0.13 Pa in pure Ar (99.9999%) from a 99.99% Fe target. The sputter gas flow 
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rate was 10 sccm and the sputtering power was 3 W/cm2. Using these conditions the iron 

sputtering rate was 0.4-0.5 Å/s. 

 
 
 

 
 
Figure 3.1 Schematic for magnetron system built to sputter buffer/catalyst layers for 
CNT array growth.  

 
 
 
The catalyst substrates were placed in the middle of a single zone quartz tube 

furnace with an inner tube diameter of 22 mm and heating zone of 30 cm. Figure 3.2 

shows an illustration of the furnace setup. The tube was vacuum pumped to 100 Pa and 

refilled with the growth gas mixture of Ar, H2 and C2H4 and remained at atmospheric 

pressure during the growth step. Mass flow controllers regulated the flow of each gas. 

Argon flowed at a rate of 56 sccm, H2 flowed at a rate of 10 sccm and C2H4 flowed at 14 
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sccm (80 sccm total). While the growth gasses were flowing the furnace was heated to 

750 °C at its maximum rate, taking approximately 10 minutes. After reaching 750 °C the 

gases were allowed to flow for 25 min, then the system was flushed with Ar gas during 

furnace cool down. CNT arrays approximately 1.4 mm tall were produced. 

 
 
 
 

 
 
Figure 3.2 Illustration of the CVD system built for CNT array growth. 
 
 
 

To produce CNT array foams that could recover from compressive deformation an 

extra CVD step was conducted. After completing CNT array growth in 25 minutes, the 

growth gasses were replaced by pure C2H4 for 30 seconds. Here, the high hydrocarbon 

concentration accelerated amorphous carbon buildup and termination of CNT synthesis 

occurred within the 30 seconds. After the termination step, the gas flow mixture was 
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reverted back to the original growth formula (56 sccm Ar, 10 sccm H2 and 14 sccm C2H4) 

and held at 750 °C for at least 65 minutes. 

 

3.2.2  Carbon Nanotube Yarn 3-D Braids 

Five-ply carbon nanotube yarns were 3-D braided at 3TEX, Inc. by Dr. Dimitri 

Mungalov, on his specially designed and constructed system for 3-D braiding nanotube 

yarns with operation similar to their full scale production machinery. A glass box with 

openings for two hands at the sides, the manually operated 3-D braiding apparatus placed 

on the top of the box, and mounted movable microscope allowed for manipulations with 

the yarn segments merging to the braiding point within the box. The apparatus is 

illustrated in Figure 3.3. Hybird 3-D braids were produced by inserting S-glass bundles in 

the axial positions of the machine. 

 
 
 

 
 
Figure 3.3 3TEX, Inc. apparatus for 3-D braiding with nanotube yarns (taken from 
[106]). 
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3.2.3  Carbon Nanotube Buckypaper Formation 

The as-grown arrays on silicon substrate were placed on a custom pressing device 

consisting of two aluminum parallel plates: one fixed flat plate and one plate affixed to a 

linear bearing with an adjustable angle. A bare piece of Si wafer was glued to the fixed 

plate to act as a backstop for the array during pressing. The arrays were pressed by hand 

at an angle of 35° in relation to the substrate. Pressing time was approximately two 

seconds. The CNT buckypapers were then peeled from the substrates by hand using flat 

tweezers. 

 

3.3 Carbon Nanotube Composite Fabrication 

Carbon nanotube – epoxy composites were fabricated with the 3-D braided carbon 

nanotube yarn preforms, hybrid 3-D braided preforms and the shear pressed aligned CNT 

buckypapers. Epoxy and curing agent was mixed according to the manufactures data 

sheets for both of the epoxy systems (1. Epon 9505 bisphenol-A epoxy, Epikure 9554 

polyamine curing agent, Helloxy 116 modifier  2. Epikote 862 bisphenol-F epoxy resin 

and EPIKURE W aromatic amine hardener). The preforms were placed in the epoxy resin 

mixture. The mixture was heated in a vacuum oven to reduce the viscosity of the resin 

system to ensure penetration of the polymer molecules deep within the structure. Vacuum 

was applied to the oven with a mechanical pump to degas the resin and the CNT 

preforms. After removing the preform from the epoxy resin excess resin was removed 

from the preforms to ensure the highest volume fractions. The detailed methods for 

processing each type of CNT composite were slightly different and the detailed infusion 

procedures will be given in the respective chapters.  

 

3.4 Chemical Structure Analysis  

The chemical composition of the 10 nm aluminum oxide buffer layer, used to 

support the iron nano-particles during CNT growth, was determined using x-ray 

photoelectron spectroscopy (XPS) in a Riber LAS-3000. Freshly sputtered samples were 
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transported to the XPS machine using Fluoroware containers to reduce surface 

contamination. Base pressure during the measurements was 10-10 Torr. Survey scans of 

the surface were collected from binding energies of 1200-1 eV with a 1 eV step. The x-

ray source was a Mg kα with a spot size of 2-3 mm. Three scans were performed on each 

sample with a 0.1 dwell time.  

The quality of grown CNT arrays was assessed using Renishaw Ramascope. The 

laser was 514 nm wavelength and focused on the sample through a Renishaw 

microscope. Due to degradation of the Rayleigh filter, which increase background signal, 

samples were scanned for 100 seconds. Scans were completed in the Raman shift range 

of 1700-1200 cm-1. Samples were tested in at least three locations to make sure there was 

consistency of the peaks within the sample.  

  

3.5 Micro-structural Analysis 

Inspection of sample quality and measurement of CNT array height was made using 

a stereo microscope with magnifications of 10x and 30x. Samples were viewed using 

reflected illumination from a florescent lamp. A scale bar in one eyepiece was used for 

length measurements. At 30x magnification one division in the scale bar equaled a 

distance of 33 microns.  

Scanning electron microscopy was used to investigate the morphology of the CNT 

structures. A JEOL 6400F operating at 5kV was used to capture the images. Samples 

were mounted to the aluminum sample stage with double-sided conductive carbon tape. 

As the CNT structures were electrically conductive, no metal sputter coating was 

necessary to reduce charging.  

Transmission electron microscopy images were collected in a JEOL 2010F 

operating at 200kV to measure the diameter and number of walls in the grown carbon 

nanotubes. The carbon nanotubes were individualized by sonicating the as-grown tubes in 

ethanol for 10 minutes. Once a dispersion was formed, a drop of the solution was placed 
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on a holey carbon TEM grid and then allowed to dry. Images were taken within 30 

seconds of focusing to prevent excessive beam damage.   

  

3.6 Mechanical Analysis 

3.6.1 Tensile Testing 

Tensile testing was performed on a Shimadzu EZ-S tensile tester with a 100 N load 

cell. Grips were custom built with screw driven clamps to fix the samples in place. Strain 

was measured from grip displacement. Elastic modulus was calculated from the slope of 

the initial loading region. The thickness dimension of the tensile testing coupons was 

measured using a micrometer. Sample widths and gage lengths were measured using a 

digital caliper. Sample coupons were mounted to tabs cut from a sheet of 600 grit 

sandpaper to prevent slipping and to reduce stress concentrations at the grips. Gage 

length was 7.5 mm and testing speed was 0.5 mm/min. Figure 3.4 shows tabbed 

composite specimens ready for tensile testing.  

 
 
 
 

 
 

Figure 3.4 CNT composite tensile specimen tabbed on 600 grit sandpaper to prevent 
slipping. 
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3.6.2 Dynamic Mechanical Analysis 

Neat resin samples and CNT composite samples were studied on a TA Instruments 

Q800 DMA. The samples were tested in tension with a gauge length of 2 cm, fixed strain 

amplitude of 0.1% and cycling frequency of 1 Hz. Storage modulus, loss modulus, and 

δtan  data were collected from -100 to +150°C with a heating ramp rate of 3 oC/min. 

Cryogenic temperatures were achieved with liquid nitrogen. Cross sectional area was 

determined by measuring the area of a fractured 3-D braid composite sample and using 

the outside dimensions of aligned buckypaper composite measured using digital calipers. 

 

3.7 Thermal Properties Analysis 

Mass fraction of the composite samples was determined by using thermal 

gravimetric analysis in an Perkins Elmer Pyris 1 machine. Carbon nanotubes were stable 

to approximately 1000 oC in nitrogen. Epoxy degraded at approximately 400 oC in 

nitrogen. Mass fraction of CNTs in composites was calculated by subtracting the residual 

mass of pure epoxy after heating from the composite residual mass after heating. Samples 

with a mass of approximately 5 mg were heated in a platinum pan in a (99.999%) 

nitrogen atmosphere from 25 oC to 900 oC at a heating rate of 10 oC/min. 

 

3.8 Electrical Properties Characterization 

The electrical resistance of carbon nanotube yarn preforms and composites was 

measured down the length of the structures. Silver epoxy was used to create conductive 

electrodes for electrical contact.  Resistance was measured using a Hewlett Packard 

4145A Semiconductor Parameter Analyzer with two probes at room temperature. The 

resistance was calculated from the slope of the voltage vs. current plot during a current 

sweep of -100 to 100 mA for the carbon fiber tows, the 3-D braided nanotube yarns and 

the hybrid 3-D braid. The current sweep for the smallest structure, the plied nanotube 

yarns, was -1 to 1 mA. 
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Electrical resistance measurements were across made on shear pressed CNT 

preforms and composites. Silver electrodes were sputtered onto the ends of the 

buckypapers and the composites using the sputtering system seen in Figure 3.1. 

Resistance measurements were made using an Agilent 34410A 6.5 digit multi-meter. 
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4  Tuning the Compressive Properties of Energy Absorbing  
Carbon Nanotube Arrays 
 

4.1 Background 

The combination of low density with high strength, stiffness, electrical and thermal 

conductivity make carbon nanotubes (CNT) an attractive raw material for producing low 

density, multifunctional, high performance foam materials. Applications for CNT foams 

range from energy absorbing structures for acoustic, vibration, impact and shockwave 

mitigation [91], electromechanical devices based on device compressibility and electrical 

response [92,203], compliant electrical contacts such as motor brushes [84] and lipophilic 

absorbent sponges [204].  Approaches to produce CNT based foams include: growing 

random tangled networks of long CNTs in a chemical vapor deposition (CVD) furnace 

[204], foaming liquid or gel precursors loaded with CNTs and carbonizing the non-CNT 

material [205,206], and growing vertically aligned arrays of CNTs (also known as 

forests, mats, films brushes and turf) using CVD [87,90]. The first two approaches form a 

random network of CNTs, while CNT arrays are a porous network of aligned nanotubes.  

The alignment in CNT arrays is advantageous when a compressive force is applied 

parallel to the growth direction, as the CNTs act as strong struts or columns. The 

compressive behavior of short CNT arrays has been studied with both indentation and 

impact tests showing good energy dissipation [85,86,88,89,207,208]. Many research 

groups now grow CNT arrays with lengths of multiple millimeters [38,68,74]. With those 

lengths (and future advances producing multiple centimeter tall arrays) total energy 

absorption during compression or impact would be significant and thus these materials 

could transition from energy absorbing thin coatings to bulk energy absorbing foams. 

When CNT arrays are compressed with large strains they have the tendency to 

permanently deform, allowing for little energy dissipation upon subsequent loading. 

Ideally, an energy absorbing CNT array would exhibit full recover to its original 

dimensions after maximum compression; this desirable behavior has only been reported 

in a couple of instances for millimeter long arrays [91,92]. While the compressive 
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properties of those arrays were rigorously analyzed, the questions remain: 1) is it possible 

to tune the mechanical properties of the CNT foam for a variety of practical applications?  

2) what structural features are necessary for the recovery in a CNT array foam? 
 

4.2 Experimental Procedure 

Synthesis of the CNT arrays was accomplished through nano-particle catalyzed 

synthesis on a silicon wafer. A 10 nm layer of Al2O3 was sputtered on the silicon wafer to 

act as a buffer layer, followed by a 2 nm layer of iron. A tube furnace with 22 mm inner 

diameter was used for the CVD processes. Argon (Ar), hydrogen (H2) and ethylene 

(C2H4) feed gasses were regulated with mass flow controllers. After sealing the catalyst 

substrate in the tube, the ambient atmosphere was removed by vacuum and replaced by 

the synthesis gasses. Flow rates of 56 standard cubic centimeters per minute (sccm) of 

Ar, 10 sccm of H2 and 14 sccm of C2H4 were maintained through the temperature ramp 

and CNT synthesis periods. The furnace was ramped to 750 oC in 10 minutes and then 

held at that temperature for 25 minutes. CNT synthesis was stopped at 25 minutes by 

briefly introducing a flow of pure C2H4 in the tube to smother the catalyst with 

amorphous carbon and then cooling the furnace to room temperature under a flow of pure 

argon. The arrays grew to approximately 1.4 mm in 25 minutes.  

The as-grown arrays behaved like rigid foam in compression, as the deformation of 

the structure was permanent upon load release. A post-synthesis CVD treatment step was 

added to alter the CNT structure within the array and provided the desired compressive 

strength increases, recovery from deformation and ability to tune the foam properties. 

After completing CNT array growth in 25 minutes, the growth gasses were replaced by 

pure C2H4 for 30 seconds. Array growth has shown to naturally slow and then stop with 

the buildup of amorphous carbon on catalyst particles exposed to hydrocarbon gases [71]. 

Here, the high hydrocarbon concentration accelerated amorphous carbon buildup and 

termination of CNT synthesis occurred within the 30 seconds. After the termination step, 

the gas flow mixture was reverted back to the original growth formula (56 sccm Ar, 10 
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sccm H2 and 14 sccm C2H4). The CNT arrays remained in the furnace but no further 

vertical growth of the nanotubes was observed.  

 
 
 

 
 
Figure 4.1 Schematic showing the compressive behavior of CNT arrays before and after 
post-synthesis CVD treatment. 
 
 
 

However, when the array was removed after a two hour post-synthesis treatment, it 

exhibited full recovery of the original sample dimensions after a compressive load was 

removed (see Figure 4.1). The transition from permanent deformation to recovery of the 

CNT arrays warranted further study. 

 

4.3 Results and Discussion 

4.3.1 Effects of CVD Treatment Time on Array Mechanical Properties 

A significant morphological change during the post-synthesis CVD treatment 

caused the CNT arrays to became resilient and exhibit shape recovery after compression. 

