
ABSTRACT 

FARAJI, SHAGHAYEGH. Pyrolytic Carbon Coatings on Aligned Carbon Nanotube 
Assemblies and Fabrication of Advanced Carbon Nanotube/Carbon Composites. (Under the 
direction of Dr. Philip D. Bradford). 
 

Chemical vapor deposition (CVD) is a technique used to create a pyrolytic carbon  

(PyC) matrix around fibrous preforms in carbon/carbon (C/C) composites. Due to difficulties 

in producing three-dimensional carbon nanotube (CNT) assemblies, use of nanotubes in 

CVD fabricated CNT/C composites is limited. This dissertation describes efforts to: 1) Study 

the microstructure of PyC deposited on CNTs in order to understand the effect of 

microstructure and morphology of carbon coatings on graphitization behavior of CNT/PyC 

composites. This understanding helped to suggest a new approach for controlled radial 

growth of CNTs. 2) Evaluate the properties of CNT/PyC structures as a novel form of CNT 

assemblies with resilient, anisotropic and tunable properties.  

PyC was deposited on aligned sheets of nanotubes, drawn from spinnable CNT arras, 

using CVD of acetylene gas. At longer deposition times, the microstructure of PyC changed 

from laminar turbostratic carbon to a disordered carbon. For samples with short PyC 

deposition times (up to 30 minutes), deposited carbon layer rearranged during graphitization 

treatment and resulted in a crystalline structure where the coating and original tube walls 

could not be easily differentiated. In contrast, in samples with longer carbon deposition 

durations, carbon layers close to the surface of the coating remained disordered even after 

graphitization thermal treatment. Understanding the effect of PyC microstructure transition 

on graphitization behavior of CNT/PyC composites was used to develop a new method for 

controlled radial growth of CNTs. Carbon coated aligned CNT sheets were graphitized after 

each short (20 minutes) carbon deposition cycle. This prevented development of disorder 



carbon during subsequent PyC deposition cycles. Using cyclic-graphitization method, thick 

PyC coating layers were successfully graphitized into a crystalline structure that could not be 

differentiated from the original nanotube walls. This resulted into radial growth of CNTs, 

from 40 to 100 nm.  

Infiltration of PyC into stacked layered sheets of aligned CNTs produced resilient 

foam-like materials that exhibited complete recovery from 90% compressive strain. PyC 

coated the junctions between nanotubes and also increased their surface roughness. These 

changes were assumed to be responsible for the resiliency of the, once inelastic, assembly of 

nanotubes. While nanotubes’ alignment resulted in anisotropic properties of the foams, 

variation in PyC infiltration duration was used to tune the foams’ properties. Further 

investigation into properties of these foams showed promising results for their application as 

pressure/strain sensor and selective liquid absorbers for oil spill clean ups.  

Finally, CNT foams were used as novel substrates for growth of secondary nanotube 

assemblies. In order to achieve that, foams were first coated with alumina buffer layers using 

atomic layer deposition (ALD) method. New nanotubes were further grown inside the foams 

by CVD of acetylene over iron nano-particles. Super low density and highly porous structure 

of the foams allowed for diffusion of catalyst along with growth gasses into their bulk, which 

resulted in growth of secondary nanotubes throughout the thickness of the foams. The 

thickness of the alumina buffer layer was shown to influence CNT nucleation density and 

growth uniformity across the thickness of the foams. Compressive mechanical testing of the 

foams showed an order of magnitude increase in compression strength after secondary CNT 

growth.  
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1 Introduction 
 

The ability of carbon to combine with itself and other chemical elements in different 

ways gives rise to the diversity of all-carbon and carbide structures in different forms. This 

led to the development of a variety of high performance materials from carbon such as 

carbon fibers, carbon composites, nanocarbon materials and carbon foams. In early 1960s, 

the availability of carbon fibers along with an increased interest in using new matrix systems 

to overcome the drawbacks of polymer matrix composites, gave rise to a new family of 

materials called carbon/carbon (C/C) composites. With low-operating temperature being the 

main downfall of polymer matrix composites, carbon that has the highest working 

temperature under non-oxidizing atmosphere, seemed to be the best candidate to replace 

them. Carbon/Carbon composites allow making use of excellent mechanical and thermal 

properties of carbon fibers in a highly thermally stable matrix, while enhancing the properties 

of bulk carbon material.   

More recently, with the increased interest in nanoscale materials and composites, 

fibrous carbon preforms made from carbon nanofibers (CNFs) or carbon nanotubes (CNTs), 

have been applied in C/C composites. For such composites, CNT assemblies can be 

synthesized and applied. A CNT assembly is any macroscale 1,2 or 3-dimensional bulk CNT 

architecture such as fibers, yarns, vertically aligned arrays, ribbons, foams and buckypapers. 

These examples have varying degree of CNT alignment, density and mechanical integrity. 

Due to fiber like structure of CNTs and their high aspect ratio, the properties of nanotubes 

are very anisotropic. Considering this anisotropy, it is important that any assembly of CNTs 
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should be highly aligned in one direction to obtain the maximum value of any mechanical 

and physical properties. For the purpose of this dissertation aligned CNT assemblies in the 

form of single or multiple layered sheets, drawn from spinnable nanotube arrays, will be the 

used. 

Chemical Vapor Deposition (CVD) is one of the methods used to create the carbon 

matrix around fibrous preforms in C/C composites. During the CVD process, gaseous 

hydrocarbons such as methane, propane and acetylene crack and decompose at low pressures 

to deposit a pyrocarbon or pyrolytic carbon (PyC) coating on the fiber preform. However, the 

use of CNTs in CVD fabricated C/C composites is usually limited to being the secondary 

reinforcement phase. This is mainly due to difficulties in producing CNT assemblies with 

interconnected network and strong bonding between individual CNTs. In addition, the small 

diameter of the CNTs with small inter-tube spacing has made uniform CVD deposition into 

very challenging due to limitations on the precursor diffusion. As a result of these short 

coming, nanotubes have been added to C/C composites to help improve bonding at carbon 

fiber/carbon matrix interphase but rarely have been used as the primary reinforcing phase. An 

exception to this is for very low density assemblies of carbon nanotubes coated using the 

same processes. While they are not monolithic composites, they have garnered much 

attention recently for their unique properties.  

Infiltration of CNT structures with pyrolytic carbon is usually done for either of the 

two purposes: 1) to study microstructure, texture and deposition mechanism of pyrolytic 

carbon or 2) to stabilize CNT assemblies in order to improve the properties. In coating 

nanotubes with PyC, it is frequently observed that the coating microstructure transit from 
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laminar turbostratic carbon to a more disordered one. The reason for this structural transition, 

possible approaches to control it, along with its effect on graphitization behavior of such 

composites is not well understood. This is important since the mechanical, electrical and 

especially thermal properties of carbon structures is innately tied to their graphitic quality, 

the orientation angle and the resultant anisotropy of carbon materials. In efforts to study the 

effects of PyC infiltration on the stability and properties of nanotube structures, CNT arrays 

are so far the only assembly of nanotubes that have been studied. Infiltration of CNT arrays 

with PyC has shown to improve their resilience and compression properties. The 

demonstration of PyC deposition on other types of CNT assemblies to develop advanced 

CNT/carbon composites has not yet been explored.  

This dissertation describes efforts to: 1) Study the microstructure of PyC coatings on 

aligned sheets of nanotubes in order to understand the effect of PyC microstructure transition 

on the graphitization behavior of such composites. This understanding would also help to 

engineer an approach to avoid formation of disordered carbon structure in PyC coatings on 

nanotubes.  2) Evaluate the properties of resulting CNT/PyC structures as a novel form of 

anisotropic and resilient carbon foam. Once this understanding is developed, these foams can 

be optimized for applications for which they are best-suited. 

Chapter 4 studies the structure and morphology of PyC coatings with various 

thicknesses on aligned CNT sheets. The coating duration and/or thickness after which the 

structural transition toward disordered carbon occurs is determined. Effect of such 

microstructure transition on the structure of the composites after graphitization is also 

investigated. Based on the results of chapter 4, chapter 5 presents a new approach to control 
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the structure of PyC coatings on nanotubes and to avoid the formation of disordered carbon 

as the coating layer becomes thicker. Chapter 6 presents a new approach for fabrication of 

all-carbon foams.  By stacking aligned sheets of CNTs, drawn from spinnable nanotube 

arrays, and further infiltrating the stacked sheet assembly with PyC, ultralight, resilient foam-

like materials were produced that exhibited complete recovery from 90% compressive strain. 

Unlike other methods, which have limitations regarding the thickness of CNT foams, this 

novel fabrication process allows for synthesis of aligned CNT/carbon (ACNT/C) foam 

structures with any desired thickness, which makes it possible to measure their properties in 

two directions. Compressive mechanical and thermal properties of the foams could be tuned 

for different applications through variation of PyC deposition duration. Applications of these 

foams as strain/pressure sensors and organic liquid absorbers were also investigated. Chapter 

7 reports, for the first time, growth of secondary CNTs inside a three-dimensional assembly 

of nanotubes. ACNT/C foams were coated with alumina buffer layers using atomic layer 

deposition (ALD) and were used as the substrates for growth of new CNTs through CVD. 

Microscopy confirmed that secondary nanotubes were grown both at the surface and inside 

the bulk of the foams. 
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2 Literature Review 
 

2 .1 Carbon Nanotubes and their Assemblies 
 

Carbon nanotubes (CNTs) have been the focus of great deal of researches over the 

past two decades in order to study their synthesis, properties and applications. Due to their 

stellar physical properties, they are expected to be applicable in diverse areas, such as 

electronics, chemistry, biomedical, aerospace, automotive and composite industries. It has 

been realized, however, that the successful utilization of their properties for macroscale 

applications, strongly rely on effective assembly of CNTs into macroscopic materials and 

devices  [1].  

Currently, liquid based processing methods like acid functionalization, dispersion in 

solutions and wet-spinning are used to assemble CNTs into macroscopic structures. These 

methods are time-consuming, environmentally hazardous and can cause damage to CNT 

structure.  For these reasons, interest has shifted toward approaches that allow for fast and 

easy assembling of CNTs using dry processes  [2]. 

There are generally two routes for processing CNTs into macroscopic assemblies via 

dry processing. In both of these methods, CNTs are self-assembled into macroscopic 

structures during chemical vapor deposition (CVD) processes. In the first route, entangled 

network of CNTs are formed inside the reactor zone using floating catalyst chemical vapor 

deposition (FCCVD) technique. This interwoven CNT network is further continuously taken 

up as a flat sheet or yarn at the end zone of the reactor  [3-6]. Alternatively, catalysts can be 

uniformly distributed on a substrate (instead of floating in the gas stream) to grow aligned 

CNT assemblies in the form of vertically aligned CNT  (VACNT) arrays or forests  [7]. 
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Although these VACNT arrays are an interesting assembly all on their own, further 

controlling of the growth process to tune the packing density and alignment of the arrays, 

results in synthesis of spinnable CNT arrays. Drawing thin ribbons from these spinnable 

arrays to form sheets, ribbons or yarns  [8,9], opens up a new route for dry processing of 

macroscopic CNT assemblies. As these spinnable arrays are the building block for CNT 

assemblies used in this dissertation, their synthesis will be discussed in more details. 