Figure 4.2a shows a scanning electron microscope (SEM) image of the side of the as 
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grown CNT array. The SEM image in Figure 4.2b shows the array after the two hour 

post-growth treatment with no identifiable structural changes.  

 
 
 

  
 

Figure 4.2 SEM images of a) as-grown vertical CNT array and b) CNT array foam 
with 150 minute CVD treatment.  

 
 
 

High resolution transmission electron microscopy (TEM) was used to examine the 

individual CNTs. Figure 4.3a-b shows the as-grown CNTs. They had 3-4 walls with a 

diameters range of approximately 7-9 nm. After the two hour CVD treatment the 

nanotubes experienced radial graphitic growth (see Figure 4.3c-d). Nanotubes with 

diameters up to 14 nm were measured. Additional graphitic layers in the tube were 

identified in the highest resolution images with CNTs containing up to 14 walls. To the 

best of the author’s knowledge, this epitaxial type growth of new graphic walls on CNTs 

has not previously been reported. Our observations of increase in tube wall number 

contrast results obtained by Xuesong et al., who used a much faster chemical vapor 

infiltration (CVI) process to almost completely fill CNT arrays with pyrolyzed carbon 

[209]. 
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Figure 4.3 TEM images of a) and b) CNTs from the as-grown CNT array showing 3-4 
walls and c) and d) CNTs from the array with 150 minute CVD treatment with up to 12 
walls. 

 
 
 

Compressive properties of the CNT arrays were measured using a Shimadzu 

mechanical testing machine. The CNT array samples were mounted on the lower platen 

and compressive force was applied to the array using a 3.18 mm diameter aluminum 

compression rod mounted to the load cell. All of the compression tests were conducted 

on the interior section of the CNT array, with the compressive strength calculated using 

the cross sectional area of the compression rod. Figure 4.4 shows a CNT array 

undergoing compression testing. 
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Figure 4.4 CNT array undergoing compression testing. 
 
 
 

To determine the effect of the treatment length on the compressive properties, a 

series of identical arrays, grown in 25 minutes, were processed with increasing post-

growth treatment times. The post-growth CVD treatment times for seven samples were 0, 

35, 65, 95, 125, 155 and 215 minutes. Visual inspection provided no discernable 

differences in the samples. Density measurements indicated an almost linear increase in 

array density as a function of treatment time (see Figure 4.5). Density increased six fold 

from 0.018 g cm-3 to 0.114 g cm-3. Each foam sample height was measured individually 

using the scale bar in an optical microscope with an average height of 1.35 mm. Both 

loading and unloading curves were collected for 100 cycles (for samples that exhibited 

recovery) at both 60% and 90% strain. 
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Figure 4.5 CNT array foam density plotted as a function of the CVD treatment time. 

 
 
 

Figure 4.6a shows the compressive loading-unloading curves for the shortest three 

treatment times. With no extra treatment time in the CVD furnace, the CNT arrays 

exhibited a compressive strength similar to that polymer based open cell foams [210]. 

However, the unloading curve revealed that the CNT array recovered only 4% during the 

unloading cycle. When the treatment time was increased to 35 minutes, a partial recovery 

upon unloading emerged, while at 65 minutes a complete loading and unloading loop was 

obtained, showing almost full recovery of the array. Figure 4.6b shows the loading-

unloading curves for the remainder of the treatment times. All of the treatment times 

above 65 minutes exhibited almost complete recovery upon unloading with the 

compressive strength dramatically increasing after 125 minutes. A CVD treatment time 

of 215 minutes produced the highest compressive strength of almost 7 MPa (1000 psi).  
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b) 

Figure 4.6 Compressive stress vs. compressive strain loading/unloading curves for a) 
the shortest three CVD treatments at 60% maximum compressive strain and b) the 
longest four CVD treatments at 60% compressive strain. 
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  The arrays compressed to 90% strain gave very similar results, as seen in Figure 

4.7a. No data was collected for the array treated for 215 minutes at 90% strain due to 

cracking and separation of the array from the substrate after the first unloading cycle. 

After the first compressive cycle, the compressive strength of the CNT foam was reduced 

while permanent compressive deformation slowly accumulated as the cycle number 

increased (see loading curves as a function of cycle number in Figure 4.7b). This trend of 

decreasing properties as a function of cycle number was seen for all of the treatment 

times and also for other CNT array foams that are able to recover from compressive 

deformation [91,92]. A summary of the multi-cycle compressive loading is given in 

Table 4.1.  
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Figure 4.7 Compressive stress vs. compressive strain loading/unloading curves for a) 
samples that were cycled with 90% compressive strain, b) change in compressive stress 
for the 180 minute treated sample as a function of cycle number (loading only).  
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Through changing the processing times, the mechanical properties of the CNT array 

foams could be tuned for specific applications. The longest treatment times produced the 

highest strengths at the expense of higher density and large permanent deformation after 

multi-cycle loading. The shortest treatments produced foams suitable for applications 

requiring recovery with very low density requirements. Increasing the treatment time not 

only increased the compressive strength, but it also increased the specific compressive 

strength (MPa/g cm-3). The specific strength doubled after the treatment time was 

increased from 95 minutes to 155 minutes and doubled again from 155 minutes to 215 

minutes. The longer treatment times would best suit applications requiring the highest 

compressive strength possible where density and multi-cycle loading are less important 

design considerations. 

 
 
 

Table 4.1 Compressive properties for different CVD treatment times at both 60% and 
90% compressive strain. 

 
ε = 60%

Time in Furnace (min) Density (g/cm3) Max Stress (MPa) Stress (MPa) 100 cycles Deformation (%) 100 cycles
95 0.049 0.7 0.41 3.2
125 0.063 0.91 0.58 3.1
155 0.079 2.28 1.46 5.4
215 0.114 6.82 1.53 36.3

ε = 90%

Time in Furnace (min) Density (g/cm3) Max Stress (MPa) Stress (MPa) 100 cycles Deformation (%) 100 cycles
95 0.049 1.56 1.45 10.2
125 0.063 2.55 2.32 17.2
155 0.079 4.32 2.93 13.8
215 0.114 - - -  

 
 
 
 

Figure 4.8 presents the specific strength (strength-to-weight) values obtained in this 

study as compared to other types of energy absorbing foams, arranged in order from 

lowest to highest specific compressive strength. All of the data points were taken from 
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the compressive strength of the material at 60% deformation [210-215]. The potential use 

of CNT foams as energy absorbing materials was quite evident, as two of our CVD 

treated arrays gave the highest specific compressive strength values. Low density 

aluminum and rigid polymer foams possessed less than 30% of the specific strength as 

the strongest CNT array foam. In addition, the CNT array foams recovered their shape 

after load removal, making the material reusable, while aluminum and rigid polymer 

foams are intended for a single loading event. The CNT array foam would exhibit a 

substantially greater total energy absorption capacity over the life of the material. Low 

density polymeric foams that exhibit recovery show specific compressive strengths 

approximately 60 times lower than the longest treated CNT array foam. Analysis of the 

video of the unloading of the CNT array foam showed that the array recovered from 90% 

compressive strain in approximately 0.2 seconds, an almost immediate recovery. 

 

 

 
 

Figure 4.8 Comparison of specific compressive strength of CNT array foams produced 
in this study to other low density polymeric and aluminum foams. Compressive strength 
values of the materials were taken at 60% compressive strain from [210-215]. 
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In addition to excellent compressive strength, the CNT array foams exhibited high 

thermal resistance. Figure 4.9 shows the results of compressive strength of a CNT array 

foam that was tested prior to and after a thermal treatment of 500oC, in air, for 30 

minutes. Both of the tests were conducted on the same CNT array in different locations. 

The loading and unloading curves show almost no change before and after the treatment.  

This thermal resistance matches the performance of aluminum foams and far exceeds the 

operating temperature for polymeric foams. High temperature silicone and polyimide 

foams have a maximum use temperature of approximately 250 oC.  
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Figure 4.9 Comparison of compressive loading/unloading curves for CNT array foam 
before and after 500 oC exposure in air for 30 min. 
 
 

 
Polyurethane foams have a glass transition point of approximately -50 to -20 oC 

[216]. Below this transition point recovery of the foam will not occur and the amount of 

total energy that can be absorbed by individual polymer chains decreases. Carbon 
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nanotubes are elastic materials that do not exhibit the temperature transitions that 

influence bulk polymer properties. Thus, CNT array foams may also be suitable for low 

temperature energy absorbing applications, such as in space vehicles.  

 

4.3.2 Strengthening Mechanisms 

The question remains: what produced progressive increases in compressive strength 

of the CNT array foams and the transition from permanent deformation to recovery upon 

unloading? From the SEM and TEM images (Figures 4.2 and 4.3), it was clear that the 

bulk of the carbon being deposited on the CNTs within the array was in the form of 

additional graphitic walls on the carbon nanotubes. Raman spectra were collected for 

multiple treatment times to validate this observation. Figure 4.10 shows the change in 

graphite and disordered peaks over after CVD treatments of different lengths.  
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Figure 4.10 Change in Raman spectra of the CNT array foam as a function of CVD 
treatment time. The graphite to disordered peak intensity ratio (GI/DI) only decreased 
from 1.28 to 0.95 indicating that the CNT structures were similar before and after the 
post-synthesis CVD treatment. 
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The graphite to disordered peak intensity ratio (GI/DI) only decreased from 1.28 to 0.95 

indicating that the CNT structures were similar before and after the post-synthesis CVD 

treatment. Had the main contributor to the thickness buildup been amorphous and 

disordered carbon, this ratio would have changed more significantly [217]. Assuming that 

elastic modulus of the deposited walls was similar to the modulus of the as-grown tubes, 

the strengthening could be attributed to the increased buckling resistance of the thicker 

tubes.   

A modeling study of short multi-walled CNTs from the literature, demonstrated that 

they buckle according to Eulers column theory [93].  From Eulers column theory the 

critical force for buckling Pcr is: 
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where E is the elastic modulus of the material, I is the moment of inertia, L is the length 

of the column and m is the buckling mode expressed in half wavelengths. For a tubular 

column with outer radius of r2 and inner radius of r1, the moment of inertia around origin 

at the center of the tube is: 
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Combining the two equations gives: 

 

24
1

4
22

3

)(
4

mrr
L

EPcr −=
π               (13) 

 

In the CNT array foams, the length of the carbon nanotube remains constant while the 

assumption was made that the elastic modulus of the deposited walls is the same as the 
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as-grown walls. The critical buckling force is then dependent on the inner and outer radii 

and the number of half wavelengths.  

 Average measurements of r2 and r1  taken from TEM images of the as-grown tubes 

were 4.1 nm and 2.3 nm respectively. Based on the CNT array density change and known 

dimensions of the as-grown nanotubes, the CNTs treated for 125 minutes should have an 

average r2 of 5.2 nm, while CNTs treated for 215 minutes should have an average r2 of 

7.4 nm (see section 4.5 for calculation). The radius estimate for the 125 minute treatment 

correlates well with the increase in tube thickness seen in TEM images of the CNTs 

treated for 125 minutes.    

 With all factors held constant except for the outer radius (r2) the Pcr value for the 

array treated for 215 min should be approximately 13 times greater than the Pcr value for 

the as-grown array. The dramatic change in slope in the compressive stress vs. 

compressive strain curves in Figure 4.6 marks the critical buckling load for the material. 

At this point, the arrays treated for 215 minutes sustained a load that is 42 times greater 

than the as-grown arrays and three times higher than predicted from the increased tube 

wall thickness.  

 It is possible that the further increases in strength arise from increases in m, the 

number of half wavelengths. This wavelike deformation structure was observed by Cao et 

al. who observed a half wavelength of 6 μm during compression of their CNT arrays 

[91]. Their observations and stress calculations proved that CNTs in CNT arrays do not 

buckle in first mode case (m = 1) but rather buckle in a higher mode (m >> 1). The lateral 

support needed to allow higher buckling modes most likely arises from mutual support of 

nanotubes growing vertically that lean and support each other as they grow upwards. The 

areas where CNTs group together to provide this support can be considered bundled 

segments. If the bundled segments were broken up when a compressive force was 

applied, then they would add little lateral support to resist against buckling. During the 

CVD treatment, the radially growing graphite layers on the tubes may have provided 

more permanent bonding at the bundled segments that were not subsequently destroyed 
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during compression, providing extra lateral support to the tubes. As the buckling 

wavelength could not be observed in this study, it could not be proved that this 

wavelength change was responsible for the three times higher measured critical buckling 

load as compared to predicted values.   

 

4.3.3 Mechanism for Compressive Recovery of CNT Arrays 

Although carbon nanotubes have the highest strength of any known material, they 

still exhibit high flexibility, as they can be bent and buckled through extremely small 

radii and recover without fracturing [218]. This property provides CNT arrays the ability 

to spring back even after large compressive deformations and severe buckling of 

individual tubes. However, this recovery after compression behavior of CNT arrays has 

only been documented for millimeter long arrays in a few other reports [91,92]. There, 

Cao et al. reported that CNTs in their array occupied 13% of the volume. In contrast, the 

CNT volume fraction for the 125 minute treated arrays (the treatment time when good 

multicycle recovery was first recorded) was estimated at 3%, based on the density of the 

array (0.06 g cm-3) and the density of the individual tubes (1.85 g cm-3): See section 4.5.3 

for calculations. As this volume fraction was much lower than the previous report 

[91,92], it was concluded that having an extremely high volume fraction of CNTs in the 

array was not critical for recovery. 

Another possible explanation for array recovery is that there is a critical bending 

stiffness threshold that must be reached before the buckled carbon nanotubes will recover 

their original shape after unloading. Increasing the tube wall thickness increases the 

bending stiffness as a function of the change in moment of inertia. However, two results 

seem to contradict the bending stiffness explanation. The first result is that compression 

of the as-grown arrays at low strain levels still produced permanent deformation. CNT 

arrays exposed to compressive strain of only 10% still exhibited permanent deformation. 

At these low strain levels, overall buckling is just starting to occur, making widespread 

severe local bucking of tube walls unlikely. The second reason it is believed that high 
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tube bending stiffness is not the cause of the recovery is due to the fact that a different set 

of CNT arrays with very large diameter CNTs did not exhibit recovery after being 

exposed to a compressive strain. Figure 4.11a shows an image of a 2 mm tall CNT array 

grown using low pressure CVD of acetylene on iron catalyst which was pressed with the 

same compressive fixture. A permanent indentation from the compression is seen on the 

edge of the array. Figure 4.11b shows a TEM image of the CNT array grown using that 

method. The diameter and wall thickness are approximately twice as large as the longest 

treated CNT array foam samples, yet the recovery still did not occur. 

 
 
 

  
 

Figure 4.11 Carbon nanotube array exposed to compressive strain. a) Permanent 
deformation of the array after exposure to compressive strain is seen at the end of the 
arrow. b) Carbon nanotubes within this array had large diameters of approximately 30 
nm. 
       
 
 

The most apparent change to the CNTs was that the deposited walls on the CNTs 

were much rougher than the smooth walls of the as-grown CNTs. Carbon nanotubes have 

an extremely high surface area and their van der Waals interactions are quite significant. 

This is evident in the difficulty in breaking up bundles of CNTs and their propensity to 

agglomerate in solution. In an uncompressed CNT array, the tubes are fairly 
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individualized aside from the points where they contact to support the vertical growth. 

When a CNT array is compressed, segments of the CNTs that were not previously 

touching make contact with each other. If the van der Waals bonding between 

compressed CNTs is significant enough, the array is likely to remain permanently 

deformed. This is the case for the as-grown CNT arrays.  Through increasing the 

roughness, or drastically increasing the size of the CNTs, the van der Waals interactions 

between tubes will be reduced, allowing for the compressed CNTs to separate and unfold 

as the compressive load is removed. During preparation of TEM samples, a stable 

dispersion of CNTs in ethanol was much easier to achieve for CNTs that had undergone 

the post-synthesis CVD treatment, confirming a reduction in inter-nanotube interactions. 

It is proposed that this mechanism might be responsible for the transition from permanent 

deformation to recovery during compressive loading and unloading.  

 

4.4 Conclusions 

In summary, a CVD treatment was used to tune the compressive properties of CNT 

array foams. The high compressive strength of the foams was derived from the strength 

of the individual tubes, and the mutual support that they provided in the aligned array. 

The CVD treatment provided for an epitaxial type growth of additional tube walls which 

led to higher compressive strengths and transition to recovery of the array after 

compression. The strength was tuned by changing the CVD treatment time, with longer 

treatment times leading to the strongest samples with the highest specific compressive 

stress. The specific compressive strengths recorded were superior to flexible and rigid 

polymer foams and low density aluminum metal foams, highlighting their potential use 

for in lightweight low density energy absorbing applications. Mechanical properties of 

the CNT array foams were unchanged after exposing samples to a temperature of 500 oC 

in air for 30 minutes, making these low density foams acceptable for applications where 

polymer based foams would be unsuitable. 
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4.5 Calculations for CNT Density and Change in CNT Diameter 

4.5.1 Density of individual CNTs in as-grown arrays 

 

Average inner diameter measured in TEM images - 5.5 nm  

Number of walls – 4 

Wall thickness – 0.34 nm  

Average outer diameter – 8.2 nm 

Theoretical density of tube wall / graphite – 2.26 g cm-3

Area of whole tube cross section = π(4.1)2 = 53.1 nm2

Area of hollow tube section = π(2.75)2 = 23.8 nm2

Wall area = (whole tube - hollow section) = (53.1 – 23.8) = 29.3 nm2

Volume fraction of wall area in tube = 
1.53
3.29

=
total

wall

area
area

= 0.552  

Density of as-grown CNT = (2.26 g cm-3)(0.552) = 1.25 g cm-3

 

 

4.5.2 Increase in Radius of CNTs Based On Density/Mass Increase During Treatment 

 

Assumptions: 1.) Density of CNT walls in as-grown CNTs = density of CNT walls 

in treated samples (graphite density). Therefore mass increase is proportional to volume 

increase. However length of each tube is fixed, thus mass increase is proportional to cross 

sectional area increase. 2.) Inner diameter of all CNTs is fixed at an average of 5.5 nm. 

3.) As-grown tubes have 8.2 nm average outer diameter with average wall area of 29.3 

nm2
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CNT array with 125 minute treatment 

Density/mass of 125 min treated array is 3.71 times greater than as-grown array (0.063 g 

cm-3 / 0.017 g cm-3) 

Total wall cross sectional area of treated tubes = (as-grown wall area)(mass increase) = 

(29.3 nm2)(3.71) = 108.7 nm2 

Wall area = (πr2
outside) – (πr2

inside) 

108.7 nm2 = (πr2
outside) – (23.8 nm2) 

r = 5.2 nm  diameter = 10.4 nm 

 

CNT array with 215 minute treatment 

Density/mass of 215 min treated array is 6.71 times greater than as-grown arrays (0.114 g 

cm-3 / 0.017 g cm-3) 

Total wall cross sectional area of treated tubes = (as-grown wall area)(mass increase) = 

(29.3 nm2)(6.71) = 196.6 nm2  

Wall area = (πr2
outside) – (πr2

inside) 

196.6 nm2 = (πr2
outside) – (23.8 nm2) 

r = 7.4 nm  diameter = 14.8 nm 
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4.5.3 Estimate of Volume Fraction of CNTs in Array Treated for 125 Minutes 

 

Volume fraction of wall area in tube = 
5.132
7.108

=
total

wall

area
area

= 0.82   

Density of 105 min treated CNT = (2.26 g cm-3)(0.82) = 1.85 g cm-3

Density of CNT array treated for 150 min = 0.063 g cm-3

Volume fraction of array = (0.063 g cm-3 / 1.85 g cm-3)*100 = 3.4% 
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5 Electrical Conductivity of Carbon Nanotube Yarns, Hybrid    
3-D Braids, and their Composites 

 
5.1 Background 

Continuous yarns spun entirely from carbon nanotubes (CNT) have captured the 

interest of many researchers because of their unique building blocks. Individually, CNTs 

have extreme mechanical, electrical and thermal properties. Transferring these properties 

to the macro-scale has been the subject of hundreds of research publications. Generally, 

these studies have at least one common feature: low nanotube volume fraction (often 

called ‘loading’) or random nanotube orientation. Contrary to that, nanotube yarns, if 

they are used as composite reinforcements, would provide the unique combination of 

extremely long, stiff and strong basic building blocks (e.g., individual nanotubes), good 

alignment of those blocks in preferential direction, and high overall nanotube volume 

fraction in the composite. Research studies on improving the properties and production 

methods of the yarns have been developed recently [102,105,219]. However, their 

incorporation as multifunctional fibers into composite structures has been limited due to 

the small quantity currently being produced.  

The three objectives of this study are: (1) demonstrate that this hybrid structure and 

its composite provide electrical conductivity to an otherwise insulating glass fiber 

reinforced polymer matrix composite and (2) compare the electrical conductivity data 

obtained for the hybrid structure to the respective data obtained for individual CNT yarns, 

for 3-D braid made solely of CNT yarns, and for a conventional carbon fiber tow. 

 

5.2 Materials and Experimental Procedure  

An AS4 3K carbon fiber tow was used in this study to provide a point of comparison 

in the electrical conductivity study. This would demonstrate how the CNT yarn 

reinforced composite would compare to a conventional composite reinforcement.   
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The continuous ‘single’ and ‘plied’ yarns fabricated from CNTs and used in this 

study were produced by the authors of [105]. In that publication, the newest method of 

spinning yarns from multi-wall CNT forests has been developed. Such yarn is similar to 

traditional textile yarns; however, the building blocks are on the nano-scale and the 

produced ‘single’ yarns themselves are only approximately 10 μm in diameter. The yarns 

used in the present study contain nanotubes approximately 300 μm long and had a twist 

rate of 25 turns/mm in the counter clockwise direction. Subsequently, groups of five or 

six ‘single’ yarns were plied together with counter-directional (clockwise) twist applied. 

The result was a larger cross section ‘plied’ CNT yarn that proved strong enough to be 

used in the 3-D braiding and composite fabrication steps. The plied CNT yarn used in this 

study is illustrated by its SEM image in Figure 5.1. 

 
 
 

 
 

Figure 5.1 SEM image of plied CNT yarn. 
 
 

 
Plied nanotubes yarns, produced by the methods described above, were used to 

fabricate the first 6-cm long 3-D braid sample, as reported in [106]. The production of 

much longer, about 50-cm long 3-D braid samples from CNT yarn and their SEM studies 
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were reported in [114]. An SEM image of one such braid is shown in Figure 5.2 The 

braid was fabricated on a special 3-D braiding device developed by 3TEX, Inc. which 

utilizes, in a scaled down version, their patented 3-D rotary braiding method. Thirty six 

ends of the 6-ply CNT yarns were utilized to produce the much large 3-D braided 

preform shown in Figure 5.2. 

 
 
 

 
 

Figure 5.2 3-D braided structure consisting of thirty six 6-ply CNT yarns. 
 
 

 
The first hybrid 3-D braid containing CNT yarns and axial bundles of S-2 glass 

fibers, shown in Figure 5.3 was produced for this study at 3TEX. This was done on the 

same 3-D braiding device which was earlier used in production of solely CNT yarn 3-D 

braid shown in Figure 5.2. As with much larger commercial braiding machines, the 

manual device has the ability to add straight axial tows between the braiding yarns. Note 

that axial tows do not participate in braiding and remain nearly straight in the final 

preform. S-2 glass fiber bundles were chosen for the axial reinforcement due to two 

reasons. One is that they provide a bright color contrast with CNT yarns and thus allow 

one to visually study the texture of the hybrid 3-D braided structure. The other is that, 

like any kind of glass material, S-2 glass provides a non-conductive fiber component for 
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the hybrid 3-D braid. Hybridizing the CNT yarns with some conductive material, like 

carbon fiber, would have resulted in a ‘smearing’ of electrical conductivity between the 

two components. The fiberglass is an insulator, so any electrical conductivity gain in the 

hybrid braid can be attributed to the presence of CNT yarns.  

In order to meet the objective of high axial fiber volume fraction, i.e. staying close 

to unidirectional composite, as explained in [112], it was decided that the preform had to 

mainly consist of 9 relatively thick axial fiber bundles. Those were extracted from an 

AGY 463-1250 S-2 glass roving. That particular roving type includes 12 fiber bundles 

which are sized individually, so they can be easily separated. Nine of such 12 fiber 

bundles were removed from the roving and used as the axial reinforcement in this work.  

An optical micrograph shown in Figure 5.3, illustrates the fiber architecture of the 

studied square-shaped 3-D braid. Three of the nine S-2 glass axial bundles can be seen 

along the length of the preform. The produced braid is uniform along its length, and it 

appears from the optical microscope pictures that the braided structure is very tight. 

 
 
  

 
 

Figure 5.3 Hybrid glass fiber/CNT yarn 3-D braid. 
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On this particular 3-D braider setup, 36 yarns (each of them being a 6-ply CNT 

yarn) were tied to the movable braiding positions. The total cross sectional area of S-2 

glass fibers, 0.131 mm2, was taken from the manufacturer’s data sheets. The total cross-

sectional area of the CNT yarns was evaluated as 0.047 mm2 (the cross-sectional area 

measurement technique described in [114] was used for this purpose). The 3-D braided 

preform has nearly square cross section with the side length approximately 0.45 mm. The 

volume fraction of axial fiber in the preform was calculated to be 74%.   

 

5.2.1 Electrical Resistance Measurement  

The fabricated samples were all tested on a Hewlett Packard 4145A Semiconductor 

Parameter Analyzer using two probes at room temperature. This analyzer has movable 

probes which were positioned at a distance equal to the contact distance on the samples 

described below. The resistance was calculated from the slope of the voltage vs. current 

plot during a current sweep of -100 to 100 mA for the carbon fiber tows, the 3-D braided 

nanotube yarns and the hybrid 3-D braid. The current sweep for the smallest structure, 

which is the plied nanotube yarns, was -1 to 1 mA. One sample of each structure type 

was used to determine the resistance. Five resistance measurements were made on each 

contact to verify that the probes made good contact with the sample.   

    

5.2.2 Sample Mounting of Dry and Composite Samples 

 The described method was used to compare the effective conductivities of four types 

of samples: (i) AS4 3K carbon fiber tow, (ii) 5-ply CNT yarn, (iii) 3-D braid made with 

solely CNT yarns, and (iv) the hybrid 3-D braid made with 9 bundles of S-2 glass fiber 

and 36 CNT yarns, as described above.  

Conductive silver epoxy was used to make contacts on each of the four structures. 

This was done to compensate for very small probe tips and non-homogeneous structure 

of the hybrid braid. For example, the probe might only touch a single (non-plied) 

nanotube yarn on the hybrid braid or touch only a couple of fibers from the total amount 
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of thousands in the 3K carbon fiber tow. The silver epoxy did surround each sample 

completely at each contact point, so that multiple fibers or yarns would be contacted. On 

a glass microscope slide, the mixed silver epoxy was put down in thin lines. The sample 

was then placed on the slide and a second thin line of epoxy was deposited over the first, 

encapsulating the surface of the sample. The epoxy was extremely viscous, almost paste 

like, due to the presence of silver particles. Considering this extremely high viscosity, it 

was assumed that none of the silver epoxy penetrated into the structures but it rather 

coated the surface. The samples were allowed to cure overnight. Figure 5.4 shows two 

contacts on the hybrid 3-D braid sample. 

 

 

 
 

Figure 5.4 Test specimen setup: hybrid 3-D braided material with silver epoxy electrical 
contacts. 
 
 
 

To determine a fiber’s or preform’s usefulness for electrically conductive composite 

applications, it is critical to explore the reduction in electrical conductivity that is 

associated with resin infusion. The addition of a polymer matrix lowers the conductivity 

of a composite preform by surrounding the fibers, thus eliminating many electrical 

contact points between them. Hence, in this study it was also important to measure the 

electrical conductivity of composites made from the previously tested samples.  
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Composites were made from the same preforms used first in the resistance testing 

of the dry structures for consistency. Using a syringe with a needle point opening, mixed 

epoxy resin was placed on the surface of each structure. As the structure absorbed the 

epoxy, more was added to the surface until the structure was saturated. At that point, 

extra epoxy began to pool around the structure. The samples were cured by heating them 

in an oven for 3 hours at 90oC. Figure 5.5 shows the hybrid 3-D braid image taken with 

an optical microscope after infusion and curing of the epoxy.  