 

2.1.1 Chemical Vapor Deposition of CNT Arrays 
 

There are generally three main methods for fabrication of CNTs: electric arc 

discharge  [10], laser ablation  [11] and CVD method. However, electric arc discharge and 

laser ablation methods produce only small quantities of product material that requires further 

purification to produce pure CNT. For this reason, CVD method is most often used for 

production of CNTs. Chemical vapor deposition of CNTs typically happens at temperature 

range of 500-1200 oC and proceeds through catalytic thermal decomposition of carbon 

precursor gases by metal catalyst particles. Following decomposition, active carbon atoms 

diffuse into the catalyst particles until the critical saturation point is reached, at which point 

carbon precipitate out and form carbon nanotube  [12,13]. Iron, cobalt and nickel are 

commonly used metal catalysts while methane, carbon monoxide, ethane, acetylene and 

ethylene are widely used as carbon precursor for CVD of CNTs. Yoshida et al.  [14] 

performed an in-situ TEM observation of the nucleation of CNT from carbon saturated iron 

catalyst particle, which provided ground-breaking view of the process. These images are 

shown in Figure 2.1.  
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Catalyst particles can either be introduced into the vapor phase, or be deposited 

directly on a substrate to produce CNT growth. In the later case, controlling the thickness of 

the deposited metal catalyst film, have shown to affect the size of catalyst particles and their 

distribution  [15]. If the catalyst particles are placed far apart from one another, CNTs grown 

from them will collapse on the substrate surface, as they can no more support the vertical 

Figure 2.1 TEM images showing nucleation of CNT from catalyst particle 
(Taken from Yoshida et al.  [14]) 
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growth without buckling. However, if these particles are spaced more closely together, 

vertically growing CNTs will interact with their nearest neighbors via van der Waals forces  

[16]. This self-supporting mechanism enables the vertical growth to continue.  

Vertically aligned CNTs have been of great interest for many research studies, not 

only because of absence of agglomeration and bundling in their structure, but also due to 

their preferential orientation. These arrays  [17] and their composites  [18,19] have been 

proposed as thermal management materials due to ballistic thermal transfer along their 

length. They have also been investigated as reinforcing structures in polymer  [20], metal  

[21] and ceramic matrix composites  [22]. Finally, their high surface area and anisotropic 

electrical conductivity, makes them ideal candidates for electrode materials in devices like 

batteries  [23], supercapacitors  [24] and solar cells  [25]. 

 

2.1.1.1 Spinnable Arrays 
 

A unique subset of CNT arrays, known as spinnable arrays, has attracted considerable 

attentions over the past decade. Jiang and co-workers reported synthesis of the first spinnable 

CNT arrays in 2002  [8]. They observed that drawing a small bundle of nanotubes at the edge 

of a spinnable array would continuously transform vertically aligned CNTs into a 

horizontally aligned CNT sheet. Further twisting of the continuous strand can form strong 

and flexible CNT yarns and fibers  [26,27]. The mechanism for drawing sheets from 

spinnable arrays is yet controversial. It was proposed be Zhang et al. that the continuous 

drawing of a sheet is possible by formation of CNT bundles at the top and bottom of 

nanotube array as the drawing process continues  [28]. Strong van der Waals forces are 
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responsible for joining CNT ends together. This is illustrated in Figure 2.2. The proposed 

drawing process implies that the force distribution is not uniform along the nanotube array 

length. Indeed, Gilvaei et al.  [29] reported that during the drawing process, forces in the 

middle of the CNT array was several time smaller than that at the ends of the array. 

 

 

 

 

 

 

 

Furthermore, the question of what makes a CNT array to be spinnable is still a topic 

of research interest. Based on the generally accepted notation, the critical issue for 

fabrication of spinnable CNT arrays is to have proper areal distribution density of uniform 

sized catalyst particles. If nanotubes are nucleated from densely distributed catalyst particles 

of uniform size, the resulting array will be highly aligned and straight, which may further 

result in spinnability  [30]. One way to achieve this is by depositing layered catalyst-buffer 

structures on the growth substrate. The commonly used structures are Fe/SiO2/Si and 

Fe/Al2O3/SiO2/Si. Alumina buffer layer is proposed to provide a more uniform catalyst 

particle formation, as well as preventing them from diffusion into the substrate  

[26,28,31-33].  

Figure 2.2  Mechanism for drawing CNT web from spinnable arrays         
(Taken from  [28]) 
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To avoid time consuming pre-deposition of catalyst and buffer layers on substrate, 

chlorine mediated CVD (CM CVD) method has been developed for growing spinnable CNTs 

where FeCl2 is used as catalyst for nanotube growth  [34]. This catalyst has a dual catalytic 

activity. Not only it reacts with carbon source (here, acetylene) to nucleate Fe particles from 

which nanotubes grow, but also dehydrogenates the carbon source to form active carbon 

species.  

Carbon nanotube arrays with 2.1 mm lengths have been reported to achieve after 20 

minutes of growth at low vacuum using CM CVD method  [35]. Besides the catalytic effect 

of FeCl2, the greatly enhanced growth rate is partly due to formation of HCl as a by-product 

of acetylene dehydrogenation. Hydrochloric acid can extend the life of active Fe particles by 

etching away the amorphous carbon from the catalyst surface, or by reacting with Fe to form 

more FeCl2 as the growth proceeds. Adding chlorine gas to the growth has shown to have the 

same effect as HCl  [36]. Figure 2.3 compares two nanotubes grown using CM CVD, with 

and without chlorine gas. 
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Figure 2.3  TEM images of MWCNTs grown by CM CVD method without (a) and with (b) 
chlorine gas added. Adapted from  [36]. 

 

Length of CNTs is also believed to affect the spinnability of the arrays and there is 

thought to be an upper limit to the height of spinnable arrays  [37,38]. While this limit is 

different depending on the growth method and CVD system used, the decreased spinnability 

at longer growth lengths is believed to be due to formation of wavy CNT morphology  [39]. 

This waviness happens due to local death of catalyst particles which results in loss of the 

self-supporting network, necessary for the vertical growth of super aligned arrays. The 

individual nanotubes that have not yet died are thus forced to adopt a wavy morphology 

before coming in contact with a neighboring CNT. Lee et al. also determined that the wavy 

morphology could be due to decomposition and reaction of lingering carbon molecules at 

non-ideal conditions while system is cooling down. Purging with Ar gas following the end of 

growth, will remove carbon precursor from the chamber before any further decomposition 

can occur.  
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2.1.2 Other CNT Assemblies 
 

2.1.2.1 Thin Sheets and Ribbons 
 

Carbon nanotube thin sheets are transparent and flexible conductive assemblies. As 

such, they are attractive as transparent electrodes in optoelectronic devices to replace indium 

tin oxide, which is brittle and recourse limited. Furthermore, their high surface area makes 

them promising as electrode materials in supercapacitors and batteries  [2].  

As mentioned before, vacuum infiltration  [40], dip coating [41] and other solution-based 

methods  [42] have been used before to fabricate transparent and conductive CNT sheets. 

Dry-processable CNT methods, like drawing aligned sheets from spinnable arrays or 

collecting them directly down stream of a furnace reactor, are also applied to fabricate these 

sheets. While dry-processed sheets showed comparable performance to we-processed ones, 

their processing method is more straight forward without the need for complex steps such as 

purification, dispersion and, film exfoliation and dispersion  [43]. Moreover, dry-processing 

avoids structural damage to CNTs and allows for easy transfer of the freestanding sheet to 

desired substrate for further processing. Continuous collection of sheets around a rotating 

mandrel can yield thicker ribbons as needed.  

While transparency and conductivity of CNT sheets make them candidates for transparent 

electrodes, they cannot meet the requirement of ~100 Ω/sq in sheet resistance and 80% in 

transparency (at 550 nm) to be used as flat panel displays. Doping  [44] and metal coating 

deposition  [45] have shown to improve conductivity of transparent CNT sheet for these 

applications. 

Carbon nanotube sheets are used to fabricate stretchable conductors. Zhang et al. 
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reported fabrication of extensible conductive film by embedding CNT sheets on poly 

(dimethylsiloxane) (PDMS)  [46]. These sheets showed large increase in resistance while 

stretching because of the decreased contact area between nanotubes. The sheet resistance 

could remain almost unchanged by pre-straining the PDMS sheet  [47] or using cross-stacked 

CNT film  [48].  

Application of CNT sheets as high surface area scaffolds and charge collectors for 

active materials in lithium-ion batteries and supercapacitors has been investigated  [49,50]. 

Interconnected network of dry-processable CNT films form conducting paths that can 

transport charges very efficiently. Thus, these electrodes do not require addition of traditional 

metal charge collectors like aluminum or copper foils. Also, porosity of these sheets allows 

them to adapt volume expansion of active materials during electrochemical cycling. This 

avoids the problem of active materials detachment, which exists in electrodes with metal 

charge collectors. Furthermore, high surface area on CNT thin sheets provides strong 

adhesion of active materials to nanotube surfaces, eliminating the need for binders in these 

CNT composite electrodes. Combination of these characteristics makes dry-processable CNT 

sheets promising for manufacturing portable, lightweight and flexible electronic devices.   

CNT thin films have been utilized as transparent or catalytic electrodes in variety of 

solar energy harvesting devices, including CNT/silicon solar cells  [51,52], 

photoelectrochemical cells  [53,54] and organic photovoltaic cells  [55]. Other applications of 

aligned CNT sheets include actuators  [56], light-emitting diodes  [57], thermo acoustic 

loudspeakers  [58], substrate for CO2 reduction  [59] and reinforcement in high performance 

polymer matrix  [60].  
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2.1.2.2 Aerogels, Foams and Sponges 
 

There has been an increased interest in porous, low-density, three dimensional 

nanoscale networks for their applications in sensors, energy storage, filtration and separation, 

tissue engineering, energy absorption and vibration damping  [61]. In many of these 

applications, the material is required to be flexible, elastic and robust under mechanical strain. 

Also for applications in sensors and electrode materials for batteries and supercapacitors, it is 

important to have high electrical conductivity along with porosity and high surface area. 

Despite advances in fabrication of various silica-based, metal oxide and organic aerogel and 

sponges, it has remained challenging to synthesize structures that posses the combination of 

high porosity, elasticity and electrical conductivity.  

Among different types of aerogels, carbon-based foams, aerogels and sponges are 

unique as they posses one property that many other porous, low-density materials lack: they 

can conduct electricity  [62]. Given their low density, high aspect ratio, good electrical 

conductivity, excellent mechanical strength and elasticity, CNT and graphene are promising 

candidates for fabrication of porous and lightweight yet flexible, elastic and conductive 

foams, aerogels and sponges  [63].  

Carbon nanotube aerogels, foams and sponges are synthesized either by wet-processing 

techniques, like vacuum filtration, critical point drying and sol-gel method, or by CVD 

techniques. Brief review of various methods used for fabrication of these porous, low-density 

nanostructures is presented in following. 
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2.1.2.2.1 Wet-processed CNT Aerogels 
 

Bryning et al.  [64] reported fabrication of the first gel-based CNT aerogel. The 

aerogel was derived directly by subjecting a CNT suspension to critical-point-drying (CPD) 

or lyophilization (freeze-drying) to remove the liquid background without collapsing the 

network structure. In this process, CNTs were first dispersed in water with sodium 

dodecylbenzen sulfonate (NaDDBS) surfactant and the solution was left overnight to form a 

gel network. The flexibility of this process allowed them to reinforce part of the solid 

network by soaking it in polyvinyl alcohol/water solution. Freeze-drying or CO2 supercritical 

drying was then used to dry the reinforced and un-reinforced gels. Density of the resulting 

CNT aerogels ranged from 10-30 mg/cm3 for aerogels with no PVA reinforcement and 40-60 

mg/cm3 for PVA reinforced aerogels. PVA reinforcement helped the aerogels to support 8000 

times their weight. Also, measurement of the electrical conductivity of the aerogels showed 

that while introducing PVA into aerogel structure improve the mechanical properties, it 

significantly reduce their electrical conductivity. The conductivity of the PVA containing 

aerogel network could be partially recovered by applying short, high-current pulses to the 

structure. They speculate that this increase in conductivity is due to effective removal or 

decomposition of PVA at CNT junctions. More recently, Islam and coworkers  [65] used the 

same fabrication approach, in which they substitute PVA by polydimethylsiloxane (PDMS), 

and synthesize SWCNT aerogel-based stretchable conductors. SWCNT aerogels, with 

conductivities of 0.7-1.1 S/cm, had transmittance of 93% at 3 mm thickness. The electrical 

conductivity of the stretchable conductors showed negligible dependence to stretching and 

bending deformations and with only 14% increase in electrical resistance at 100% strain. 
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In the method applied by Islam and coworkers for processing CNT aerogels, creation 

of CNT network within the polymer did not require dispersion of nanotube inside the 

polymer solutions and was done independently using infiltration or backfilling of the 

polymeric solution inside the pre-formed CNT network. This is different from Zou et al. [66] 

method for synthesizing MWCNT aerogels where they directly dispersed CNTs inside 

poly(3-(trimethoxysilyl) propyl methacrylate) (PTMSPMA) solution. PTMSPMA, a reactive 

polymer, disperses nanotubes and stabilizes them as individual tubes inside the solution. 

Besides that, it introduces intense chemical bonding between the nanotubes by crosslinks 

formation through hydrolysis and condensation. This approach helps the gelation of the 

MWCNT solution to happen at ultra-low CNT concentration. As shown in Figure 2.4, after 

freeze-drying of the wet-gel, the MWCNT aerogel has a unique mesoporous honeycomb 

structure that is different from other types of aerogels. The surface area of the resulting 

aerogels is 580 m2 /g and it shows electrical conductivity of 0.67 S.cm-1 and elastic recovery 

from compression strain. Also, because honeycombs are stronger along their axis, the 

aerogels show greater out of plain compression stress than in plain stress at the same applied 

strain. The combined properties of these aerogels made them suitable for applications in 

pressure sensors and chemoresistant vapor sensors. 
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Figure 2.4  Honeycomb structure of MWCNT aerogel (taken from Zou et al.  [66]) 

 

 In another approach, Baunman and coworkers  [67-69] used organic sol-gel process 

to prepare SWCNT aerogels.  Sol-gel process generally involves polymerization of an 

organic precursor to create a highly cross-linked organic gel. In their fabrication method, 

introducing low concentrations of a sol-gel precursor into the suspension of CNTs in water, 

initiated the polymerization at the walls of randomly oriented CNT bundles and also at the 

junctions between these bundles. Further drying and pyrolysing converted the organic binder 

into carbon and a CNT aerogel with carbon nanoparticle binder was left. These aerogels were 

electrically conductive (up to 1.12 S.cm-1 ) and were mechanically stiff up to strains as large 

as 80%  [68]. By varying SWCNT loading (up to 55%), shrinkage of the aerogels during 

drying and carbonization was eliminated and conductivity was improved be an order of 

magnitude compared to aerogel without CNTs  [69]. Similar approach was use to incorporate 

DWCNT into aerogel structure. These aerogels had electrical conductivities as high as 8 

S.cm-1 and surface area greater than 500 m2 /g  [67]. 
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Kohlmeyer et al. [70] synthesized a CNT aerogel using a chemical cross linker and 

further Co2 critical drying. Thermally annealed aerogels had electrical conductivity of 1-2 

S.cm-1 and were mechanically stiff and stable. Thermal annealing was revealed to be an 

effective way to open microspores and small mesoporous that were initially blocked by the 

chemical cross linker. Opening the pores inside the aerogel increased the surface area by 50-

240%, reaching to ~ 590-680 m2 /g. 

Just recently, Karakaya et al.  [71] used vacuum filtration to synthesize a CNT/carbon 

fiber aerogel, which they referred to as bucky aerogel (BAG). BAGs were capable of 

absorbing non-polar solvents and separation of oil from water. Absorbed oil or solvent could 

be recovered or disposed by squeezing or burning the aerogel, respectively. BAGs dissipated 

~ 500 kJ/m3 energy at the first cycle of compression up to 80% strain. This was 50 times 

greater than that of commercial polymeric foams with comparable densities (< 1 g/cm3 ). 

Figure 2.5 shows the multi-layered and hierarchical structure of these aerogels. 
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Graphene/CNT aerogels have also been fabricated and tested for their mechanical and 

electrical properties  [72,73]. Synergistically assembled CNT and graphene aerogels were 

created by Sun et al. through freeze-drying aqueous solutions of CNT and graphene oxide  

[72]. As shown in Figure 2.6, these aerogels exhibit an interconnected, three-dimensional 

network of graphene sheets with an entangled, “spaghetti-like” CNT network tightly 

covering the graphene walls. The all-carbon aerogel, showed stable compression mechanical 

behavior for over one thousand cycles. Elasticity-dependent electrical conductivity of these 

aerogels suggested their application as pressure sensor as brightness of a LED lamp could be 

fluctuated upon compressing and releasing of the aerogel.  

Another example of CNT/graphene aerogels is superelastic graphene coated CNT 

aerogels fabricated by Islam and coworkers  [73]. Pre-formed CNT aerogels were first 

covered with polyacrylonitrile polymer solution, which was then converted into one to five 

layers of graphene nanoplates through a two-step pyrolysis process. The once inelastic 

Figure 2.5  SEM image showing structure of BAGs. (Adapted form  [71]) 
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SWCNT aerogel was transformed into fatigue resistance and superelastic materials by 

applying a nanographitic coating. The imparted superelasticity into CNT aerogels has been 

related to strengthening and toughening of the aerogels after graphene coating.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.2.2.2 CVD Processed CNT foams and Sponges 
 

Observation of super compressible, foam like behavior of VACNTs was reported in 

2005  [74]. Under compression, nanotubes act as support struts and the empty space between 

them acts as interconnected open-air cells. Due to densely packed structure of these arrays, 

CNTs cannot buckle in a random fashion. As a result, they buckle cooperatively and form a 

A) B) 

C) D) 

Figure 2.6 SEM images (A,B) and corresponding schematics (C,D) 
interconnected CNT coated graphene walls (Adapted from Sun et al.  [72]) 
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long-range wavy morphology, which sustain very high compression strain by folding on 

themselves. These arrays showed good mechanical strength and high elasticity, which 

enables them to bend repeatedly with no structural failure  [75]. Compressive cyclic loading 

of these arrays has shown no fatigue failure at high strain amplitudes up to half a million 

cycles  [76]. Buckle formation is reported to start from the base of nanotube arrays, where the 

density is lowest  [77,78]. Pre-treatment of the catalyst particles is shown to affect foam-like 

behavior of the arrays  [79]. It is assumed that long pre-treatment causes coursing the 

particles and undulating the structure of resulting nanotubes. Also, catalyst particles size 

distribution is shown to increase for longer pre-treatments. Smaller diameter CNTs grow 

faster than large diameter ones and since all nanotubes are connected together at their tops 

through van der Waals interactions, they need to adapt a wavy morphology to adapt the 

height difference. Neither of these studies provided any explanation about the recovery 

mechanism.  

High strain rate response to impact of foam-like nanotube arrays has also been 

studied. Results of drop-ball testing at various impact velocities showed full recovery of the 

arrays with no trace of permanent deformation. Contact force of nanotube exhibited strong 

non-linear dependence to displacement  [80,81]. 

Similar to the aforementioned effect of graphene coatings on CNT aerogels  [73], 

improvement in strength and elasticity of CNT sponges  [82] and arrays  [83] after pyrolytic, 

or amorphous carbon deposition have been reported. Bradford et al. [83] first observed the 

induced resiliency of CNT arrays after a post-growth CVD treatment. Compressive 

mechanical strength of the treated arrays was up to 35x greater than as-grown arrays and 
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could be tubed for different applications by variation of PyC coating duration. Improvement 

in strength of the arrays was related to radial growth of individual CNTs through deposition 

of additional tube walls. Moreover, morphological changes, especially increased surface 

roughness of the arrays, helped to explain the transition form permanent deformation after 

compression to foam-like recovery of the arrays. More recently, Zhao et al.  [82] used the 

same approach to enhance mechanical properties of CNT sponges by introducing amorphous 

carbon coatings with various thicknesses to the surface of CNTs. After amorphous carbon 

coatings, CNT sponges exhibited smaller energy loss coefficient as evidence by significantly 

narrowed stress-strain loops. Thickening of the individual nanotubes and welding of CNTs at 

tube-tube junctions were among the structural changes that the authors mentioned as the 

contributing factors to the observed super elasticity after amorphous carbon deposition. 

Another low-density, elastic and conductive macroscopic self-assembly of CNTs are 

randomly aligned, interconnected CNT sponges fabricated through CVD method  [84-87]. 

Gui and coworkers published a series of papers studying growth mechanism, properties and 

various applications of these CNT sponges. Ferrocene and dichlorobenzene were used as 

catalyst and carbon source during the CVD of these sponges. The growth of CNT sponges 

starts with formation of open-ended CNTs in the vapor phase. The authors attributed the 

“formation of the open-end, thin walls, and large hollow structures” to the etching effect of 

Cl radicals on the end of CNTs. These CNTs then randomly deposit on the quartz tube inter-

wall. Open-end structure of the nanotubes allows multiple times suctions of the catalyst 

particles into the CNT cavity through capillary forces, which promote the continuous growth 

of CNTs after deposition. Growth of new CNTs in vapor and their deposition on the earlier 
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formed CNTs create bulk, intertwined CNT structures. Sponges with various densities 

(ranging from 5-25 mg/cm3 ) and compressibility were achieved through variation of the gas 

source injection rate  [88]. Linear and reversible dependence of the electrical resistivity of 

these sponges to cyclic compression strain suggests their applications in strain sensors  [89]. 

Three-dimensional CNT sponges also showed extremely low thermal conductivity of 0.035 

W/mK at atmospheric pressure, 43% of which is due to gas convection  [90]. Applications of 

these CNT sponges in oil sorption and separation  [91,92] and water filtration  [93] was 

suggested as well.  

In another study by the same group, structures containing alternative layers of CNTs 

with different nanotube arrangements (aligned versus random) were fabricated in a 

continuous process using floating catalyst chemical vapor deposition with slight 

modifications to growth parameters  [94,95]. In this process, aligned CNT arrays were first 

grown on a quartz slide. Switching the carbon source from xylenes to dichlorobenzene led to 

formation of random sponges on top of CNT arrays. They also reported that while in was 

possible to grow CNT sponges on top of CNT arrays, it was difficult to grow CNT arrays 

directly on the surface of CNT sponges. As a result, to fabricate triple layer composites, a 

double layer structure was peeled off from the substrate and flipped to let the CNT array be 

on the top. A third layer of sponge was then grown on the other side of the CNT array. 

Tensile testing of the sandwich structure showed reasonable adhesion of the sponge layer to 

arrays with stress of 0.12 MPa at interface fracture. Their results also showed reduction of 

the permanent deformation of the composite (from 47.8% to 4.7%) by increasing the 

composite density from 65.4 to 152.9 mg/cm3.  
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Gui and coworkers further reported development of a three dimensional CNT 

heterostructures by patterning substrates for selective sponge or array growth  [96]. To do 

this, they patterned thin films of Au on a quartz substrate. Due to the decatalytic property of 

Au particles, CNT arrays were only grew on the uncovered areas of the substrate. Following 

that, the empty areas were filled with sponge after switching the carbon source to 

dichlorobenzene. Owing to the combination of having large modulus at low strains (arising 

from arrays’ stiffness) and reaching large strains during compression (arising from sponges’ 

flexibility), energy absorption of 2400 KJ/m3 at 5 MPa was achieved during compression of 

side-by-side assembly of CNT arrays and sponges. Figure 2.7 shows sandwich and side-by-

side assembly of CNT arrays and sponges. 
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It has been stated that modifying the straight tubular morphology of CNTs along with 

establishment of junctions between them, are the key factors needed for synthesizing the 

sponge-like, intertwined, self-assemblies of CNT through CVD method. One way to create 

junctions between CNTs is through growing nanotubes with considerable lengths, which will 

further interweave to fabricate a solid 3-D network. This was the case in Gui and co-workers 

studies, which has been mentioned earlier in this review. Similar to that, Camilli et al.  [86] 

A) 

B) 

Figure 2.7 A) Image of a sandwich structure showing alternative layers of CNT arrays and 
sponges (Adapted from Zeng et al. [95]) and B) SEM image of a side-by-side assembly of CNT 

array and sponges (Adapted from Gui et al.  [96]) 
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applied a sulfur-addition strategy during CVD growth to enhance the length of CNTs. Sulfur 

also induced defects in the carbon sp2 lattice. These defects are needed to bend the long 

nanostructures and interconnect the curled geometry of them. Applications of these free-

stranding CNT structures for water treatment  [86] and pressure sensor was also investigated  

[97]. 