 
 
 

 
 

Figure 5.5 Hybrid 3-D braided composite illuminated from above (a) and below (b). 
 
 
 

In Figure 5.5a, the epoxy appears evenly distributed across the hybrid structure. 

Figure 5.5b shows the same structure being illuminated from below. The glass fibers 

became translucent with the addition of epoxy, so that the dark nanotube yarns within the 

structure can be discerned. Notice the difference between Figure 5.5 and Figure 5.4. 

The use of extra-fine syringe tip allowed the epoxy to be placed precisely, so that 

the silver epoxy contacts would be free of epoxy for electrical testing. The method used 
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here to test composite samples was identical to the method used for testing dry CNT 

yarns and 3-D braids. Therefore, the differences observed in results for the composites 

and their respective dry preforms were attributed entirely to the presence of the epoxy 

matrix.  

 

5.2.3 Effective Conductivity Calculation 

Electrical resistivity, or its inverse characteristic called electrical conductivity, is a 

bulk material property. For a homogeneous isotropic solid material, electrical 

conductivity is defined by the following equation: 

 

AR
L
⋅

=σ                 (14) 

 

where R is the measured resistance over length L, and A is the cross-sectional area of the 

sample. This equation can be used, particularly, for solid isotropic metal wires. If using 

Strength of Materials analogy, σ  in Equation (14) can be viewed as equivalent of 

Young’s modulus determined from Hooke’s law under unidirectional loading of 

homogeneous isotropic solid. This analogy helps to explain to those skillful in Solid 

Mechanics what is the meaning of σ  defined by Equation (14) in the case of 

inhomogeneous material, like the hybrid 3-D braid in Figure 5.5. Clearly, like in 

mechanics of inhomogeneous materials, in any case of inhomogeneous material exposed 

to electric current flow, σ  may signify only ‘effective’ electrical conductivity meaning 

the property ‘smeared’ over entire material volume and, as such, it may provide in certain 

cases only a coarse estimate. Besides, analogously to the Mechanics of Anisotropic 

Solids, more than one electrical conductivity characteristics (differing for different 

directions of electric current flow) should be involved. Now, with a better understanding 

of the above discussed issues, we will use in this work Equation (14) for determining σ  

 83



as the effective electrical conductivities of the respective materials corresponding to the 

case of dominant current flow in the longitudinal direction of each tested material sample. 

 

5.3 Results and Discussion 

5.3.1 Electrical Conductivity 

The measured parameters used to calculate the effective electrical conductivity are 

listed in Table 5.1. These parameters were applied in Equation (14) for calculation of 

effective electrical conductivities of the tested material shown in Figure 5.6. 

 
 
 
 

Table 5.1 Measured quantities used in the calculations of effective electrical 
conductivities of dry CNT yarns, 3-D CNT braids and their composites. 

 

Material Type 

Cross-sectional 

area (mm2) 

Contact 

distance (cm) 

Resistance 

(ohms) 

AS4 3K carbon 0.119 0.527 4.52 

5-ply nanotube yarn 0.00114 0.637 607 

3-D nanotube braid 0.0472 0.489 13.38 

Hybrid 3-D braid 0.178 0.402 12.63 

AS4 3K carbon composite 0.119 0.527 6.96 

5-ply nanotube yarn composite 0.00114 0.637 688 

3-D nanotube braid composite 0.0472 0.489 16.7 

Hybrid 3-D braid composite 0.178 0.402 14.68 
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Figure 5.6 Comparison of effective electrical conductivities of dry preforms and their 
composites. 
 
 
 

It is not surprising that the carbon fiber tow had the highest conductivity of all of 

the samples, considering that individual PAN based carbon fibers have a bulk 

conductivity of approximately 600 S/cm, see [220], while individual CNT yarns used 

here have a bulk conductivity of 300 S/cm [105]. However, the 5-ply nanotube yarn and 

the 3-D nanotube braid were very close behind.  

In discerning the results it is first important to understand how each one of the 

samples conducts electricity and the significance of the transition from dry preform to 

composite and its effect on the effective electrical conductivity. The AS4 3K carbon tow 

is made up of continuous fibers that pass along the whole sample length. This means that 

numerous fibers that lie on the surface of the tow will make direct contact with the silver 

epoxy contacts. At the same time, there are also numerous fibers that lie beneath the 

surface and will not make contact directly with the silver epoxy.  
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A schematic of fiber arrangement in such a carbon fiber tow shown in Figure 5.7 

illustrates this situation. The interior fibers can still contribute to the conductivity because 

they are in a very close proximity of each other and they randomly make many mutual 

contacts along specimen length. However, when a composite is made from this kind of 

tow, the resin penetrates between individual fibers and coats many of them with an 

insulating layer. Therefore, one can reasonably project that effective conductivity of the 

composite has to be significantly lower than that of the respective dry tow. Indeed, a 

significant drop of effective electrical conductivity is seen for the 3K carbon tow 

composite versus dry tow in Figure 5.6. The effective conductivity of the CNT yarn 

structures used in this study was dependent on the size of the structure. The 5-ply CNT 

yarns were small enough to allow each single yarn to make contact with the silver epoxy. 

This feature allowed this yarn to have effective electrical conductivity higher than that of 

the larger 3-D CNT braid made from 36 yarns. Obviously, in the latter case, only the 

surface yarns make direct contact with the silver epoxy, as illustrated in Figure 5.8.  

 

 

 

 
 

Figure 5.7 Schematic of 3K carbon fiber tow’s contact with the conductive silver epoxy. 
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Figure 5.8 Schematic of hybrid 3-D braid’s contact with conductive silver epoxy. 
 
 

 
The carbon nanotube yarns used in this study were made up of relatively long, 

about 300 μm, nanotubes; however, this length is much shorter than the distance between 

electrical contacts. Unlike in the above discussed case of continuous carbon fiber, the 

conductivity of the CNT yarns depends solely on the quantity of electrical contacts 

between finite length nanotubes as they mingle down the length of the yarn. Their finite 

length provides the possibility that the addition of insulating matrix could dramatically 

reduce the electrical conductivity, even more than in the case of continuous carbon fiber. 

Through volume fraction calculations, mechanical properties data and SEM observations 

in prior work [114], it was concluded that the epoxy resin used there (same resin was 

used in this work) does penetrate deep into the structure of the CNT yarns to wet them 

completely. As estimated in [114], the epoxy volume fraction in fabricated composites is 

approximately 60%, and this means that electrical conductivity of CNT yarn composite 

should be expected much lower than that of the dry CNT yarn.  
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However, the data comparison in Figure 5.6 shows that this anticipated result of 

epoxy infusion is not what was expected, and the electrical conductivity reduction of the 

CNT yarn composite structures versus respective dry CNT yarn preforms is not even as 

severe as in the case of continuous carbon fiber tow. This could be due to the presence of 

nanotube bundling within the yarns. The extreme length of the nanotubes in the yarns and 

their tendency to bundle together ensures that nanotubes will meander from bundle to 

bundle creating a continuous network. The spacing between nanotubes in the nanotube 

bundles is too small for epoxy penetration into those areas. Thus, the resin infusion would 

not have as large effect on the conductivity of the overall structure as in the case of 

carbon fiber unidirectional composite. 

The electrical conductivity of the hybrid 3-D braid is lower than that of the 3-D 

braid made solely of CNT yarns. This can be explained by the increase in the preform 

size due to the addition of the insulating S-2 glass fibers. The drop in conductivity well 

correlates with the change in the fiber volume content of the conductive nanotube yarns 

within the preform. Specifically, in the hybrid 3-D braid, the nanotube yarns made up to 

26% by volume of the whole structure, while the determined electrical conductivity is 

23% of that of the 3-D braided structure containing only nanotube yarns. 

The techniques used here to study electrical conductivity of various type dry CNT 

textiles and composites made thereof, are not expected to provide very accurate 

conductivity values for the structures tested. Both the contact resistance between the 

probes and the silver epoxy and the contact resistance between the silver epoxy and the 

structures had contributed to the measured total resistance. This means that the actual 

effective conductivities of these structures could be higher than the values presented in 

Figure 5.6. Nevertheless, identical mounting, testing and data processing techniques were 

applied to all samples tested, so the obtained information should be reliable at least for 

the mutual electrical conductivity comparisons among different studied materials. From 

this point of view, this novel research and its results should be useful. They provide 
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initial insight into the effective electrical properties of CNT yarns, 3-D braids made 

thereof, and the respective composites. 

 

5.3.2 Self-sustained Nature of the Hybrid 3-D CNT Braid 

Due to mechanical property evaluation of the fabricated hybrid 3-D CNT braid and its 

composite was not the purpose of this study, we will only illustrate here one curious 

feature of the observed mechanical behavior.  

Of course, one of the primary features of 3-D braided fabrics in general and hybrid 3-

D braids in particular is, that the braiding yarns bind the entire structure together and 

provide support to the otherwise loose axial yarns. This effect was observed for the small 

samples studied here. Figure 5.9 compares two structures being suspended horizontally. 

Both samples are about 10 cm long. The one, which stays horizontal, is the hybrid 3-D 

braid of Figure 5.3. The other one, which is bent by its own weight, is a loose S-2 glass 

fiber bundle containing same nine S-2 glass fiber rovings taped together at the free end. 

Therefore, the number of glass fibers is the same in both samples, but in the latter one 

they are not bound together by nanotube yarns. The effect of such binding appears in that 

9 bundles of S-2 glass fibers become self-sustained under gravitational force. This simple 

experiment well illustrates a potential of the new concept proposed in [112] – 

hybridization with very fine CNT yarns to provide integrity and enhance ‘secondary’ 

(transverse in this case) mechanical properties of unidirectional composites. 
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Figure 5.9 Illustration of comparative bending resistance of the hybrid 3-D CNT braid 
(suspended straight out) and the bundle of individual S-2 glass fibers (bending under its 
own weight). 
 
 

 
5.4 Conclusions 

The CNT yarns and 3-D braids tested here are, in fact, very complex networks of 

electrically conductive paths embedded in epoxy matrix, and the resulting composite’s 

electrical conductivity is many orders of magnitude greater than that of pure insulating S-

2 glass. As expected, the electrical conductivity of the hybrid 3-D braided composite was 

found to be many times greater than that of commonly produced composites made from 

low volume fraction dispersions of relatively short carbon nanotubes in epoxy [7,14,162]. 

This fact is significant because it demonstrates a viable alternative to using dispersions of 

nanotubes for significantly increasing the electrical conductivity of a composite, while 

still utilizing a small fraction of carbon nanotubes. 

Although the electrical conductivity of the hybrid 3-D braided CNT composites was 

found to be much greater than that of fiberglass, integrating carbon nanotubes within 

carbon fiber tows would create only a negligible in-plane electrical conductivity 
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enhancement. However, the main advantage of 3-D reinforced composites is their out-of-

plane property enhancement. Utilizing the same fine CNT yarns for 3-D reinforcement of 

a carbon fiber composite might have a positive increase in the through thickness 

electrical conductivity without significantly decreasing the in-plane properties. Future 

electrical conductivity experiments of 3-D woven composites with integrated CNT Z-

yarns (as seen in Figure 2.7) will demonstrate this idea. 

With further development, CNT yarns could be the future of specialty high 

performance composites that demand multifunctional properties. As the yarns are further 

improved and become commercially available, continued research is needed to evaluate 

how these yarns perform both in dry form and within composites. 
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6 Experimental Study of Thermal Transitions in Carbon 
Nanotube Yarn - Epoxy Matrix Composites 

 

6.1 Background 

Traditionally, carbon nanotubes (CNTs) have been used in low volume fractions to 

strengthen or toughen polymer matrices [221]. The mechanical gains seen using these 

methods have made improved matrix materials to complement traditional fiber 

reinforcement, yet they are far from being considered structural composite materials 

alone. To realize the goal of applying CNTs as the sole reinforcement for strong, 

multifunctional composites of the future, they must be organized in such a way that in the 

composite they have extreme aspect ratios, preferred orientation and high volume 

fraction. Composites having high volume fraction but no alignment of CNTs were 

produced in [222] by infiltrating buckypaper with epoxy resin. More recently, aligned 

composites have been produced by infusing ultralong CNT arrays [223] and stacks of 

CNT sheets [59].  

Carbon nanotube yarns may be the best route to fulfill the three requirements 

needed to produce structural CNT composite materials. Composites of this type were first 

created in [114] and similar composites have recently been produced in [199]. It is 

interesting to note that the mechanical properties obtained in both of those studies are 

very similar, even though the CNT yarns were produced using two different methods. 

Namely, method [105] was used for CNT yarns used in [114]  and method [102] for CNT 

yarns used in [199]. Although the morphology of these composites is more closely related 

to traditional fiber composites, their mechanical tensile behavior can not always be 

explained by traditional composite mechanics. The hierarchical CNT structure and, 

accordingly, the multi-level interaction of polymer matrix with the CNT reinforcements, 

caused unusual tensile test results presented and analyzed in [114,202]. 

In a continuation of that experimental study, Dynamic Mechanical Analysis (DMA) 

was conducted on the same composite samples to probe the intimate interactions between 

the epoxy macromolecules on one side and the CNT reinforcement on the other [224]. 
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The principal goals of this study reported in [202,224] were (i) to produce new 

experimental information on this new type of nanocomposites, (ii) to get a better 

understanding of the earlier obtained tensile test results, [114] and (iii) to develop and 

validate the physical hypotheses proposed regarding the nano-scale interaction between 

CNTs and polymer macromolecules. 

 

6.1.1 DMA Studies of Nanocomposites 

Dynamic Mechanical Analysis (DMA), also known as Dynamic Mechanical 

Thermal Analysis (DMTA) and Dynamic Thermo-mechanical Analysis (DTA) is now 

considered a common research tool in the analytical laboratory. DMA can be simply 

described as applying an oscillating force to a sample in a broad temperature range and 

analyzing the material response to that force and the temperature change. Using DMA, 

the following important phenomena can be studied, among many others, in a broad 

temperature range: α-, ß-, γ-relaxation processes; the changes in the free volume of the 

polymer; macro-level properties of the material characterized by “storage” and “loss” 

moduli and “ δtan ”. When using DMA, each time a sine wave is applied, one is able to 

sweep across a temperature or frequency range.  