Alternatively, junctions can be formed by covalently bonding CNTs inside the 

structure. To do that, Hashim et al.  [87] applied a boron-doping strategy. Their study 

revealed that boron is responsible for creation of “elbow-like” junctions and further 

formation of covalent nanojunctions. It was known before, that boron doping “can act as a 

surfactant during CNT growth to significantly increase the aspect ratio of nanotubes by 

preventing tube closure”. They concluded that the combination of “surfactant” and “welding” 

effects of boron are responsible for creation of covalently bonded, 3-D nanotube structure. 

Elastic mechanical properties as well as oil absorption capacity of these foams were also 

investigated.  

 

2.2 Carbon/Carbon Composites 
 

The concept of mechanical reinforcement of graphite with carbon fibers started at the 

early 1960s  [98]. Availability of carbon fibers along with the increasing interest in the use of 

other fiber-reinforced composite materials to overcome the drawbacks of polymer matrix 

composites (PMCs), gave rise to a new family of materials called carbon-carbon (C/C) 

composites. Carbon, having the highest working-temperature capability under non-oxidizing 

atmosphere, was the best candidate to overcome the problem of low operating temperature of 
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PMCs  [98-100]. The main objective of C/C composites is to make use of the excellent 

mechanical and thermal properties of carbon fibers in a thermally stable matrix and to 

toughen the brittle, refractory material with fibrous reinforcement  [101].  

2.2.1 Processing of C/C Composites 
 

The first step in fabrication of C/C composites is production of a porous, carbon fiber 

preform that will be further densified using one or combination of two densification 

techniques. This preform has the desired shape and dimension of the final product and can 

have various fiber architectures including random, unidirectional (UD), two directional (2D), 

three directional (3D) and multi directional (MD)  [102,103]. In theory, a fiber volume 

fraction of around 90% can be obtained in UD structures followed by ~ (75-78%) and ~ (40-

65%) in 2D and MD structures, respectively. 2D structures are usually formed by layup of 

several layers of woven fabrics of nonwoven felts that can be stitched or braid together with 

carbon fiber to give structural strength. For advanced, specific applications, weaving 

procedures and looms are developed to make 3D and MD structures with fibers running in 

XYZ coordinates or in axial, circumferential and radial directions  [101].  

With the increased interests in nano sized carbon materials, carbon nanotubes and 

carbon nanofibers (CNFs) have attracted attentions as promising candidates for reinforcing 

various matrices. Fibrous carbon preforms, made form CNTs or CNFs, have been applied in 

C/C composites whether as the main filler material or as a secondary reinforcement. This will 

be discussed in details in future sections of this review. 

The next step in processing of C/C composites is to build up the carbon matrix around the 

carbon fiber preform. Since the mid 1960s, there are two distinctly different routes available 
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to create the carbon matrix in C/C composites  [104]. In the first method, gaseous 

hydrocarbons such as methane, propane and acetylene crack and decompose and low 

pressures to deposit a pyrocarbon or pyrolytic carbon (PyC) coating on the fiber preform 

using chemical vapor deposition/ infiltration (CVD/CVI). The second method is through 

repeated liquid impregnation and pyrolysis (LIP) of fiber preform with carbon precursor 

materials i.e. thermosetting resins or thermoplastic pitch  [104-107]. Figure 2.8 shows a 

general schematic of the manufacturing of C/C composites. 

 

 
 
 
 
 
 
 
  
 

 

 

 

 

CVI densification technique is applied for fabrication of all CNT/carbon composites used in 

this dissertation, and as such, this method will be discussed in more details. 

 
 

Figure 2.8  Schematic of processing of C/C composites (Taken from Manocha et al. [107])	  
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2.2.1.1 CVI Densification Technique 
 

In densification of fibrous structure through vapor phase infiltration, hydrocarbons, 

heated to a temperature of 1000-1100 °C, infiltrate into the pores of the preform and are 

made to crack therein. As the carbon precursor gases diffuse into the preform, they undergo a 

series of homogenous (gas phase) and heterogeneous (gas-surface) reactions, forming 

intermediate specious, which will further react to deposit carbon onto the pores of the fiber 

structure as well as all the other heated surfaces. CVD processes are generally performed at 

low pressures. Inert gases such as nitrogen and argon are sometimes added to the gas stream 

to improve diffusion conditions by increasing mean free path of the gas molecules  [108]. 

While there are strong similarities between carbon deposition on planar substrates and 

carbon growth inside a porous structure, there are two main differences between CVI and 

CVD techniques  [109,110]. First, because of the high surface area of fiber preforms, 

heterogeneous reactions are more important in CVI compared to CVD  [109,111]. Also in 

CVI systems, the problem of diffusion limitation inside the porous media can result in very 

slow deposition speeds (0.1-0.2µ/h) as well as non-uniform depositions  [109].  

The problem of diffusion length limitation is the main constrain to the CVI method, 

especially in traditional isothermal chemical vapor infiltration. The precursor gases have the 

tendency to crack and deposit on the surface of the preform before they diffuse inside the 

pores. This closes the pores and causes lower density in the center of the composite 

compared to the surface. In order to have the carbon matrix material deposit throughout the 

pores of the preform, it is necessary that the surface reactions be a good deal slower than the 

diffusion rate. While processing at lower temperatures and pressures or with lower gas 
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concentrations can help to improve a more uniform distribution, the rate of weight gain will 

be so slow and the process times will be so long, sometimes longer than 500 hours  

[101,104,108,109]. While isothermal CVI technique is still widely used in both industry and 

laboratory scales, alternative methods have been developed for rapid and more uniform 

densification of C/C composites. Three methods that have been derived from isothermal CVI 

include: catalytic CVI  [112], which uses transitional metals to increase deposition rates, 

plasma enhanced CVI  [113] and pulsed flow  [114], where carbon deposition happens 

through cyclic evacuation and back-filling of the reaction chamber with reagents. In other 

approaches, temperature or pressure gradient is deliberately applied across the thickness of 

the fiber preform. In thermal gradient CVI, inner surface of the preform is at a higher 

temperature compared to its outer surface so that surface deposition and pore blockage is 

avoided and the deposited carbon matrix moves out toward the surface of the preform. 

Similarly in pressure gradient CVI, gaseous precursors are forced flow through the pores of 

the fibrous structure under isothermal conditions or with a thermal gradient  [115]. Both 

these methods are very efficient as the preform densification is achieved in a single step 

within a few hours. Other novel CVI techniques include electrified CVI  [116] and chemical 

liquid vaporized infiltration also known as film boiling technique  [117]. 

 

2.2.2 Properties and Applications of C/C Composites 
 

C/C composites with mechanical, thermal and frictional properties that can be 

engineered for the targeted application cover a wide range of properties. In general, the most 

important and useful properties of these composites are their low density, high thermal 
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conductivity, low coefficient of thermal expansion, high thermal shock resistance and 

retention of high mechanical properties to temperatures of approximately 3000 oC in non-

oxidizing atmosphere. Properties of these composites are mainly dependent on the 

microstructures types and the post-processing treatments such as high temperature annealing 

and anti-oxidation treatment. Moreover, nature of the interfaces in C/C composites, 

especially the fiber/matrix interface, controls their properties. As mentioned before, 

microstructure of the carbon matrix depends on the fabrication route and its parameters. 

Similarly, the degree of chemical bonding or mechanical interlocking between fiber and 

matrix is strongly influenced by the selected processing method. Evidences from the 

literature show that, while C/C composites fabricated through CVI method are limited by the 

large scale porosity that is inherent to the process, they generally have a stronger fiber/matrix 

bonding compared to C/C composites fabricated through liquid precursors  [108].  

Since the development of C/C composites in 1958, their largest application has been 

in brake discs in military, civilian and commercial aircraft. This is because their thermal 

characteristic match the criteria of high performance break material, i.e. having high specific 

heat, high melting point and adequate mechanical properties at elevated temperatures. They 

also exhibit low coefficient of friction and low wear rates. Other applications of C/Cs in 

aerospace and defense industry include rocket nozzles, nose cones, re-entry vehicles and 

thermal protection systems in space shuttles. These composites also find applications as bots, 

nuts, screws and washers. They can also be used as non-wetting crucibles for molten metal 

and glass  [101]. 
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2.3 General Backgrounds on CVD and CVI of Pyrolytic Carbon  
 

2.3.1 PyC Microstructure Classifications 
 

In the filed of C/C composites, it is known that microstructure of carbon and 

especially the orientation angle of the basal planes of graphite, involved in different forms of 

carbon, affects the composite properties  [118]. This is similar to carbon fiber for which 

Young modulus is directly related to the orientation angle  [119]. In the case of PyC 

deposited through CVI method, most of the properties change with its texture. It has been 

shown that changing the structure of PyC matrix at its interphase with carbon fiber changes 

the tensile behavior of the composite from brittle to non-brittle  [120]. It is therefore very 

important to monitor and characterize the orientation angle and the resultant anisotropy of 

carbon materials in order to control the interface and also the final properties of the 

composite. 

Gray and Cathcart  [121] presented the first structural classification of pyrocarbons 

where they defined three types of microstructures: Isotropic, Laminar and Columnar or 

Granular. Later, Borkos  [122] used this classification, to study the experimental conditions 

favoring the growth of each type of microstructure in fluidized bed. In was until 1973-1975 

where Pierson and Lieberman  [123-125] presented a structural classification of pyrocarbons 

based on polarized light microscopy (PLM) studies of PyC deposited in carbon felt. They 

qualitatively distinguished three different matrix structures: Isotropic (ISO) with few 

extinction crosses, Smooth laminar (SL) with well-defined extinction crosses and Rough 

laminar with numerous, irregular extinction crosses (RL). An intermediate microstructure 

between ISO and SL was also reported as dark laminar (DL) or granular carbon. More 
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recently, Huttinger and co-workers  [126] proposed a modified terminology that directly 

reflected the different degrees of preferred orientation in various carbon microstructures. 

They classified different carbon structures as isotropic, low, medium and high texture. This is 

important because the microstructure of PyC is mainly controlled by their preferred 

orientation or texture. 

Dienfendorf et al. [127] presented a quantitative classification of PyC based on the 

previously observed correlation between the extinction angle (Ae) of polarized light with the 

preferred orientation of carbon layers. Based on the classifications, pyrocarbons with 

increasing degree of preferred orientation and optical reflectance are: ISO (Ae <4), DL (4≤Ae 

<12), SL (12≤Ae <18) and RL (Ae ≥18). Other methods to measure layers anisotropy to 

characterize different types of pyrocarbons, are a variety of TEM and diffraction techniques, 

which have been reviewed in details by Oberlin  [128]. Among those methods, analyzing the 

microstructure with TEM coupled with selected area electron diffraction (SAED) is 

irreplaceable. A quantitative measure of the degree of preferred orientation, the so-called 

orientation angle (OA), is achieved using this technique. Huttinger and co-workers  [126] 

correlated OA and Ae values, measured through PLM and SAED respectively, with the 

preferred orientation of carbon layers in different PyC microstructures. A schematic 

presentation of this is shown in Figure 2.9. 
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Each type of PyC poses specific structural and physical properties. RL structure, 

having the greatest anisotropy, is also the densest microstructure due to absence of porosity 

and better organization of carbon layers. It is also the only pyrocarbon that can graphitize 

after high temperature heat treatment, evolving toward graphite structure as indicated form 

its d002 spacing after annealing (0.337 nm). Thermal, electrical and mechanical properties of 

different carbon structures were also in the favor of RL structure. It is important to note that 

the deposition parameters within a given CVI system, affect the microstructure of the 

deposited pyrocarbon  [101,109]. This will be discussed in more details in the following 

section. 

 

 
 

Figure 2.9  Correlation between OA and Ae with different PyC textures and 
preferred orientation (Taken from Huttinger et al.  [126])	  
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2.3.2 Deposition and Carbon Formation Mechanisms 

 

2.3.2.1 Deposition Mechanism 
 

The mechanism of PyC deposition is still a debate since 1950s  [128,129]. This is 

mainly due to difficulties of obtaining in-sit data about the transient species that are involved 

in the process of PyC deposition. Moreover, during CVD and CVI of pyrocarbons extremely 

complex homogenous gas-phase reactions are superimposed on the heterogeneous reactions 

at the substrate surface, making these processes of the most complex cases of heterogeneous 

gas-solid reactions. However, the majority of studies concluding about the theories of deposit 

growth and its relationship with PyC structure have left out either the gas or the substrate. 