 Importantly, the “dynamic” modulus measured in DMA experiments is not the same 

as the Young’s modulus obtained from traditional “static” test. While Young’s modulus 

is determined as the tangent to the stress-strain curve, in DMA a complex modulus 

 is calculated from the material response to the applied sine wave 

characterized by certain frequency. In the expression above, the real part 

"'* iEEE +=

'E  is commonly 

called “storage modulus”; it signifies the elastic response. The imaginary part "E  is 

commonly called “loss modulus”; it reflects inelastic (viscoelastic) behavior. The ratio of 

the two, named '/"tan EE=δ , is commonly called “damping” and its largest peak is 

often associated with the glassy state transition point. 

While DMA is used heavily in the polymer research fields to identify the properties 

of new viscoelastic materials, the same technique can be used to study composite 
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materials [154,155]. If the composite is comprised of a reinforcing material having 

stiffness orders of magnitude above that of the matrix, and if a reinforcing material is 

non-polymeric, then it can be considered an ideally elastic element. Accordingly, it is not 

supposed to make any contribution to the dampening of the composite system. This is the 

assumption made for high performance fibers like glass, carbon or ceramics. In these 

types of composites the δtan value, or damping, of the composite is reduced 

proportionally to the increase of volume fraction of the fibers, simply because as smaller 

the volume fraction of viscoelastic matrix in the composite, as lower the composite 

damping shall be. Very importantly, the temperature at which the δtan  peak occurs is not 

affected by the volume fraction of an elastic reinforcement, because in traditional 

composites the structure, morphology and properties of the polymer matrix remain the 

same at all fiber volume fractions. This is, probably, not absolutely true, because in the 

interfacial regions between fibers and matrix they may be engaged in some interactions. 

However, the proportion of the total volume of such interfacial regions to the total 

volume of the bulk matrix is so minuscule that these effects do not considerably influence 

the composite characteristics revealed by DMA.  

As the size scale of the reinforcing fibers in a given volume gets gradually smaller, 

but the total fiber volume fraction stays the same, the total percentage of polymer chains 

interacting with the fibers gradually increases. As the transverse size of fibers approaches 

the nanoscale of the polymer macromolecules, the large surface area of interaction 

between the fibers and macromolecules shall reflect in the total intensity of non-elastic 

interactions, which has to be seen, consequently, in the δtan curves of the composite.  

When using nanosized particles, researchers have been able to increase the glass 

transition temperature, as indicated by the δtan peak obtained from DMA. This effect 

was reported for nanoparticle reinforced PVC [152], polyurethane [156] and epoxy [153]. 

Analogous effects are observed when CNTs are dispersed in polymers. A slight decrease 

in the δtan  value with a small increase in glass transition temperature  were reported 

in CNT-epoxy composites with ultra low weight fractions of 0.01-0.05 % of CNTs [157]. 

gT
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When utilizing larger weight fractions, from 0.1 to 0.4%, the authors of [158] showed a 

progressive decrease in the δtan  of their CNT-epoxy composites, as well as a 

progressive increases in  with increasing weight fraction of the CNTs. Carbon 

nanotubes in polycarbonate showed the same trends with small changes in

gT

δtan  and  

temperature peak [159,160].  

gT

While the α-transition is most often studied due to its direct relation to the , the gT

β -transition is primarily important when defining the toughness or brittleness of the 

material. Of the previously mentioned studies, only the authors in [160] tested their 

samples at temperatures low enough to identify the β -transitions in their CNT-

polycarbonate composite, but no effect of the CNTs on this transition was revealed.  

The nanocomposites studied here are unique due to unusually high volume fraction 

(40%) of the CNT reinforcement, which is the highest known for aligned CNT 

composites. The properties of composites reinforced with dispersed carbon nanotubes or 

nanoparticles are typically studied for their 1-10% volume fraction Thus far, the only 

thermo-mechanical studies of high volume fraction CNT composites used buckypaper as 

the reinforcement. Those composites showed the largest effect on the δtan peak; the 

intensity of the peak dramatically decreased and was spread over a large temperature 

range [222]. Clearly, the CNTs there had a dramatic effect on the thermal transitions of 

the composite. Using CNT yarns as the reinforcement for composites provides the unique 

opportunity to study the interactions of an epoxy matrix spread within a dense network of 

assumingly aligned carbon nanotubes.  

 The DMA results and their discussion presented next are mainly aimed at (i) 

establishing correlations between mechanical properties of three epoxy resin formulations 

(with 0%, 20% and 40% modifier) on one side and their DMA response (particularly, in 

the ß-transition region) on the other; (ii) comparing DMA responses of the three different  
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carbon nanotube composites with respective DMA responses of their neat epoxy resins; 

(iii) validation of some physical hypotheses proposed in [202] by direct DMA test data.

  

6.2 Experimental Procedure  

The composites that were studied in [202] were also utilized in here to allow for a 

direct comparison of the composites tensile properties and thermo-mechanical properties. 

3-D braided preforms used for composites studied here were made by Dr. Mungalov 

(3TEX, Inc.) on their proprietary device, using thirty six 5-ply CNT yarns. The final braid 

length was around half of a meter, allowing for multiple tensile and DMA samples to be 

made from a preform with a constant cross section. Using the sample dimensions, 

preform weight and CNT density, the volume fraction was calculated to be approximately 

40%. As in [224], several formulations of epoxy were used to demonstrate the effect of 

the epoxy properties on the thermo-mechanical properties.  

 Three Epon 9504 epoxy resin systems, differing in the amount of Heloxy 116 mono-

epoxide modifier, were used for the DMA samples. The Heloxy modifier served to lower 

the mixed viscosity but unlike a normal solvent, it contains a single functional group that 

bonds to the amine hardener reducing the number of sites for cross-linking. Increasing the 

amount of the modifier decreases the number of crosslinks in the epoxy which has a 

profound effect on the mechanical and thermo-mechanical properties. Due to the fact that 

the modifier was bonded into the network, there are no effects of solvent leaving the resin 

at high temperatures as would be the case if a normal solvent was used during DMA 

testing. Three formulations were used with epoxy:modifier:hardener ratios of 100:0:25, 

80:20:22 and 60:40:20. The amount of amine hardener was reduced to compensate for the 

reduction in epoxide functional groups in the mixtures with the added mono-epoxide 

modifier. 

 Both neat resin samples and composite samples were produced for comparison in the 

DMA. The resin system used had a mixed viscosity of approximately 300 cp at room 

temperature and 60 cp at 60°C. Addition of the modifier further reduced these values. 
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Neat resin samples were produced by making a 1 mm thick film on a flat aluminum plate 

and heating at 60°C in a vacuum oven for 30 minutes to degass. The films were then 

allowed to cure for 16 hours at room temperature and then post cured at 90 °C for one 

hour. The films could then be cut into strips for testing.  

 In order to make the 3-D braided CNT composite samples, the same heating and 

curing procedure was used. The 3-D braid was allowed to soak in the resin at 60°C for 30 

minutes in the vacuum oven, then the preform was attached to a spring loaded curing 

apparatus shown in Figure 6.1.  

 
 
 

 
 
Figure 6.1 Curing apparatus for fabrication composites reinforced with plied CNT yarns 
and 3-D braided CNT yarns. 
 

 97



This device applied approximately 25 grams of force to produce a completely straight 

composite sample and to force out excess resin, which was blotted away as tension was 

increased. This procedure ensured the highest volume fraction of CNTs in the composite. 

The cured sample, which is very straight, is shown in Figure 6.2 next to a ruler to 

demonstrate the size of the composite.  

 
 
 

 
 

Figure 6.2 Cured 3-D braided CNT yarn epoxy composite with ruler in inches.  
 
 
 
 Density measurements and high resolution scanning electron microscopy (SEM) 

images confirmed that all three resin formulas penetrated in between CNTs and/or within 

their bundles. The density of a composite (ρc) can be determined through the rule of 

mixtures using the density (ρf, ρ m) and the volume fraction (f) of each constituent 

material in the following equation: 

 

ρc = ρf f + ρ m(1- f )               (15) 
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The density of the nanotubes within the nanotube yarns was calculated to be 1.58 g·cm−3 

from the inner wall diameter of 5 nm, outer wall diameter of 10 nm, interplanar wall 

spacing of 0.34 nm and the density of graphite planes as 2.21 g·cm−3 .  

Density of the resin used in this study was calculated from a specimen of known 

dimensions. Mixed epoxy resin was poured into a glass tube, evacuated in a vacuum oven 

and allowed to cure for 16 hours at room temperature. The sample was then post cured at 

90°C in the oven for one hour. The tube was broken away and the rounded ends were cut 

off with a diamond saw to produce a perfectly cylindrical sample. The dimensions were 

measured using a micrometer and the density was calculated as 1.15 g·cm−3. 

The average measured density of the four dry nanotube yarn braids was 0.676 

g·cm−3. Using Equation (15), and setting the density of air equal to zero, the volume 

fraction of nanotubes was calculated to be 42%. Taking the density of nanotubes as 1.58 

g·cm−3, the density of the resin as 1.15 g·cm−3 and the volume fraction of nanotubes to be 

42%, the calculated theoretical density of the composite was 1.34 g·cm−3. However, the 

four 3-D braided composite samples had an average measured density of 1.24 g·cm−3 

with 8% void space. Nanotubes within bundles, with perfect hexagonal close packing 

along their length, have a density which is 91% of the density of a single MWNT. Since 

bundling of CNTs within yarns is likely in many areas, the discrepancy in theoretical 

composite density and measured composite density can be attributed to the lower density 

bundles. While no actual resin voids were apparent in the SEM images it feasible to think 

that nano-sized voids could be present. However, it was not possible to calculate the 

fraction of density reduction that was due to CNT bundling or from nano-sized voids.  

Due to the high flexibility and low density of the CNT yarns and significant tension 

applied during curing, many of the yarns changed their cross-sectional shapes from the 

initially nearly-circular to irregular ones. This allowed them to pack as tightly as they 

could next to each other. This resulted in a composite with very few resin rich areas 

between the yarns.  
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 High resolution SEM imaging analysis of the fracture surface, seen in Figure 6.3, 

showed that resin penetrated between nanotubes and nanotube bundles deep within the 

yarns. The neat resin samples and CNT composite samples were studied on a TA 

Instruments Q800 DMA. The samples were tested in tension with a gauge length of 2 cm, 

fixed strain of 0.1% and cycling frequency of 1 Hz. Storage modulus, loss modulus, and 

δtan  data were collected from -100 to +150°C. Cross sectional area was determined by 

measuring the area of a fractured 3-D braid composite sample. 

 
 
 

 
  

Figure 6.3 SEM image of the fracture surface of 3-D braided CNT yarn composite. 
Epoxy resin can be seen surrounding CNTs deep within the yarns.  
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6.3 Results and Discussion 

6.3.1 DMA Results: Neat Resins 

The results for DMA testing of a neat Epon epoxy are shown in Figure 6.4. This 

testing was completed to ensure the proper functionality of the machine and to provide a 

comparison basis for other tested materials. The storage modulus 'E , loss modulus "E  

and δtan  curves vs. temperature T  follow the trends that are seen in many textbook 

examples of the DMA studies of epoxy resins. The highest δtan  peak is taken as the α-

transition, and its location is associated with the glass transition temperature  of the 

material. The next peak to the left is associated with the ß-transition. As Figure 6.4 

shows, for this particular resin system the α-transition peak corresponds to approximately 

110ºC, and the ß-transition peak to approximately -60°C. 

gT

 

 

 
 

Figure 6.4 Storage modulus (●), loss modulus (□) and δtan  (■) variations with 
temperature from the DMA test of the neat Epon epoxy resin with no modifier added. 
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 Adding the mono-epoxide modifier to the epoxy should have the effect of chemically 

bonding a mono-functional molecule into the cross-linked network; this shall decrease 

the number of cross links in the system. Due to this, the resin should show an increased 

mobility of large segments of the macromolecular chains at fixed temperature. Inversely, 

the same increase in chain mobility could be observed at a lower temperature. These 

effects should reflect in a lowering  and reducing the α-transition peak for the material, 

due to it takes less thermal energy to excite the segmental motions. All these trends are 

clearly seen in Figure 6.5. As the amount of modifier increases, the number of cross links 

simultaneously decreases, and the 

gT

δtan  peak, as well as corresponding α-transition and 

 peaks, move toward the lower temperatures.  gT

 

 

 
 
 

Figure 6.5 Experimental δtan  curves for the neat Epon epoxies with 0% (●), 20% (□) 
and 40% (■) modifier added. 
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The α-transition peak moves to approximately 70°C in the case of 20% modifier and to 

approximately 50°C in the case of 40% modifier. This means, in particular, that room 

temperature gets closer to the α-peak location with increasing modifier content. 

Accordingly, epoxy resin should be “softer” at room temperature with increasing amount 

of modifier; its modulus has to go down and its strain to failure has to go up. These 

effects were observed in tensile tests of the neat resins. 

Contrary to the above described behavior of the three epoxy resins at positive °C 

temperatures, the amount of modifier shows practically no effect on the location of ß-

transition peak and moderate effect on the peak value. This means that in the ß-transition 

region (which is, for all three epoxies studied, a “deep freezing” zone), even such a 

substantial increase of the modifier content makes only a minor effect on the local 

mobility of the macromolecules. 

 

6.3.2 DMA Results: 3-D Braid CNT Yarn Composites   

 When the same three resin formulations, with modifier content of 0, 20% and 40%, 

were used to fabricate 3-D braided carbon nanotube composites, it was anticipated that 

the composites would behave as the “mixtures” of two individual components, e.g. CNT 

reinforcement and neat epoxy matrix. Specifically, in a system with low dampening 

properties of the reinforcement, the ideal damping of the composite can be estimated by 

the Rule of Mixtures [225]:  

 

mfc V δδ tan)1(tan ⋅−=               (16)  

 

Figure 6.6 clearly indicates that this is not the case for the three carbon nanotube 3-D 

braid composites under consideration. Instead of mimicking the characteristics of these 

very distinct epoxy matrices, the three δtan  curves are very close to each other. 

Particularly, the variation of  value is much less here than in Figure 6.5 for the neat 

matrix materials and the α-peak is not nearly as sharp. The peak values of 

gT

δtan  (between 
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0.09 and 0.11) in Figure 6.6 are much lower than those in Figure 6.5 (between 0.65 and 

1.05). Therefore, these experimental values of δtan  do not follow the Rule of Mixtures 

(16) at all. They are much lower than formula (16) predicts for a conventional fiber 

reinforcement with volume fraction 40% ( δtan  values would be in the range 0.39-0.63). 

The damping decrease is much lower than expected with regard to the volume fraction of 

carbon nanotubes in the composites – another synergistic effect revealed. 

  
 
 

 
 

Figure 6.6 Experimental δtan  curves for the three carbon nanotube 3-D braided 
composites made with three different epoxy formulations: no modifier (●), 20% modifier 
(□) and 40% modifier (■). 
 
 
 

 Most interestingly, at room temperature all three composites show nearly identical, 

and very low, values of δtan  in the range 0.01-0.015. These values are about 25 times 

lower than the δtan  value for the 40% modifier case in Figure 6.5. The high ductility of 

the neat resin with 40% modifier can be attributed to the fact that molecular motions 
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contributing to the alpha transition are already absorbing energy at room temperature. 

These motions are clearly inhibited by the CNTs as seen by the dramatic drop in δtan  

for this system. Now, it becomes obvious that there is a strong correlation between the 

earlier observed effect of a dramatic difference in the strain-to-failure values of the 

composites and their neat matrices, and the δtan  values on the other. Specifically, the 

strain-to-failure values for all four composites, made with resins having different amount 

of modifier and tested at room temperature, were found very close in [114]. This result is 

in a full correspondence with the result that at room temperature the δtan  values for 

those composites are very close. The result that the strain-to-failure values of all four 

CNT composites are “abnormally” low, is also in a full correspondence with the result 

that for all those composites the δtan  values are “abnormally” small. 

 This leads to a general conclusion that both mechanical and DMA responses of all 

studied 3-D braided CNT yarn composites are primarily determined by the carbon 

nanotube constituent. Properties of the matrix play only a secondary role. At room 

temperature, these composites show rather low ductility, which is indicated by their small 

strain-to-failure values and the small δtan  peaks.   

 Figure 6.7 shows the similarities in DMA curves comparing the storage modulus and 

δtan  of two 3-D braid CNT composites made with unmodified epoxy and 40% modifier 

epoxy matrices. The two storage modulus curves are very close to each other in the whole 

temperature range; they intersect at about 45°C temperature. At room temperature, the 

storage modulus values were about 30 GPa, which is higher than the respective modulus 

values (approximately 24 GPa and 19 GPa, see [114]) obtained from the tensile tests. The 

discrepancy is reasonable, considering that the dynamic modulus obtained from DMA 

tests shall be, and usually is higher than the static one.  

The storage modulus for both composites shows quite small variation over the 

temperature range (it changes from -100°C to 40°C). Then, a significant drop is observed 

resulting in about 8 GPa values at 150°C temperature. For comparison, the storage 

 105



modulus of unmodified neat epoxy is already below 1 GPa at 100°C temperature. This, 

again, emphasizes the gross effect of carbon nanotubes.    

 
 
 

 
 

Figure 6.7 DMA results for 3-D braided CNT yarn - epoxy composites: storage modulus 
with no modifier (●) and 40% modifier (○)  and δtan  with no modifier (■) and 40% 
modifier (□).  
 
 
   
 It was shown in [226] that in epoxy networks the macromolecular chain flexibility 

has a greater importance for the defect nucleation than the density of cross-linking. 

Therefore, increasing the chain stiffness or reducing the local mobility of epoxy 

macromolecules can increase the rate of the defect initiation and propagation, thus 

making the material more brittle. In the nanotube composites studied here, carbon 

nanotubes occupy about 40% of composite’s volume, hence they constrain the local 

mobility of epoxy chains spread in the spaces among the nanotubes. Being in a close 

proximity of carbon nanotube, hinders even smaller, sub-segmental molecular motions of 
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the epoxy chains which determine the ß-transition peak and its location on the 

temperature axis.  

 Figure 6.8 provides a more detailed comparison of the δtan  variations at low 

temperatures for the three neat epoxy resins and respective three nanotube braid 

composites. All three curves, corresponding to 0%, 20% and 40% modifier in the epoxy 

formulation, show much higher δtan  values than those seen for the respective three 

composites.  

 
 
 

 
 
 

Figure 6.8  Experimental δtan  curves in the ß-transition region for neat epoxies with 
0% (○), 20% (□) and 40% (◊) modifier, and for their respective 3-D braided CNT yarn 
composites (●), (■),(*). 
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Adding modifier to the epoxy shows unexpectedly irregular effect, which is hard to 

explain without additional studies: the highest curve corresponds to 40% modifier, the 

intermediate curve to 0% modifier, and the lowest curve to 20% modifier. The three 

curves for respective composites are very close to each other, located much lower than 

the neat epoxy curves, and their ß-transition peaks are very shallow. This demonstrates 

again that in the presence of densely packed carbon nanotubes, significant differences in 

the DMA response, observed for the three neat epoxies, almost disappear. 

 

6.3.3 DMA Results: Dry 3-D Braid 

As discussed previously, highly graphitized carbon fibers are not viscoelastic and 

thus they do not possess any considerable damping properties. This fact allows these 

fibers to retain much of their strength at extremely high operating temperatures in carbon-

carbon composites. For example, the storage modulus of graphitized carbon-carbon 

composite remained constant, while the damping decreased by 10% in a DMA test from 

50 to 450°C   [227]. CNTs also possess this quality due to their seamless graphitic 

structure. The same bonding, that gives them their extreme properties, also restricts free 

motions of the carbon bonds in the CNT.  

In long tows/rovings made of continuous, aligned CNTs with little or no twist (yet 

to be produced), the damping properties in their dry form would be very low due to a 

minimal internal friction.  However the CNT yarns studied here are very different. 

Although they are very long by most standards (the typical length to diameter aspect ratio 

is 30000), they are still of a finite length; they are also heavily twisted and internally 

curved. In the load transfer from one nanotube to the other, surface friction induced by 

radial forces that develop as the twisted yarn is stressed in tension, play the major role. In 

this case, the intertube friction, resulting in significant level of energy absorption, might 

be, hypothetically, influenced by the temperature increase. If so, this effect may be of an 

importance for protective armor design, due to local heating always takes place in the 

vicinity of penetrating bullet or fragment.  
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The final DMA study was to measure any possible effect of temperature on the 

properties of the dry 3-D braid made of CNT yarns and it had two objectives: first, to 

verify if there is any significant effect of temperature on the DMA characteristics and 

second, to find out if there is any correlation between the DMA results obtained for the 

dry preform and for its composite. Dry 3-D braid made of CNT yarns was tested on the 

DMA from -100 to 250°C.  

Figure 6.9 shows that the storage modulus, loss modulus and δtan , all are 

significantly influenced by the change in temperature. The most intriguing results from 

this test were that the δtan  started rising almost linearly from -100 to 50°C, the loss 

modulus had its highest peak well below room temperature and the storage modulus 

began to increase from 125 to 250°C. It should be noted that the storage modulus value at 

room temperature was very close to the value obtained in tensile tests, see [202].  

 

 

 
 

Figure 6.9 Storage modulus (●), loss modulus (□) and δtan  (■) variations with 
temperature from the DMA test of the dry 3-D braided preform. 
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Clearly, the dry CNT braid did not exhibit in DMA test a typical behavior of 

viscoelastic material, but its behavior was also far from the elastic behavior characteristic 

for individual CNTs. The CNT yarns and, consequently, braids have a large Poisson’s 

ratio due to the empty spaces between CNTs in their unstressed state. When the 

yarns/braids are stressed in tension, the flexible CNTs are compressed by the radial forces 

to shrink the cross section of the yarn to its most compact form, which also serves to 

increase the intertube friction.  

Flexibility of CNTs is also a crucial element in the failure of dry yarns/braids, 

because mutual slippage of the nanotubes ultimately causes the yarn failure. As the inter-

tube or inter-bundle friction is overcome by the load applied, the CNTs start slipping and 

the yarn starts failing by drafting. When the temperature is much below the room 

temperature, the flexibility of a CNT behaves similarly to the flexibility of a 

macromolecule, meaning that both go down. This is apparent in Figure 6.9 - the lower 

temperature is, the higher storage modulus of the dry 3-D braid gets. This reduction in 

flexibility would reduce the tendency for the yarns to fail by slipping. 

We can conclude from these results that although individual CNTs can not 

experience viscoelastic phenomena like creep or stress relaxation due to their stable 

covalent bonding, their frictional interactions with each other were significantly 

influenced by the temperature rise.  

Finally, it is worth noting that before the DMA results for dry CNT braids were 

obtained, it was expected that some correlations between dry preforms and their 

composites would be observed. Though some parts of the curves in Figure 6.9 may 

seemingly correlate with the DMA results for composite samples presented in Section 

6.3.2, it is hard to quantify such correlations. This can be explained by the fact that the 

load transfer mechanism does change fundamentally when epoxy resin is added between 

the nanotubes. The friction forces holding nanotubes together in a dry preform are 

substituted by much stronger mutual bonding forces among CNTs provided by epoxy 
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resin. The mobility and flexibility of CNTs reduce so dramatically, when the resin is 

added, that all other effects are totally overshadowed. 

 

6.4 Conclusions 

Future high performance structural and multifunctional composites may utilize 

continuous carbon nanotube reinforcements. Gaining understanding of the interactions at 

the nano-scale level between carbon nanotubes and epoxy macromolecules in such 

composites, which was in the focus of this paper, opens new areas of research and 

technology. 

 Dynamic mechanical analysis was used here for developing a basic understanding of 

such interactions and explaining some unusual mechanical behaviour effects revealed 

[114] and discussed in [202]. The obtained results point to the fact that the nanotubes do, 

in fact, substantially hinder the local sub-segmental motions of the epoxy 

macromolecules. This effect is much more pronounced than the effects commonly seen in 

composites reinforced with dispersed CNTs, which is due to a much higher volume 

fraction of CNTs in the composites studied here. This appears to be a paramount factor to 

take into consideration when determining the mechanical properties of polymer matrix 

composites reinforced with carbon nanotube yarns, braids, weaves, knits and other 

possible textiles.  

One of the important conclusions from this work is that the formulation of epoxy 

resin (i.e., the amount of modifier added) and its DMA properties (expressed via the 

storage modulus, loss modulus and δtan ) make rather small effect on the respective 

DMA properties of the studied composites in which carbon nanotubes occupy about 40% 

of the composite’s volume.  

The above conclusion is in a full agreement with the tensile test data analyzed in 

[114] and [202] that elastic modulus, strength and strain-to-failure of composites 

reinforced with carbon nanotube yarns and 3-D braids are rather insensitive to the 

 111



formulation of epoxy resin and its mechanical properties (elastic modulus, strength and 

strain-to-failure).   

 The performed DMA study of dry 3-D braided CNT yarn preform showed, firstly, 

some significant temperature variations of the storage modulus, loss modulus and tan δ. 

This indicates that internal friction between the nanotubes in this textile system is 

temperature-sensitive. Secondly, no obvious correlation was found between the DMA 

characteristics of dry 3-D braid and its epoxy matrix composite. This is explained by a 

dominating effect of matrix vs. intertube friction on internal force transfer in the CNT 

reinforced composite. 
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7  Shear Pressing Carbon Nanotube Arrays for Aligned 
Buckypaper Composites 

 
7.1 Background 

Despite decades of extensive research, the full potential of carbon nanotube (CNT) 

composites have not yet been realized [228,229]. Conventional micro-fiber-reinforced 

composites provide some insight into critical structural features for obtaining high-

strength: the reinforcements need to be long, well aligned, and in high-volume fraction.  

It has long been a challenge for researchers to process CNT composites with such 

structural features.  Here we report a novel method to quickly produce CNT composites 

with high volume fraction of long and well aligned CNTs.  Specifically, we use the 

method, shear pressing, to process tall, vertically aligned CNT arrays into dense aligned 

CNT buckypaper preforms, which are subsequently processed into composites.  Tensile 

testing of the preforms and composites shows promising mechanical properties. 

Carbon nanotubes strength is unrivaled by any other material. This immense tensile 

strength and fiber like aspect ratio, have attracted the attention of composites scientists 

and engineers since their identification [2]. With theoretical strengths that are more than 

an order of magnitude greater than current high strength carbon fibers [230,231], they 

have the potential to produce composites that are much stronger than current fiber 

reinforced composite materials. However, this goal has not been realized, as the 

processing of CNT composites is more complex than traditional fiber reinforced 

composites. Ideally, a CNT composite engineered to obtain maximum tensile strength 

would possess the same morphology as current unidirectionally reinforced fiber 

composites.  In other words, CNTs in the composite should be continuous, straight, well-

aligned, and packed to a high volume fraction. Due to challenges associated with their 

agglomeration, the majority of thermoset CNT composites studied thus far contain low 

volume fractions of CNTs [221,232]. Successful methods for dispersing and 

functionalizing CNTs have produced improvements in the strength, modulus and fracture 

toughness of high performance epoxies, which are now offered as commercial products. 
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These CNT-resin dispersions show promise as improved resin systems for traditional 

fiber composites, but the low volume fractions have hindered their potential applications 

as high performance materials reinforced solely by CNTs.  

New processing methods utilizing CNT fibers/yarns/sheets, buckypapers and layer-

by-layer techniques have emerged as means to successfully integrate higher volume 

fractions of CNTs in composites. Fibers have been made from wet spinning CNTs with 

and without polymer [96,98,99,233], spinning them directly from a CNT aerogel in a 

chemical vapor deposition (CVD) furnace [101], and drawing twisted yarns from aligned 

CNT arrays [105,107,108]. Although the length and alignment in the fibers is high, small 

available quantities have limited their study as reinforcement in composites [199,202]. 

Aligned CNT composites were also produced from CNT sheets pulled from CNT arrays. 

Thousands of the sub-micron thick sheets were stacked together to produce preforms for 

epoxy resin infusion [59,201]. Another approach pressed CNT arrays bi-axially to 

produce high volume fraction aligned CNT composites, but the length of the composites 

in the direction of CNT reinforcement was limited to the array height of a few 

millimeters [197]. Techniques involving rolling and pushing of CNT arrays can produce 

buckypapers, but require that the CNT array be firmly attached to the substrate, involve 

multiple processing steps and were studied for use in electrical applications [132,234]. 