Grisdale  [130] was one of the first to consider the reactions happening in the gas 

phase. Based on this study, it was proposed that the gas phase should be transform into 

hydrocarbon liquid droplets in order for the deposit to happen. He supposed that thermal 

cracking of hydrocarbons and further recombination of the species through polyaromatisation 

and polycondensation reactions provides polyaromatic hydrocarbon (PAH)-containing liquid 

droplets that deposit onto the substrate prior to their carbonization. In this case, surface 

tension and other parameters that affect wetting of the substrate by the droplet are likely to 

affect the type of deposit that is achieved.  

Although other studies have also supported the hypothesis of liquid droplet formation 

through gas –phase reactions, some have limited the role of the droplets to their 

transformation into solids prior to deposition (to explain formation of soot and black carbon). 

The others have limited the possibility of formation of droplets only to relatively long 

residence time  [130-132]. 



 

36 
 

While the mechanism suggested by Grisdale was mainly based on considering homogenous 

reactions in the gas phase, there have been some studies that relate PyC deposition only to 

the heterogeneous reactions happening at the substrate surface. Tessner  [133], who increased 

the surface of the substrate by using multiple plates orientated parallel to the gas flow, 

concluded that the deposit was mainly due to the heterogeneous sections since the saturation 

of the gas was not high enough to support the formation of droplets. Similarly, Murphy and 

Carroll  [134] explained carbon deposition by adsorption of hydrocarbons on the active sites 

of the substrate. This is followed by chemisorption of them, which generates more active 

sites and all the subsequent reaction for PyC formation takes place on the active sites. 

Realistically, a suitable mechanism that can explain PyC deposition should consider 

that: (1) reactions occur both in the gas phase and on the substrate surface and (2) the 

interaction and competition between the gas-phase and surface reactions affects the 

deposition mechanism. These were considered in a mechanism proposed by Huttinger and 

co-workers  [135], who have reported several studies in the filed since the mid 1990s. Their 

mechanism, using a kinetic approach, was built on an early study in1965 by Diefendorf  

[131] that suggests, “carbon grows at the edges of the basal plane or is deposited by 

nucleation of new layers on the substrate surface”  [135]. Based on that, Huttinger et al. 

explained that carbon deposition happens through two different mechanisms, a growth 

mechanism and a nucleation mechanism, depending on the extent of reaction in the gas phase 

and availability of the active sites on the surface. The growth mechanism is based on 

chemisorption of reactive intermediates of gas phase reactions, whatever their size, onto the 

active sites existing mainly on the edge of graphene layers. This means that existence of free 
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active sites is necessary. On the other hand, nucleation mechanism is based of physisorption 

or of large PAH, formed in the gas phase, on the basal plane that continuously nucleate new 

graphene layers. Unlike growth mechanism, active sites are not needed for nucleation 

mechanism.  

Huttinger and Co-workers also studied the effects of various process parameters on 

each of the deposition mechanisms  [136]. More importantly, they noted the importance of 

the ratio of substrate surface area to the reactor free volume (A/V)  [137-141]. This ratio 

controls the overall process of deposition through controlling the interaction between 

homogeneous gas-phase and heterogeneous surface reactions. They stated that at high 

temperatures, pressures and residence times or low A/V ratios, the formation of PAH in the 

gas phase is favored and leads to carbon deposition through nucleation mechanism. At 

opposite conditions, deposition processed is mostly controlled in heterogeneous surface 

reactions of mainly small hydrocarbon species and is based on a growth mechanism  [136]. 

 

2.3.2.2 Carbon Formation Mechanism 
 

As is has been mentioned before, processing conditions can affect texture of the 

resulting pyrocarbon. For a giver experimental setup, a correlation between deposition 

parameters and PyC microstructure can be found. For example in a specific setup, SL carbon 

is formed at low temperatures and high methane partial pressure, while ISO carbon in 

deposited in the opposite conditions and RL microstructure is deposited in the medium range 

of temperature and partial pressures  [142].  



 

38 
 

A microstructure transition from SL to RL has been observed repeatedly when the 

temperature, residence time or carbon source concentration increases  [143-145], or when the 

local conditions (out of the control of the external parameters) change during a given 

infiltration process  [111,124,146]. Bourrat and coworkers  [147] tried to explain the reason 

behind PyC microstructural transition from SL to RL as the residence time increases. They 

explained, as it was shown before  [136], that at low residence time carbon deposition 

nucleates and continues by chemisorption of small hydrocarbons at active sites and deposited 

carbon layers can grow “out of line” in all directions. It was demonstrated that in this 

condition, “hexagonal graphene layers may trap a certain number of pentagons resulting in 

curved structures, closed to giant fullerenes.” However, role of small hydrocarbon species in 

carbon deposition can be limited by formation of abundant amount of large PAH through 

increasing residence time. In this condition, “pentagon formation is tracked down to promote 

the flat hexagonal lattice of RL pyrocarbons.” 

Pierson and coworkers  [124] related the microstructure of deposited PyC to the ratio 

(R=C2H2/ C6H6) calculated in the gas. They concluded that RL forms at 5<R<20, while SL 

and ISO at lower and higher values, respectively. Based on this conclusion, SL 

microstructure formation is correlated to heavier hydrocarbon species (aromatic) and RL to 

smaller hydrocarbons (aliphatic). However, this conclusion is in disagreement with other 

results where SL is related to majority of aliphatics and RL to mainly aromatic hydrocarbon 

species in the gas phase  [143,148]. 

De Pauw et al. [149] investigated the effect of substrate morphology and chemistry on 

the microstructure of CVD deposited pyrocarbons on Si substrates. They observed a 
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transition from granular morphology to layered-one with high texture PyC structure with 

increasing residence time and deposition duration. They assigned this transition to the native 

SiO2 layer on Si surfaces that changes the gas phase reactions compared to a pure carbon 

surface as the substrate. They also reported that annealing at low temperatures (1100 oC) 

could improve texture of PyC during the deposition process. They proposed that this texture 

improvement is at least partially due to dehydrogenation of already deposited carbon layer, 

which may promote ordering and alignment of the layers. Dehydrogenation of deposited 

pyrocarbon during deposition process and cool down has been reported before in correlation 

with microstructure formation  [148,150]. In another study by the same group, roughness and 

high concentration of active sites on a boron nitride substrate were found to cause the 

formation of medium texture PyC at the vicinity of the substrate compared to high textured 

carbon formed at the upper part of the coating layer  [151]. 

Most of the papers that deal with formation of different carbon textures do not 

distinguish between deposition mechanism and carbon formation mechanism. While 

deposition mechanism can be of indirect relevance for the texture of carbon, the texture is 

dictated by carbon formation mechanisms, i.e. chemistry of carbon formation. Gas phase 

reactions, leading to development of relevant intermediates of carbon formation, as well as 

surface reactions of those intermediates are all part of carbon formation mechanism. 

Huttinger and co-workers were first to consider this distinction and propose a model for 

carbon formation mechanism that can explains texture of the resulting PyC  [152]. Unlike 

other models  [111,143,153,154] that were incomplete or were not applicable to CVI, their 

proposed model is based on A/V ratio and thus, can explain texture formation in CVD as 
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well as CVI systems. Based on their model, known as the “particle-filler model”, an optimum 

ratio of aromatic hydrocarbons, the particles, and small linear hydrocarbons, the fillers, is 

necessary for the development of high-textured carbon. The filler or small linear 

hydrocarbons are necessary to close the open structure and formation of planar, fully 

condense structure and thus a high-texture carbon. Low and medium textured carbon is 

formed from a gas phase with an excess of either small linear or large aromatic 

hydrocarbons. As the infiltration process progresses, A/V ratio increases and causes a shift of 

deposition chemistry to smaller species. They described that this change is responsible for the 

transition of the texture of carbon. If the pressure is high, this transition will improve the 

texture of carbon since the optimum ratio of species for high-texture carbon formation is 

approached. At low pressures, the size of carbon forming species will further decrease 

leading to lower textured carbon. 

 

2.4 Carbon Nanotubes Reinforcement in CVI Fabricated C/C Composites 
 

2.4.1 Carbon Nanotube-C/C Composites 
 

Unlike carbon fibers, carbon nanotubes usually cannot form a connected network if 

used as the sole preform in composites. There will also be lack of strong bonding between 

individual CNTs in such composites. Therefore, the potential properties of CNTs cannot be 

realized if they are used alone for composite reinforcement. Instead, in-situ catalytic growth 

of CNTs has been explored to use them as the second reinforcement in traditional carbon 

fiber reinforced composites. 
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It was in 1991 that Downs and coworkers reported, for the first time, generation of 

carbon microfibers on the sides of parent carbon fibers using a suitable catalyst system  

[155]. To do that, carbon fibers were first impregnated with copper-nickel metal salt and 

dried in air at 1100 oC. This was followed by a calcination step in air at 300 oC to form metal 

oxides prior to reduction to metallic state in hydrogen. Vapor grown carbon microfilaments 

were then grew on the surface of carbon fibers at 600 oC through catalytic decomposition of 

hydrocarbons. It was found that the dual metal catalyst system could modify the filament 

growth characteristic to create a highly ordered carbon structures at low growth temperatures. 

Few years later, the same group reported increase in the surface area of the fibrous preform 

from 1 to 300 m2/g after complete coverage of their surface by carbon nanofibers  [156]. 

Nanofibers growth on the surface of carbon fiber preforms also resulted in improvement in 

the adhesion properties at the interface between the fiber and polymer matrix, which further 

increased the interfacial shear strength of the composite. 

Following the advances in synthesis of CNTs, Thostenson et al.  [157] published the 

first study on direct growth of CNTs on carbon fibers. They used magnetron sputtering to 

create a layer of stainless steel, as the catalyst, on bundles of carbon fibers. The catalyst layer 

was then reduced in a mixture of hydrogen and nitrogen at 660 oC to convert the film into 

catalyst particles required for CNT growth. After CNT growth, the multiscale preform was 

impregnated with epoxy and the mechanical properties of fiber/matrix interface were 

investigated using single fiber fragmentation test. Result showed that while application of 

catalyst or exposure to CVD conditions without CNT growth resulted in degradation of 
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fiber/matrix interface, significant improvement of fiber/matrix load transfer was observed in 

composites with selective CNT reinforcement.  

Since then, numerous researches on C/C composites have investigated the effect of 

CNTs on fiber/matrix interface structure, PyC morphology, deposition rate and various 

composite properties. Gong et al.  [158] used a carbon fiber preform and applied a two-step 

CVD and CVI approach for CNT growth and composite densification, respectively. Carbon 

fiber cloths were washed in dilute acids and dried prior to CNT growth. Polarized light 

microscopy observation indicated that PyC structure is different in pure C/C composites 

compared to CNT-C/C composites. While pyrocarbon in pure C/C composite has SL texture, 

carbon matrix surrounding carbon fiber/CNT preform was RL or high-textured type 

pyrocarbon. The authors predicted that CNTs, grown from the surface of carbon fibers, 

would act as bridges between carbon fiber and PyC matrix at the interface region and 

improve mechanical, thermal and other properties of the composite. 

Li et al. [159] used a single step process to fabricate carbon nanofibers/nanotube 

reinforced C/C composites by chemical liquid vapor infiltration. In their work, liquid toluene 

was mixed with different weigh percentages of Ferrocene (0, 0.3, 0.5, 1 and 2) as the source 

of catalyst and deposition of pyrocarbons along with formation of CNFs/CNTs in the 

preform happened simultaneously. They reported that when Ferrocene content is 0.3-1 wt.%, 

CNFs are grown on the surface of carbon fiber preform. Larger Ferrocene content up to 2 

wt.%, resulted in CNT growth on carbon fibers. Unlike the results of Gong et al, pyrocarbon 

texture changed from RL, in pure C/C composite with no Ferrocene added, to a mixture of 

SL and ISO, after adding Ferrocene and in-situ growth of CNFs/CNTs. This change in 
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texture after adding Ferrocene was explained by increase in the number of nucleation active 

sites through Fe particles that were pyrolyzed from Ferrocene. Other than microstructure 

changes, fracture behavior of the composites changed form brittle to ductile mode after 

adding Ferrocene. Pure C/C composite exhibited catastrophic failure with no fiber pull out 

while others had ductile deformation with fiber pull out at the fracture surface. This implies 

that bonding at the fiber/matrix interface is stronger in pure C/C composites compared to 

composites with in-situ grown CNFs/CNTs.  