Layer-by-layer production of CNT composites can be accomplished through dispersing 

CNTs in oppositely charged polyelectrolyte solutions and growing thin films on a 

substrate [189,192,193]. High volume fraction composites can be grown a few 

nanometers per cycle by alternately dipping a substrate in the oppositely charged 

solutions. Some of these films are strong [194], but the layer-by-layer method is slow, 

producing samples only one micron thick over hundreds of cycles and hours of 

processing time. Buckypapers filtered from solution are fast to produce and can make an 

attractive preform for composites, however, the CNTs are generally short and 2-D 

randomly oriented [122,125,127,128,185,186,222]. A recently reported method of stretch 

aligning buckypapers has shown the highest reported CNT composite tensile properties 
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using a bismaleimide matrix, and is one of the first methods to combine the desired 

morphological characteristics needed to maximize properties [133]. 

 

7.2 Experimental Procedure 

A buffer layer/catalyst film of 10/2 nm of Al2O3/Fe was magnetron sputtered onto a 

(100) Si wafer. The base pressure before sputtering was lower than 6x10-5 Pa. The sample 

was rotated during sputtering and thickness was monitored using a quartz crystal 

microbalance. The alumina layer was sputtered in a 95/5% Ar/O2 gas mixture (99.999%) 

at a pressure of 0.13 Pa from a 99.99% Al2O3 target. The iron layer was sputtered at a 

pressure of 0.13 Pa in pure Ar (99.9999%) from a 99.99% Fe target.  

The catalyst substrates were placed in the middle of a single zone quartz tube 

furnace with an inner tube diameter of 22 mm and heating zone of 30 cm. The tube was 

vacuum pumped to 100 Pa and refilled with the growth gas mixture of Ar, H2 and C2H4 

and remained at atmospheric pressure during the growth step. Argon flowed at a rate of 

56 sccm, H2 flowed at a rate of 10 sccm and C2H4 flowed at 14 sccm (80 sccm total). 

While the growth gasses were flowing the furnace was heated to 750°C at its maximum 

rate, taking approximately 10 minutes. After reaching 750°C the gases were allowed to 

flow for 25 min, then the system was flushed with Ar gas during furnace cool down. CNT 

arrays approximately 1.4 mm tall were produced.  

The as-grown arrays on substrate were placed on a custom pressing device 

consisting of two aluminum parallel plates: one fixed flat plate and one plate affixed to a 

linear bearing with an adjustable angle. A bare piece of Si wafer was glued to the fixed 

plate to act as a backstop for the array during pressing. The arrays were pressed by hand 

at an angle of 35° in relation to the substrate. Pressing time was approximately two 

seconds. The CNT buckypapers were then peeled from the substrates by hand using flat 

tweezers. Figure 7.1 shows a schematic of the pressing process while Figure 7.2 shows 

the actual shear pressing machine. 
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Figure 7.1 Schematic representation of the shear pressing process. 
 
 

 

   
 

Figure 7.2 Shear pressing machine (left) close up view of the parallel pressing plates 
(right) with pressing angle direction indicated.   
 
 

 

The buckypaper preforms were soaked in an epoxy resin solution containing 50/50 

wt. % of mixed epoxy system/acetone for 15 minutes. The epoxy resin system was 

EPIKOTE 862 bisphenol-F epoxy resin and EPIKURE W aromatic amine hardener. The 

mix ratio was 100/26.4 parts by weight of epoxy and hardener. The buckypaper was then 

removed from the solution and heated in a vacuum oven at 80°C for 1.5 hours to drive off 

the acetone. The preforms were then hot pressed between filter paper to remove any extra 
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resin, cut into strips for tensile testing using a razor blade and then cured between glass 

blocks coated with an epoxy mold release agent, at 160°C for 2.5 hours. Cutting before 

curing and using glass blocks allowed for a smooth surface finish of the faces and edges 

of the composite samples. This is important for obtaining the true properties of small 

tensile specimen where small surface defects can have a large impact on strength. Figure 

7.3 shows the small composite coupons used in tensile testing. Samples exposed to strain 

before curing were loaded on the tensile tester after infusing the buckypapers with the 

epoxy and heating in vacuum oven at 80°C for 1.5 hours to drive off the acetone. 

Maximum strain was 5% based on the initial length of the sample. 

 
 
 

 
 

Figure 7.3 Aligned buckypaper/Epoxy composite tensile test coupons. 
 
 

 
Tensile testing was performed on a Shimadzu EZ-S tensile tester with a 100 N load 

cell. Strain was measured from grip displacement. Elastic modulus was calculated from 

the slope of the initial loading region. The thickness dimension of the tensile testing 

coupons was measured using a micrometer. Sample widths and gage lengths were 

measured using a digital caliper. Sample coupons were mounted to tabs cut from a sheet 

of 600 grit sandpaper to prevent slipping and to reduce stress concentrations at the grips. 
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Gage length was 7.5 mm and testing speed was 0.5 mm/min. At least five samples were 

tested from each produced batch of composites. SEM analysis of the arrays, buckypapers 

and composite fracture surface was done on a JEOL 6400F at 5kV. TGA analysis was 

completed on a Perkin Elmer Pyris 1 in nitrogen (99.999%) with a heating rate of 10°C 

per minute. 

 

7.3 Results and Discussion 

The high friction interface between the CNT array and the metal plate, allowed the 

pressing device to shear the CNTs uniformly from their normal vertical orientation to a 

horizontal orientation while preserving their alignment. The lowest possible pressing 

angle was desired to the increased the horizontal component of movement imparted to the 

CNT array from the pressing plate. Angles lower than 35o formed non-uniform wavy 

buckypapers caused by partial separation of CNTs from the substrate. Thus, a pressing 

angle of 35o relative to the substrate was used to form all of the uniform, aligned 

buckypapers studied in this report.  The aligned buckypaper preforms were easily 

removed from the growth substrate with no further processing, as seen in Figure 7.4.  

A large amount of empty space within the CNT array is removed during the shear 

pressing process. After shear pressing, the CNTs lay on each other at an off-axis angle to 

the plane of the buckypaper. This angle is defined by the amount of empty space removed 

and can be calculated based on the original array thickness and the buckypaper thickness 

after shear pressing. Typically, the array thickness was reduced by 25 times during the 

process. Figure 7.5a shows the predicted structure of a 1 mm tall CNT array reduced in 

thickness by 25 times via shear pressing. The calculated off-axis angle of CNT alignment 

was 2.3°. Since the CNTs are very strong along their axial direction, and only van der 

Waals force exists between individual nanotubes, the aligned buckypaper’s expected 

failure mode under tension is along parallel CNTs with an inclination angle close to the 

calculated off-axis angle (see Figure 7.5b).   
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Figure 7.4 Aligned CNT buckypapers were easily removed from the silicon substrate. 
 

 

 

 
Figure 7.5 Schematic showing a) calculated expected inclination angle of CNTs in shear 
pressed buckypaper based on a reduction in array volume of 25x; b) expected failure 
mode of dry buckypaper preforms. 
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Figure 7.6 exhibits SEM images of the aligned buckypaper tested to failure in 

tension. These images provide good agreement with the expected failure mode. The angle 

of CNT inclination was measured as 3o which was close to the expected value. Alignment 

of the CNTs was further confirmed by the other images in Figure 7.6. Figure 7.6a shows 

the failure surface, where long CNT bundles traverse the image in the pressing direction. 

Figure 7.6b shows the top surface of the buckypaper. Figure 7.6c shows the actual failure 

mode of buckypaper in tension which agrees with the predicted mode shown in Figure 

7.5b. The angle of inclination is also seen in Figure 7.5d, a cross section of the 

buckypaper cut in the nanotube direction.  

 
 
 

 
 

Figure 7.6 SEM images of a) Failure surface of aligned buckypaper showing good CNT 
alignment within the buckypaper; b) top surface of buckypaper (both the CNT ends and 
CNT sides are visible); c) actual failure mode of buckypaper in tension confirming the 
predicted mode in Figure 7.5b; d) cross section of the aligned buckypaper. 
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The volume fraction ( ) of CNTs in the aligned buckypaper composites was 

calculated to be 27% by converting the mass fraction of 32% and resin density of 1.2 g 

cm

fV

-3, using: 
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where mf is the mass fraction of reinforcement and ρc and ρm are the densities of the  

composite and the matrix. The mass fraction of the composites was determined by 

heating the composite samples in a nitrogen atmosphere using thermogravametric 

analysis (TGA). The CNTs were stable up to 1000oC in nitrogen while the epoxy 

decomposed at 400oC. The difference between the baseline CNT and epoxy curves to the 

composite sample (see Figure 7.7) gave the mass fraction of CNTs. The composite had a 

density of 1.3 g cm-3, which was calculated from the sample’s mass and dimensions.   
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Figure 7.7  TGA curves of buckypapers, neat epoxy and composites heated in nitrogen 
used to measure the weight fraction of CNTs in the composites. 

 121



Tensile stress-strain curves for the buckypapers, pure epoxy resin and two types of 

composite are shown in Figure 7.8. The dry buckypapers exhibited failure strength of 16 

MPa. This strength was similar to buckypapers in other reports [127,128,186], and 

stronger than expected, based on the low level of CNT entanglement. This result could be 

attributed to millimeter length of the CNTs; even though the overall number of 

entanglements was far fewer than in traditional buckypapers, the CNTs were also about 

100 times longer than used in traditional buckypapers. It may be the case that the number 

of entanglements per nanotube is a critical factor for buckypaper strength. The 

buckypapers were strong enough to be handled during processing and would be 

acceptable for applications like filters, sensors or bio-scaffolds. The highest tensile 

strength samples reached approximately 300 MPa and an elastic modulus of 15.0 GPa.  
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Figure 7.8 Representative stress-strain curves for the shear pressed buckypaper, cured 
neat epoxy system, and shear pressed buckypaper composites with 27% volume fraction 
and the composites after pre-straining before curing.  
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The fracture surface of the composite sample was flat and perpendicular to the 

loading direction. SEM images of the fracture surface in Figure 7.9 show that resin 

penetrated well between CNTs and their bundles and that the pullout length for of CNTs 

was less than a few hundred nanometers.  

 
 
 

 
 
Figure 7.9 SEM image of the failure surface of a high-volume-fraction aligned CNT 
composite. Resin penetrated well into the preform and pull-out length of the CNTs was 
less five hundred nanometers. 
 
 

 
To further increase strength and elastic modulus of the composites, the resin infused 

preforms were exposed to a strain of 5% before curing, with the objective of reducing 

CNT waviness. This increased the maximum tensile strength values by 33% to 402 MPa 

and elastic modulus by 50% to 22.3 GPa.  These results suggest that the straightening 

wavy CNTs can effectively improve the composite strength and stiffness, which is 

consistent with literature [146]. Under that same applied strain, individual CNTs that are 

straight and well aligned sustain much higher stress than those wavy ones because a 

greater portion of their length is aligned with the loading direction.  A summary of the 
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mechanical properties of the materials tested are listed and compared in Table 7.1. 

Previously reported epoxy-matrix composites with high volume fraction CNTs include 

CNT fiber/epoxy composites (strengths: 253-315 MPa) [199,202], CNT sheets/epoxy 

composites (strengths: 130-231 MPa) [59,201], and CNT buckypaper/epoxy (strength: 35 

MPa) [185], have strength values lower than the results obtained in this study. 

 
  
  

Table 7.1. Comparison of the mechanical properties of neat epoxy and aligned 
buckypaper/epoxy composites.   
 
 

Elastic Modulus (GPa) Strength (MPa)

Neat Epoxy 2.2 ± 0.2 77 ± 8
Buckypaper/epoxy composite 
(no pre-strain) 15.0 ± 1.1 267 ± 27
Buckypaper/epoxy composite 
(with pre-strain) 21.5 ± 2.4 380 ± 19  

 

 

 

A rule of mixtures calculation using the weighted mean of the CNT and epoxy 

moduli returns a theoretical composite stiffness an order of magnitude greater than the 

measured values, considering the assumed 1 TPa modulus of CNTs.  This suggests that 

there is an opportunity to continuously improve the strength and stiffness of our CNT 

composites.  Although the composites produced here contain a high volume fraction of 

long, aligned CNTs, the mechanical properties will not be maximized until several key 

issues are addressed.  These issues include 1) further straightening wavy CNTs, 2) 

improving the load transfer between the matrix and the CNTs, 3) growth of high-quality, 

millimeter long, single-wall CNT arrays.  First, we believe 5% pre-straining before 

curing is not enough to straighten most of the wavy CNTs.  Bundling of CNTs during the 

shear pressing might hamper the attempts to fully straighten them during the subsequent 
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pre-cure strain treatment.  We are developing methods to straighten individual CNTs 

during the shear pressing before large CNT bundles are formed.  Second, the load transfer 

from matrix to CNT should also be increased to a much greater level. Non-ideal stress 

transfer is exhibited in the composites tested here, as seen by the plastic deformation of 

the composite at strains greater than 1%. Functionalization of the outer walls of CNTs 

can increase stress transfer to the tubes [82,181], however the defects imparted to the tube 

walls can be substantial and have a negative impact on tube strength. While epoxy is the 

one of the most commonly used thermosetting matrices, it may not be the ideal 

thermosetting matrix for developing efficient load transfer from matrix to CNTs. A 

record strength value reaching 2 GPa was reported for an aligned MWNT buckypaper 

composite with a bismaleimide (BMI) thermosetting resin matrix [133]. An elastic 

modulus of 169 GPa indicated that load transfer was much more efficient in their 

composite and could be due to the structure and interfacial interactions between CNTs 

and BMI resin. Future studies using BMI as the matrix for shear pressed carbon nanotube 

arrays will determine if this efficient load transfer can be obtained in other high volume 

fraction CNT composites. Finally, a recent communication reported that stress transfer 

between walls within MWNTs is low in composites, which drastically reduces their 

effective modulus [235]. Utilizing tall SWNT arrays in the shear pressing process could 

potentially produce a large increase in composite tensile properties.  

The electrical conductivity of the shear pressed CNT buckypaper preforms and 

composites was also investigated. Dry preforms and composites were tested parallel and 

perpendicular to the nanotube alignment direction. Small samples approximately 18 mm 

long and 0.8 mm wide and 50 μm thick were cut and affixed to a substrate with double 

sided tape. The samples were covered except on the ends where a silver coating was 

sputtered to act as an electrode. Figure 7.10 shows the samples with sputtered electrodes. 

An Agilent 34410A 6.5 digit multimeter was used to measure the resistance between 

electrodes. Electrical conductivity was calculated using Equation 11. A summary of the 

electrical conductivity of four structures is presented in Table 7.2.  
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Figure 7.10 Shear pressed CNT buckypapers and composites mounted with silver 
electrodes for electrical resistance measurements.  

 

 

 

Table 7.2 Calculated electrical conductivities for CNT buckypapers and composites 
measured parallel and perpendicular to CNT alignment.  

 
Sample Conductivity (S/cm) 

Dry buckypaper perpendicular 42 

Dry buckypaper parallel 118 

Buckypaper composite perpendicular 42 

Buckypaper composite parallel 77 
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These measurements show that there is anisotropy in the material, which was 

expected, due to the alignment in the buckypapers. However, the electrical conductivity 

of the buckypaper in the CNT alignment direction was only three times higher than in the 

direction perpendicular to the CNT alignment. Clearly, the discontinuity in the CNTs and 

the necessity for electrons to hop from nanotube to nanotube play a large role in the 

overall conductivity of the samples. Adding the insulating epoxy resin to the buckypaper 

structure lowered the overall conductivity of the composite with CNTs parallel to the 

testing direction but not in the case of the CNTs aligned perpendicular to the testing 

direction. The reason for this difference was not clear. The electrical conductivities 

calculated here were similar to the electrical conductivities of the CNT yarn structures in 

Chapter 5. 

The parallel alignment and through thickness continuity of CNTs in the preforms 

provides desirable characteristics that other buckypapers do not possess. The unique 

morphology allows for fast infusion of the epoxy resin system. In a traditional 

buckypaper, the resin has to penetrate through a 2-D randomly oriented, filter like 

structure created by the layered CNTs. In this study, continuous capillary channels 

created by the aligned nanotubes run from the top to the bottom of the buckypaper and 

facilitated resin infusion of the buckypaper. Capillary wetting of CNTs has been reported 

previously for vertically aligned CNT arrays infused with epoxy resin [197,198]. When 

shear pressed buckypaper was dropped into the low viscosity epoxy resin system resin 

system, a large evolution of bubbles confirmed that the resin displaced the air in the 

buckypaper quickly, even at atmospheric pressure. This fast resin infusion characteristic 

is significant for the future production of thick multi-ply composite parts with high 

volume fractions of CNTs. 

 

7.4 Conclusions 

Through the development of a novel shear pressing method, tall aligned carbon 

nanotube arrays were quickly converted into aligned CNT buckypaper preforms for 
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composite fabrication. These preforms contain the desired characteristics of millimeter 

long CNTs, high volume fraction, high CNT alignment, small diameter MWNT and fast 

processing speed which have been challenging to achieve simultaneously and are crucial 

for obtaining the optimum composite tensile properties. Alignment of CNTs in the 

buckypaper preforms was confirmed thorough SEM analysis in their as pressed state as 

well as the failure surface of a tensile specimen. Mechanical properties of the composite 

were very promising as they are higher than other CNT-epoxy composites with similar 

volume fractions. The new approach developed here has the potential to produce CNT 

composites with strength and stiffness superior to current commercial composites with 

additional research to optimize the processing parameters and load transfer mechanisms.  

 128



8 Conclusions and Future Work 
 
8.1 Conclusions 

Organized assemblies of long carbon nanotubes have only recently been achieved and 

have only begun to be studied. They have the potential to be used in high performance 

applications were the high strength and multifunctional properties are desired. The 

objectives of the research conducted in this thesis were to produce novel products with 

carbon nanotube arrays, fibers and papers while characterizing their properties and 

developing structure-property relationships. The following are a collection of outcomes 

and conclusions made over the course of this work: 

● Chemical vapor deposition treatments using ethylene gas were used to tune the 

compressive properties of CNT array foams. The CVD treatment provided for an 

epitaxial growth of additional tube walls which led to higher compressive strengths 

and recovery of original shape upon unloading. The strength was tuned by changing 

the CVD treatment time, with longer treatment times leading to the strongest samples 

with the highest specific compressive stress. The high compressive strength of the 

foams was derived from the strength of the individual tubes, and the mutual support 

that they provided in the aligned array.  The specific compressive strengths recorded 

were superior to flexible and rigid polymer foams and low density aluminum metal 

foams. Mechanical properties of the CNT array foams were unchanged after exposing 

samples to a temperature of 500 oC in air for 30 minutes demonstrating their thermal 

stability and potential use in high performance applications. 

● Electrical conductivity testing of the CNT yarn, S-2 fiberglass hybrid 3-D braids 

showed an electrical conductivity many orders of magnitude greater than that of pure 

insulating S-2 glass and many times greater than that of commonly produced 

composites made from low volume fraction dispersions of relatively short carbon 

nanotubes in epoxy. This fact is significant because it demonstrates a viable 

alternative to using dispersions of nanotubes for significantly increasing the electrical 
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conductivity of a composite, while still utilizing a small fraction of carbon nanotubes 

and at the same time enhancing the transverse properties of the composite material. 

● Dynamic mechanical analysis was used for developing a basic understanding of the 

interactions between carbon nanotubes and an epoxy network in high volume fraction 

CNT composites. The results pointed to the fact that the nanotubes do, in fact, 

substantially hinder the local sub-segmental motions of the epoxy macromolecules. 

This effect is much more pronounced than the effects commonly seen in composites 

reinforced with dispersed CNTs, which is due to a much higher volume fraction of 

CNTs in the composites studied here. One of the important conclusions from this 

work is that the formulation of epoxy resin (i.e., the amount of modifier added) and 

its DMA properties (expressed via the storage modulus, loss modulus and δtan ) 

made rather small effect on the respective DMA properties of the studied composites 

in which carbon nanotubes occupy about 40% of the composite’s volume. The above 

conclusion is in a full agreement with previously obtained tensile test data, in that 

elastic modulus, strength and strain-to-failure of composites reinforced with carbon 

nanotube yarns are rather insensitive to the formulation of epoxy resin and its 

mechanical properties (elastic modulus, strength and strain-to-failure).   

● Tall aligned carbon nanotube arrays were converted into aligned CNT buckypaper 

preforms for composite fabrication using a novel method of shear pressing. These 

preforms contain the desired characteristics of millimeter long CNTs, high volume 

fraction, high CNT alignment, small diameter MWNT and fast processing speed 

which have been challenging to achieve simultaneously and are crucial for obtaining 

the optimum composite tensile properties. Alignment of CNTs in the buckypaper 

preforms was confirmed thorough SEM analysis in their as pressed state as well as 

the failure surface of a tensile specimen. A method to pre-strain the resin infused 

preform before curing was developed to partially straighten wavy CNTs within the 

structure to increase the tensile strength and elastic modulus of the composites. 
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Mechanical properties of the composites were very promising as they are higher than 

other CNT-epoxy composites with similar volume fractions.  

 

8.2  Future Work 

The results from Chapter 4 show promise for real applications of CNT array foams 

whose specific strength and energy absorption are much higher than traditional aluminum 

and polymer foams. The strengthening of the CNT array was caused by the epitaxial 

deposition of new graphitic walls on the as-grown CNTs within the array. This process 

has not been previously identified. The treatment used here had a single concentration 

with the only variable being the length of the treatment time. It would be desirable to 

better characterize the radial growth process. In the future, multi-variable studies should 

be conducted to determine how the new graphite walls form and how to improve the 

structure of the deposited walls. Variables such as source gas type, source gas 

concentration, source gas residence time and temperature could be changed while 

monitoring the growth thickness and structure.  

Carbon nanotube array foams with high compressive strength could also be utilized 

as a lightweight core material for composite sandwich structures. With compressive 

strengths similar to aluminum and Kevlar honeycomb structures, CNT array foam could 

provide a low density alternative which might be useful in niche applications. The first 

ever composite sandwich structure consisting solely of CNT reinforcement for the face 

sheets and the core was produced by the author of this dissertation but not yet studied. 

This composite is shown in Figure 8.1.  

 

 

 
 
 
 
 

 131



 
 

Figure 8.1 Composite sandwich structure made with shear pressed CNT composite face 
sheets and core made from high strength CNT array foam. 

 
 
 
Although mechanical properties of the composites produced in Chapter 8 using the 

shear pressing method show an improvement over other CNT-epoxy composites with 

similar volume fractions, there are still large improvements that need to be made before it 

would ever be considered as a replacement for a carbon fiber composite part. The main 

hurdles to overcome are further eliminating waviness of the CNTs within the shear 

pressed preform and surrounding individual CNTs with matrix during resin infusion. The 

pre-straining of the epoxy infused preforms provided reduced the waviness of the CNTs 

within the composite to an extent, however, only a 5% strain could be applied before the 

samples started necking and deforming non-uniformly. It would be desirable to start with 

an aligned buckypaper preform with less inherent waviness. One of the main 

disadvantages of the current hand operated pressing machine is that the fixed angle 

ensures that some unwanted waviness will be added to the CNTs within the buckypaper. 

Figure 8.2 demonstrates why the fixed angle imparts CNT waviness and a possible 

solution to reduce it.  
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Figure 8.2 Differences in shear pressing using a fixed pressing angle and dynamic 
pressing. The dynamic angle should produce aligned buckypapers with less wavy 
nanotubes.  

 

 

 

If a dynamically changing pressing angle is used, the distance between the contact 

point between the shear pressing plate and the top of the CNT remains constant during 

pressing. This will reduce the tendency for the CNTs to become wavy during pressing. 

This type of pressing machine can easily be built using two parallel plates mounted on a 

dual axis screw driven stage which are controlled by stepping motors. The pressing could 

then be computer controlled with input of the proper algorithm.     
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Appendix A.  Aluminum Oxide Buffer Layer Impurities from Magnetron 
Sputtering and the Effect on Carbon Nanotube Array Growth  

 

The formation of spherical nano-particles is critical for the nucleation and growth of 

high quality carbon nanotubes. The interaction between the nano-particle and the surface 

it lies on, will define the shape and size of the nano-particle. Young’s equations is used to 

determine the contact angle of a liquid on a solid substrate: 

 

θγγγ cosLGSLSG +=                  (18)  

 

where γSG is the surface tension between the solid and gas phases, γSL is the surface 

tension between the solid and liquid phases, γLG is the surface tension between liquid and 

gas phases and  θ is the contact angle. With the gas-solid and gas-liquid surface 

tensions constant, a change in the surface tension between the liquid and the solid phases 

will have an effect on the contact angle and wetting of the liquid on the solid. A change 

in the chemical or physical structure (roughness) of the solid substrate will affect the 

surface tension. For consistent growth of carbon nanotubes from batch to batch, the 

substrate should have a consistent chemical structure. Thin films of aluminum oxide are 

regularly used to grow high quality, millimeter long CNT arrays. 

At the beginning of this research a significant amount of carbon nanotube growth 

trials produced little success in growing long CNT arrays, even when recreating many 

successful experiments from the literature. It was suspected that the pure Al2O3 buffer 

layer could be contaminated with iron after small iron particles were found on the surface 

of Al2O3 target, attracted to the strong magnets within the cathode. The particles were 

removed and a fresh target was purchased. All efforts were taken to ensure that no iron 

particles were exposed to the strong magnetic field. Subsequent trials did not show any 

improvement in CNT array growth.  

X-ray photoelectron spectroscopy was used to determine the composition of the thin 

sputtered films to ensure that ensure that iron contamination was not the problem. The 
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sputtered thin films were compared to a single crystal alumina wafer. The single crystal 

alumina produced the expected XPS spectrum. The thin films were not pure alumina and 

showed that they were contaminated with iron and chromium by up to a few atomic 

percent through the identification of iron 2p and chromium 2p peaks. As chromium is a 

main component in stainless steels it was hypothesized that the hold down ring, which 

surrounds the target and holds it to the cathode, was contributing to the impurity of the 

alumina thin film through a co-sputtering of alumina target and the hold down ring during 

deposition.   

The hold down ring was coated with a layer of pure aluminum a few microns thick 

using the same sputtering machine. New thin alumina films were sputtered using a new 

alumina target. The XPS spectrum from this thin film was identical to the single crystal 

alumina sample. Figure A.1 shows the difference in XPS spectra for the samples 

sputtered with the stainless steel target hold down ring and the same ring coated with 

aluminum. The co-sputtering of the hold down ring was a result of the very low 

deposition rate of the Al2O3. Data sheets from the cathode manufacture showed that the 

deposition rate of alumina is 11 times slower than that of iron and 17 times slower than 

chromium under identical sputtering conditions. Argon ions escaping from the 

magnetically confined plasma can sputter the hold down ring. If the erosion rate of the 

hold down ring exceeded the deposition rate of sputtered Al2O3 on to the hold down ring 

then a net erosion of the hold down ring would occur. This is the likely explanation for 

the iron and chromium impurities in the sputtered alumina buffer layer films. 
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Figure A.1 XPS spectra for pure and impure alumina buffer layers used to support iron 
catalyst for CNT growth. 
 
 
 

After producing pure Al2O3 buffer layer films the height and quality of the CNT 

arrays grown increase significantly. SEM images of the original CNT growth, seen in 

Figure A.2, show that the CNTs grew in an extremely random fashion, with large 

variations in tube uniformity. After removing the impurities from the buffer layer, the 

CNTs proceeded to grow straighter, taller and with a uniform tube structure (see Figure 

A.3 and TEM images in section 4.3). The most likely explanation for the change is that 

the iron impurities in the initial alumina buffer layer decreased the driving force for the 

iron catalyst film to de-wet on the buffer layer. As a result, the catalyst particle might not 

have formed the perfect hemi-spherical particles needed for high quality CNT growth. 

With the absence of the iron impurity in the buffer layer, the iron de-wetted to produce 

individual hemi-spherical particles.    
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Figure A.2 CNT array growth on alumina buffer layer containing iron and chromium 
impurities. Tube uniformity and alignment is very poor.  
 
 
 
 

 
 

Figure A.3 CNT array growth on pure alumina buffer layer. Tube uniformity and 
alignment are high.  
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