Peng and coworkers  [160] used a similar method as Gong et al. to grow CNTs on 

unidirectional carbon fiber cloths and fabricate CNT-C/C composite. Similar to previous 

studies, microstructural study of the composite showed that PyC in pure C/C composites was 

low textured carbon, while CNTs could induce pyrocarbon with high-textural structure in 

CNT-C/C composites. It was also reported that in-situ grown CNTs could be nucleation 

centers for heterogeneous nucleation of pyrocarbons and hence increase the densification rate 

of composite compared to pure C/C composites. Increasing CNT content greater than 5 wt.% 

however, decreased densification rates due to rapid sealing of pores entrance. In similar 

studies by the same group, flexural property, thermal conductivity and oxidation behavior of 

pure C/C composites was compared with CNT reinforced C/C composites  [161,162]. They 

reported that due to a more perfect PyC structure and better fiber/matrix interface in 

composites with in-situ grown CNT, these composites showed higher flexural strength (30-

60% increase), greater thermal conductivity and better oxidation resistance compared to pure 

C/C composites. 
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Li and coworkers  [163] also used catalytic CVD to graft straight CNTs radially on 

the surface of carbon fibers and then densified this multiscale hybrid structure to fabricate 

CNT reinforced C/C composites. Prior to CNT growth, surface of carbon fibers were coated 

with a thin layer of PyC to prevent dissolution of metal catalyst into the fibers. The 

composites were graphitized at 2500 oC after PyC densification. The length of CNTs that 

were grown on carbon fibers in the periphery of fiber bundles were 8-20 microns, while the 

length of CNTs grown in the bundle ranged from 1 to 5 microns. The developed three-

dimensional CNT network provided simultaneous reinforcement to the fiber/matrix interface 

as well as to the whole matrix. Due to sufficient extending length of CNTs, the long-range 

reinforcement of PyC across the composite thickness was obtained and improved the 

compressive strength as well as interlaminar shear strength of C/C composites. Also 

comparing the microstructure of CNT-C/C composites before and after graphitization with 

that of pure C/C composites showed that radially grafted CNTs could “inhibit microstructure 

defects such as fiber/matrix interface debonding and matrix annular cracking occurring 

during graphitization”  [164]. This resulted in increasing of the mechanical strength retention 

rate (the ratio of mechanical strength after graphitization to that before graphitization) of 

CNT- C/C composited compared to pure C/C.  

Shortly after, the same group could optimize the grafting morphology of CNTs and 

grew CNTs with either entangled or radial grafting modes on the surface of carbon fibers  

[165,166]. To change from entangled grafting mode to straight radial, they changed the 

catalyst content from 0.5 wt% to 1-1.5 wt.%, increased the growth temperature from 700 to 

1020 oC and changed the carbon precursor gas from C3H6 to CH4. Length of straight, radial 
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grown CNTs was controlled through variation of the growth time. Their results showed that 

straight, radial grown CNTs with longer lengths caused the greatest improvement in 

compressive strength of C/C composites. Also compared to entangled CNTs, radial grown 

CNTs could better improve the oxidation resistance of C/C composites. They concluded that 

in order to largely increase matrix-dominated mechanical properties of C/C composites along 

with improving their thermal stability, it is important to optimize CNT grafting mode to grow 

long CNTs radially on the surface on carbon fibers. This is because straight, long, radially 

grown CNTs are able to reinforce fiber/matrix interface simultaneously with providing 

efficient radial support to the whole matrix. They also inhibit formation of structural defects, 

including PyC annular cracks, more effectively.  

Studies have shown that failure mode of C/C composites changes from ductile to 

brittle after growing CNTs on the surface of carbon fibers. This was attributed to the strong 

bonding between PyC and CNTs and also to the over-enhanced fiber/matrix interface, which 

inhibit pull-out of both CNTs and carbon fibers  [167]. In another study by Li and coworkers 

they reported the effect of nanotube growth position on toughness of C/C composites  [168]. 

Their results showed that unlike growing CNTs on the surface of carbon fibers, growing 

them in the spaces between the fibers can drastically improved fracture toughness of C/C 

composites. This improved toughness was due to formation of a multi-layered matrix 

structure, which led destructive cracks to spread along multiple paths. Different from 

previous thoughts, CNT pull-out during composite fracture was shown to have small effect 

on toughness improvement.  
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Recently, Li and coworkers  [169] reported introduction of CNTs into unidirectional 

C/C composites through electrophoretic deposition (EPD). They mentioned that in-situ CVD 

growth method could impose negative effect on the tensile strength of carbon fibers due to 

the use of though chemical treatments and diffusion of metal catalysts into carbon fibers. 

EPD was claimed to be a feasible alternative method to fabricate CNT-C/C composites 

especially for increasing carbon fiber-dominated mechanical properties of C/C composites 

such as flexural and tensile properties. In a different approach for adding CNTs to C/C 

composites, Gong and coworkers doped carbon fiber cloths in a suspension of CNTs before 

infiltration with PyC. Doping in CNT solutions showed improvement in tribological 

properties of the composites  [170]. 

 

2.4.2 Carbon Nanotube/PyC Composites  
 

As mentioned earlier, application of CNTs in C/C composites is mostly focused on 

the effect of CNTs addition on the properties of carbon fiber-based C/C composites. 

However, some studies have investigated CNT-based C/C composites fabricated through 

chemical vapor infiltration of pyrocarbons or infiltration and pyrolysis of carbon precursor 

polymers. Infiltration of CNT structures with pyrolytic carbon is usually done for either of 

the two purposes: to study microstructure, texture and deposition mechanism of pyrocarbons 

or to stabilize CNT structure in order to improve the properties. A short review on these 

works is the focus of this section. 
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Probably the most cited works in this area are a series of papers by Allouche and 

coworkers  [129,171,172]. Through a continuous process for MWCNT fabrication (called the 

lengthening step) and PyC deposition (called the thickening step), they could achieve two 

types of structures. One type was regular PyC coated CNTs with turbostratic, layered 

pyrocarbon on the surface of nanotubes, and the second were new “strange” morphologies 

which contained beads and cones. Such morphologies are presented in Figure 2.10. As 

authors mentioned, “beads are composed of crumpled sheets of graphene” while in contrast, 

“the cones are composed of relatively straight sheets of graphene aligned to the cone axis”  

[173]. These unexpected morphologies were achieved at higher processing temperatures 

compared to conventional PyC coated CNT morphologies.  

 

 

 

 

 

 

 

 

 

 

 

Alouche and coworker also suggested a growth mechanism that was inherited from 

Grisdale  [130] deposition mechanism (explained in section 2.3.2.1) and the role of liquid 

Figure 2.10	  Cone-bead morphologies (taken from Allouche et al. [172])	  
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droplet formed in the gas phase  [129]. Based on their proposed mechanism, if droplet size is 

larger than nanotube diameter, liquid hydrocarbon droplets may deposit on nanotubes and 

spread-out due to stresses induced within the liquid. This will result in alignment of 

contained polyaromatic hydrocarbons (PAH) with respect to stretching direction and high 

anisotropy of the “cone” morphologies after carbonization. These cones are the preferred 

sites for further depositions compared to less active surface of the uncoated CNTs. The 

growth of cones continues until size of droplets is no longer large compared to the locally 

thickened nanotubes. After that, deposited droplets do not spread-out but form hemispheres 

instead which results in formation of “bead shaped” morphologies. In this case, the contained 

PAH will have an isotropic texture. Once the beds and cones are formed, small radical will 

contribute to growth by deposition at their free graphene edges, while droplets will mainly 

contribute to growth of droplets.  

Microstructure, texture and deposition mechanism of pyrocarbons deposited on CNT 

preforms is further investigated in other studies. Gong et al.  [174,175] explored the effect of 

CNTs on the texture of pyrocarbons in CNT-doped C/C composites and aligned CNT film 

(ACNT) in comparison with pure C/C composites. Structure of PyC in C/C composites was 

SL while existence of CNTs resulted in formation of RL (high-textured) pyrocarbons in the 

two other composites. They explained that while small hydrocarbons are stacking randomly 

on the surface of carbon fibers, pi-pi conjugated electronic structure of CNTs attract similar-

structured small hydrocarbons by Van der Waals forces and align them to form orderly 

stacked layers, similar to nanotube walls. Although most studies have shown that CNTs 

induce the formation of high-textured RL pyrocarbon, Song and coworkers  [176] recently 
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reported the formation of ISO pyrocarbons in nano-spaces between MWCNT in the preform. 

Nanotube preform was fabricated by vacuum filtration of a water suspension of MWCNTs. 

The authors related the ISO pyrocarbon structure formation to “the drastically increased 

linear hydrocarbon species such as C1 and C2 species in deposition space, resulting from a 

very high [surface area/volume] ratio in MWCT preform.” No further explanation was 

provided regarding the difference of this MWCNT preform with others that induce RL 

texture formation. However, isotropic layout of CNT was mentioned to be essential to the 

formation of ISO texture. 

Zhen et al. [177] deposited thin layers of PyC on the surface of nanotubes to 

introduce defects to the surface and to increase their disperse ability in liquids and polymer 

solutions. The deposition was carried out at temperature between 800-1000 oC at low 

pressures of 20 kPa, with and without H2 addition. Hydrogen addition was reported to slow 

down the deposition process while increasing temperature showed the opposite effect. 

Coating structure was less ordered than CNTs. Thickening of the coating layer resulted in 

formation of more disordered pyrocarbon and lowering the graphitic quality of the structure, 

as evidenced by decreasing IG/ID. Using the results, the authors suggested a “layer-by-layer” 

deposition mechanism for PyC deposition on carbon nanotubes. Based on their proposed 

mechanism, poly aromatic hydrocarbons (PAH), formed in the gas phase, are deposited on 

the surface of nanotubes through pi-pi interactions with CNT surfaces. Subsequent 

absorptions of smaller hydrocarbons take place at the edge of already deposited PAHs and 

the layer tends to grow laterally rather than grow by stacking. No explanation was provided 

regarding why less ordered coating layer is formed as PyC thickness increases. 
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Chemical vapor deposition of pyrocarbons on the surface of CNTs was also suggested 

as a method for controlled growth of CNT walls  [178]. Deposition of concentric graphitic 

layers on the surface of multi-walled CNTs resulted in thickening of nanotubes and uniform 

diameter growth. Also, longer PyC deposition duration resulted in nanotubes with larger 

diameters. Unlike the results of other studies, it was claimed that “high quality graphene 

layer formation” on the surface of CNTs resulted the Raman IG/ID to stay almost the same as 

pure nanotubes. However, it is the opinion of the author of this review that this is due to low 

IG/ID of pure CNTs to begin with.  

Pyrolytic carbon deposition on aligned CNT arrays is reported to improve 

compression strength, modulus and elastic recovery of the arrays  [82,83]. These papers were 

reviewed in section 2.2.2.3 of this literature review. Similar to effect of PyC deposition on 

aligned nanotube assemblies, pre-compressed blocks of agglomerated MWCNTs had drastic 

improvement in breaking strength and young modulus (under compression loading) after 

PyC infiltration  [179]. As authors explained, formation of a three-dimensional network 

structure and strengthening the bridges between the nanotubes were the reasons for their 

enhanced performance. Other studies have reported improvement in electrical and thermal 

conductivity of CNT assemblies after PyC infiltration  [180-182]. 

Recently, Thiagarajan and coworkers  [183] used CVI of pyrocarbon into CNT yarns 

as a method to increase stability of the yarns. PyC infiltration was reported to bind 

neighboring nanotubes together and inhibit inter-tube sliding under load. As a result of this 

change in the structure, PyC coated yarns showed lower resistance drift and higher load 

retention during relaxation tests.  
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2.5 High Temperature Annealing of Carbon Materials 
 

The process at which disordered carbon materials gradually change their structure 

toward an ordered graphite structure by heat treatment at elevated temperatures is known as 

graphitization. Figure 2.11 shows a schematic of structural changes of graphitizing carbon 

while increasing heat treatment temperature. Graphitization degree is the probability of 

finding a pair of hexagonally stacked layers having graphite ABAB… sequence with 

interlayer spacing of 0.3354 nm  [184]. Graphitic structure of carbon materials can be 

evaluated using XRD and through calculation of average value of interlayer spacing (d002), 

basal plane length (La) and height of layered stacking (Lc). Graphitization process tends to 

lower the interlayer spacing of carbon materials down and closer to the characteristic d-

spacing of graphite. Raman spectroscopy is another tool that is frequently applied to 

characterize the degree of ordered structure in carbon materials. The most important 

parameter calculated with Raman is the ratio of disordered to graphitic carbon. This ratio is 

calculated using the integrated intensity of D band, attributed to defects, and G band, 

representing ordered-carbon structure. Graphitization will reduce the intensity of D band, 

thus decreasing the ratio. Decreasing of the full-width at half-maximum of both D and G 

bands also indicates improvement in the graphitic order of carbon materials, as the annealing 

temperature increases  [185]. 
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2.5.1 Heat Treatment of Pyrocarbons  
 

Despite the wide application of graphitization in industry as a post treatment for C/C 

composites, there are only few papers dealing with influence of high temperature annealing 

on microstructure and properties of pyrocarbons and CVI fabricated C/C composites. In 1966 

Bokros and Price  [186] studied the effect of annealing at temperatures between 1700-2800 

oC on mechanical properties of various pyrocarbons. Based on their results, only high-density 

laminar pyrocarbons (now known as RL structure) were “annealable” as evidenced by 

changes in their fracture strain and modulus after heat treatment. Three-point bending tests 

showed that after annealing, modulus of high-density laminar pyrocarbons decreased by a 

factor of 2 to 3 and their fracture strains doubled. However, properties of isotropic and low-

density laminar pyrocarbons were not altered significantly after annealing. The decrease of 

Figure 2.11 Structural changes of carbon while increasing annealing 
temperature (taken from  [108]) 
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moduli was explained by structural changes after annealing. As deposited pyrocarbons had 

cross-links between PyC layers which caused them to have high moduli during thee-point 

bending tests. After annealing, increased orientation of the layers reduced the cross-links 

between them, which resulted in delamination of samples at planes parallel to the deposition 

plane. Guellali et al.  [187] reported a similar result in 2007 where they studied flexural 

properties of CVI fabricated C/C composites after heat treatment at 2900 oC. Graphitization 

treatment was reported to distinctly affect the structure of high-textured pyrocarbons while 

only slightly affected medium-textured pyrocarbon. Similar to results of Borkos and Price, 

flexural strength of these C/C composites decreased while an increased in ductility of them 

was observed after annealing.  

Gaab et al. [188] studied thermally induced mechanical changes of C/C composites. 

Thermal treatment of PyC infiltrated carbon fiber preforms at 1650 oC intensified anisotropic 

properties. Realignment and growth of graphene stacks in the matrix at high temperatures 

improved on-axis performance and reduced off-axis performance of the composites. They 

also measured mechanical properties of the composites at 1200 oC (the same temperature as 

the processing temperature) and 1500 (higher than processing temperature). At testing 

temperature of 1200 oC, release of the matrix residual stress along with healing the cracks 

that was previously developed inside the matrix, resulted in increased strength of the 

composites. Testing beyond manufacturing temperature (1500 oC) was reported to increase 

the strength higher than the “stress-relieved” samples (tested at 1200 oC) as a result of 

straightening and alignment of graphene stacks. The reorientation of graphene stacks at 1500 

C did not comprise growth of the stacks but a higher amount of coherent stacks. The 
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phenomenon of thermo-mechanical induced strengthening was formerly reported in Sauder et 

al. studies on pyrocarbon matrices  [189]. 

Granoff and coworkers  [190] studied graphitization kinetics in a paper in 1973. CVI 

fabricated composites graphitized at a more rapid rate compared to pure bulk PyC. Also 

graphitization rate of the composites was related to matrix microstructures. Composites with 

a uniform RL microstructure graphitized two to three times faster compared to the composite 

with a mixture of RL and SL PyC in the matrix. 

 

 

 

2.5.2 Heat Treatment of Carbon Nanotubes 
 

Generally speaking, annealing of MWCNTs has shown to remove defects, purify 

nanotubes from metallic catalysts particles, decrease the interlayer spacing between 

nanotubes walls and improve mechanical properties  [191-195]. Ci et al.  [196] reported that 

while annealing at 2200 o C decreased d-spacing of disordered MWCNTs from 0.3450 to 

0.3414 nm, its d value was still greater than that of single crystal of graphite (0.3354 nm). 

This means that annealed CNT structure is turbostratic rather than graphitic. This difference 

in the behavior of nanotubes from bulk, disordered carbon is related to their finite dimensions 

and tube-shape structure.  

Behler and coworkers  [197] observed structural ordering of MWCNTs at 

temperatures above 1800 o C in vacuum. However, at above 2000 OC, when the optimum 

annealing temperature is exceeded, nanotubes cross-sections will polygonize. Yoon et al.  
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[198] further investigated polygonization behavior in 2007. It was shown that polygonization 

could be induced in MWCNTs or nanofibers at sufficiently high temperatures, if their 

diameter is large enough. They reported that, unlike nanotubes annealed at lower 

temperatures, MWCNTs with polygonal cross sections have distinctly smaller d-spacing than 

graphite interlayer spacing and could also adopt AB AB graphite stacking sequence. A key 

finding in their work was that “the configuration entropy associated with Stone-Wales defect 

creation at high temperatures makes the polygonal shape of large nanotubes or nanofibers 

thermodynamically stable.” It was suggested that polygonization after high temperature 

annealing is preferred in CNT structures with diameters greater than 50 nm  [199]. 

Several studies have been devoted to evaluate thermal stability of single wall CNTs 

(SWCNT)  [200-202]. These studies showed that bundles of SWCNTs will coalescence 

while annealing in vacuum at temperatures around ~ 1400 oC, and then they will gradually 

undergo bond rearrangements (at ~ 1600 oC) leading to their transformation into MWCNTs. 

Gutierrez et al.  [203] reported that following heat treatment at temperatures above 1800 oC, 

these MWCNTs collapse to form graphitic nanoribbons (GNR). Although overall weak, the 

van der Waals forces between adjacent nanotube in a bundle were proposed to be the driving 

force for their collapse  [204].  

 

2.5.3 Stress Graphitization 
 

Processing of C/C composites through liquid impregnation and pyrolysis (LIP) 

requires heat treatment (stabilization and carbonization) of the resin-impregnated preform to 

yield carbon matrix. When a non-reinforced thermosetting resin undergoes heat treatment, 
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the resulting matrix is usually a low density (~1.5-1.6 g/cm3), isotropic and glassy carbon, 

which does not graphitize at temperatures up to 3000 oC. However, when thermosetting 

resins are heat treated in C/C composites with fibers present, a graphitic structure is detected. 

Similar thing is observed when a highly cross-linked thermosetting resin undergoes heat 

treatment after carbonization. It is now established that graphitization of isotropic, glassy 

carbons at high temperatures is a result of application or accumulation of stress during the 

heat treatment process  [108]. This phenomenon is referred to as stress graphitization.  

Franklin noted, for the fist time, the role of accumulated internal stresses in 1951  

[205]. She observed areas of highly graphitic structure after annealing non-graphitizing 

carbon at 2160 oC. She explained that this enhanced graphitization is due to restrained 

thermal expansion of the strongly interconnected system. Following the breakage of some of 

the cross-links randomly, high compressive forces are applied in the system, resulting in the 

observed graphitization. After Franklin observation, several studies showed that external 

applied stresses have similar effect on graphitization as accumulated internal stresses. 

Internal stress accumulation can also happen during annealing of isotropic carbon matrix 

reinforced by carbon fibers. Hashiyama et al. observed anisotropic regions with graphitic 

structure at the interface of carbon fiber and furfuryl alcohol resin derived carbon at 

temperatures as low as 2250 oC. The driving force for graphitization is postulated to be the 

accumulation of stresses that are caused by difference in the coefficient of thermal expansion 

between the fibers and matrix. 

Nano-sized CNTs or CNFs are also reported to induce stress graphitization during 

heat treatment at temperature 2800-3000 oC. Lanticse-Diaz et al. [206] observed an increase 
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in the extent of formation of graphitic regions by increasing nanotube content and nanotube 

alignment. This was related to the role of distance between CNTs on the formation of 

anisotropic regions. When nanotubes were placed far apart from each other, as in lower mass 

% loading of CNTs or in random CNT distribution, graphitic regions would develop in 

circumferential manner around nanotube. However, continuous region with graphitic 

structure was developed between CNTs when CNT content was higher or nanotubes were 

aligned in one direction.  

Tzeng et al.  [207] also reported formation of graphitic rods in CNT reinforced C/C 

composites with non-graphitizing carbon matrix. However, the formation temperature of 

graphitic rods (2000 oC) was lower than stress graphitization. While they did not rule out the 

influence of stress graphitization in their observations, they related the development of rod-

like structures to the atomically smooth graphene basal plane of CNT walls. They showed 

than existence of defects, such as pentagons and heptagons on the surface of CNTs will 

hinder the formation of rod –like structures. 
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3 Experimental 
 

3.1 Materials and Methods 
	  

3.1.1 Growth of Spinnable CNT arrays 
 

Vertically aligned CNT arrays were fabricated using a modified version of the 

chlorine mediated chemical vapor deposition route [35]. The modified procedure is detailed 

in previous work  [208]. In short, the arrays were grown on a quartz substrate in a custom-

built tube furnace at 760 °C with acetylene as the carbon precursor and FeCl2 (anhydrous 

99.5% VWR) as the catalyst. The process gases consisted of acetylene (600 sccm), argon 

(395 sccm) and chlorine (5 sccm). Growth pressure was maintained at 3 Torr. After 15 

minutes of growth, the system was allowed to cool to room temperature while purging with 

argon.  

3.1.2 Spinning of Aligned CNT sheets 
 

Spinnable CNT arrays could be easily drawn into aligned CNT sheets using simple 

dry drawing. Two types of aligned CNT (ACNT) sheets were used in this dissertation:  1) 

Single layer ACNT sheets and 2) Multi-layer stacked ACNT sheets.  

Single layer ACNT sheets were used in the first part of the dissertation (chapters 4 & 

5). These sheets were drawn from the spinnable arrays and were wrapped around graphitic 

frames for further processing. Single sheets had a thickness of approximately 20 µm with a 

very low density (0.002 g/cm3). This significantly reduced the potential of PyC coating 

variation due to diffusion length of the carbon source gases during the next step.  
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Multi-layer stacked ACNT sheets were used in the second part of this dissertation 

(chapters 6 & 7). Nanotube sheets were drawn from spinnable arrays and continuously 

collected around two rotating parallel glass rods to make flat foam pieces. CNT winding 

continued until the desired sheet thickness was reached. Collecting the sheets around two 

small, suspended glass rods instead of a large mandrel helped the stack of ACNT sheets to be 

less compacted, resulting in a macro-porous structure. The sheets were then separated from 

the glass rods using a razor to be placed inside the furnace for CVI of PyC. Continuous 

collection of aligned sheets around rotating glass rods allowed for fabrication of CNT 

structures with any desired thickness. Each wound sheet layer added approximately 30 µm to 

the thickness of the structure and a 9.5 x 6 x 2.5 cm piece of stacked ACNT sheets could be 

easily drawn from one CNT array. As-drawn ACNT structures were not elastic and were 

permanently deformed after compression. 

 

3.1.3 PyC infiltration 
 

Single layer and multi-layer ACNT sheets were placed inside the CVI furnace for the 

deposition of PyC. Samples were heated in tube furnace and at 800 o C in vacuum. Acetylene 

was then allowed to flow at 600 sccm while the pressure was maintained at 30 Torr during 

the desired deposition time.  

PyC coated single layer ACNT sheets were used for structural and morphological 

analysis of the coating. These samples were labeled and referred to as aligned 

MWCNT/carbon (AMWCNT/C) composites.  Multi-layer stacked ACNT sheets exhibit 

resiliency and foamy behavior after PyC infiltration. These samples were labeled and 
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referred to as aligned CNT/carbon (ACNT/C) foams. Structure, properties and applications 

of these foams were investigated.  

 

3.1.4 Graphitization Thermal Treatment  
 

Graphitization thermal treatment was carried out in a high temperature furnace (RED 

DEVIL vacuum furnace WEBB 124) at 2150 °C (maximum furnace temperature) for five 

hours in an argon atmosphere. The supplied argon had an initial purity of 99.999%. An in-

line Concoa 580-1600 series oxygen/H2O trap was also used to further reduce the 

concentration of oxidizing gases. This trap is capable of reducing the oxygen content in a gas 

stream to less than 15 ppb. 

 

3.1.5 Secondary Growth of Nanotubes inside ACNT/C Foams 
 

Three fabrication steps were taken to achieve growth of secondary nanotubes inside 

ACNT/C foams: plasma surface modification, atomic layer deposition (ALD) of alumina and 

finally secondary CNT growth.  

 

3.1.5.1 Plasma surface modification 
 

In order to achieve conformal and uniform alumina coating, surface of the foams 

were functionalized using O2/CF4 plasma treatment in a capacitively-coupled dielectric 

barrier discharge atmospheric pressure plasma system. In this costume-build system, plasma 

formed between two parallel copper plate electrodes with 3 cm spacing. Plasma was operated 
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at 1.67 kHz using a 4.8 kW audio frequency power supply. Foams were treated for 5 minutes 

in a gas mixture of 1.0% oxygen + 1.0% CF4 + 98% helium (by mass). 

 

3.1.5.2 Atomic Layer Deposition of Alumina 
 

Deposition of alumina on ACNT/C foams substrates was conducted in a custom 

made, viscous flow tube ALD reactor at 120 C and 1 Torr suing trimethylaluminum (TMA) 

(STREM Chemicals Inc., 98% purity) as metal organic precursor. Ultra-high purity N2 

(Airgas National Welders, 99.999%) was used as the carries gas for the precursor and was 

further purified using a nickel catalyst filter (Gatekeeper ®, Entegris Inc.) to reduce the H2O 

content to less than 10 ppt. During ALD runs, pressure was kept constant using an Alcatel 

2021SD mechanical pump and an MKS (model 647 C) mass flow controller while flowing 

N2 at ~200 SCCM. Exposure of TMA and high purity H2O (Sigma Aldrich, CAS#: 7732-18-

5) was delivered to N2 flow using Swagelok® ALD pneumatic valves.  The valves 

sequencing was controlled using a custom Labview® program. ACNT/C foams were placed 

inside the ALD chamber using a PET mesh placed underneath an aluminum frame. To avoid 

any damage to the foams during loading and unloading another PET mesh was placed on top 

of foams without pressing the samples. ALD was conducted using a cycle exposure sequence 

of 0.2 s TMA dose/30 s N2 purge/0.2 s H2O dose/60 s N2 purge which was repeated for the 

desired number of cycles.  
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3.1.5.3 Growth of Secondary CNTs 
 

Secondary nanotubes were grown inside the foams using the modified version of the 

chlorine mediated CVD route, the same method used for growing the primary CNTs. Al2O3 

coated foams were loaded inside the horizontal tube of the CVD system along with a ceramic 

bowl filled with 1 gr of FeCl2 catalyst powder. Once the furnace temperature reached 760 °C, 

mixture of growth gases, acetylene (600 sccm), argon (395 sccm) and chlorine (5 sccm), 

started to flow inside the tube. Nanotube growth carried for 15 minutes while the pressure of 

the system maintained at 3 Torr. After that the furnace was cooled down to room temperature 

under the flow of argon.  

 

3.2 Characterization 
 

3.2.1 Microstructure Analysis 
 

Scanning electron microscopy (SEM) was conducted on a FEI XHR-Verios 460L 

field emission SEM (with 1 kV beam voltage and 6.3 pA beam current). All samples were 

used as prepared without sputtering.  

Transmission electron microscopy (TEM) images were taken using a JEOL 2000FX 

TEM operating at 200 kV. To prepare the TEM samples, a small piece of CNT sample was 

dispersed in ethanol through sonication and a droplet of the dispersion was further deposited 

on a carbon mesh TEM grid and allowed to dry. The average diameter of pristine and PyC 

coated nanotubes were calculated by taking 100 measurements from TEM images for each 

sample using ImageJ software. 
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X-ray diffraction (XRD) experiments were performed on a PANalytical Empyrean 

diffractometer with a 7-circle goniometer configuration, using a Cu Kα  source with a 

wavelength, λ = 1.5406 Å. A continuous, coupled scan (2θ-ϖ) was taken for each sample for 

2θ = 20-60°. Due to the low density of ACNT sheets and the interaction depth limitation, the 

signal strength for X-ray measurements was lower than expected. To increase signal 

intensity, samples were compressed and densified by infiltrating dilute epoxy solution and 

further curing the composite under pressure.  A piece of quartz filter paper was placed under 

the composite before curing to absorb excess resin solution. The background for the 

amorphous epoxy and quartz was measured and subtracted from the final spectra for each 

sample. Samples were placed so that nanotubes were aligned parallel to the sample stage.  

 

3.2.2 Chemical Analysis  
 

A Renishaw 2000 Raman microscope with a laser wavelength of 514 nm (50x 

magnification) was used to analyze the graphitic quality of the structures. Samples were 

mounted to a microscope slide prior to spectrum acquisition and at least five spectra were 

obtained in different locations across each sample. 

Energy dispersive spectroscopy (EDS) measurements were performed on a FEI XHR-

Verios 460L field emission SEM equipped with energy dispersive x-ray spectrometer. 

Elemental spectra were gathered over 100 seconds acquisition time.   
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3.2.3 Thermal Analysis 
 

TGA experiments were conducted on a Perkin Elmer Pyris 1 TGA, where 5-10 mg of 

each sample was heated at a rate of 20 °C/min in air to 900 °C. 

Room temperature thermal diffusivity of ACNT/C foams was measured in 

longitudinal and transverse to CNT alignment direction using a laser flash measurement 

technique in a Netzsch laser flash apparatus (LFA447). Longitudinal and transverse samples 

were cut into 12.7 x 12.7 x 2.5 mm pieces using a laser cutter (Epilog mini/helix- model 

8000).  Prior to testing, a thin layer of graphite was sprayed on both sides of the samples in 

order to enhance the absorption of laser energy and emission of infrared (IR) radiation to the 

detector. 

3.2.4 Mechanical Analysis  
 

Compression testing was performed on an Instron 5544 equipped with a 100 N load 

cell and two flat insulating plates. Compressive load was applied on ACNT/C foams either 

longitudinal or transverse to CNTs alignment direction. Prior to compression testing, a laser 

cutter (Epilog mini/helix- model 8000) was used to cut the samples into small pieces. 

Longitudinal samples were cut into 15 x 15 x 15 mm pieces where CNTs were aligned in 

thickness direction. For transverse samples, foams with dimensions of    15 x 15 x 5 mm 

were cut where nanotube layers were stacked in the Z direction. All samples were tested for 

100 cycles from 0- 90% compressive strain at a rate of 10 mm/min.  

Dynamic mechanical analysis (PerkinElmer DMA 8000) was used to measure storage 

modulus, loss modulus and damping ratio of the ACNT/C foams at temperature   -100 to 300 
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°C. Foams were compressed with a frequency of 1 Hz while DMA head displacement was 

0.025 mm. 

 

3.2.5 Electrical Analysis 
 

Electrical properties of the ACNT sheetsa were measured using a four-probe 

resistance measurement system. The samples were placed onto a glass plate across four 

parallel gold line electrodes. A square shaped piece of glass along with a 500 g weight was 

placed on top of the sample to ensure consistent contact between sample and all four gold 

electrodes during resistance measurements. 

Four-probe electrical resistance of the ACNT/C foams was also monitored in situ 

while compressing the samples. Two pieces of copper foil were used as electrodes and silver 

epoxy glue was applied to adhere the foam to the copper foils. Copper wires were then 

soldered to the copper foil electrodes. 
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Abstract 

Sheets of aligned multi-walled carbon nanotubes (AMWCNTs) were used to study 

the structural annealing of pyrolytic carbon (PyC) coatings with various thicknesses on 

MWCNTs. PyC was deposited using chemical vapor infiltration and the thickness was 

controlled via the infiltration time. Structural annealing of the PyC coated AMWCNT 

(AMWCNT/C) sheets at 2150 oC provided different results for different thickness coatings. 

Transmission electron microscopy images showed that the carbon deposited from acetylene 

formed laminar PyC coatings, resembling rough tube walls, on the CNT surfaces. Following 

the high temperature heat treatment, coatings from short PyC deposition times changed their 

structure, resulting in radial growth of the MWCNTs. Raman and X-ray diffraction 

measurements also revealed that the radially grown MWCNTs had graphitic quality very 

close to pristine nanotubes after annealing. Electrical conductivity of AMWCNT/C sheets 

after high temperature heat treatment was twice that of pristine AMWCNT sheets.  The focus 
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of this study was to determine the PyC coating thickness at which a rough PyC coating would 

no longer change it structure into new CNT walls. The samples treated longer than 30 

minutes had much more disordered PyC deposited on the surface and the additional material 

did not form additional tube walls after thermal annealing.  

 

4.1 Introduction 
 

Carbon/carbon (C/C) composites are often produced by chemical vapor infiltration 

(CVI) of carbon source gases into fiber preforms. While CVI of carbon fiber structures has 

been the industrial standard, there is a growing interest in infiltrating CNT structures and 

characterizing the resulting morphology.  CNT/carbon (CNT/C) composites are attractive as 

advanced, high-performance materials due to their potential combination of outstanding 

mechanical, thermal, and electrical properties, low density and coefficient of thermal 

expansion, and the ability to retain high performance in non-oxidizing atmospheres to 

temperatures of approximately 3000 °C  [209]. Applications of C/C composites in the 

aerospace and defense industries include aircraft brakes  [210], rocket nozzles, re-entry 

vehicles, nose cones  [211], engine components, protection tubes and high temperature 

fasteners [107]. While the above applications are currently filled by traditional carbon fiber 

C/C composites, CNT/C composites may eventually provide superior properties.  

 CNTs have been applied in C/C composites as a secondary reinforcement material to 

obtain better properties  [158-160,162,163,170,212]. Newer studies, however, utilize CNTs 

as the main filler material using a combination of chemical vapor deposition (CVD) and CVI 

to prepare CNT/C composites. Fabrication of CNT/C composites via CVI has been 



 

68 
 

accomplished using multiple routes. Gong et al.  [174] fabricated aligned CNT/C composites 

by CVI of pyrolytic carbon (PyC) on an CNT preforms and studied the morphology and 

microstructure of deposited PyC along with thermal and electrical properties of the 

composite. A similar aligned CNT/C composite was fabricated in a simultaneous process by 

combining CVD and CVI processes in one step  [181]. Other than aligned CNT structures, 

CNT/C composites have also been fabricated using isotropic pre-compressed blocks of multi-

walled carbon nanotubes (MWCNTs)  [179].  

Despite the increasing number of studies focusing on the mechanisms and 

morphology of PyC deposition on CNTs, there is a lack of understanding in the 

graphitization mechanism of CNT/C composites fabricated through CVI of PyC into CNT 

structures. Work exploring the influence of CNTs on graphitization of the carbon matrix has 

been instead mainly limited to CNT/C fabrication through polymer infiltration and pyrolysis. 

Separate studies performed by Tzeng et al. [207] and Lanticse-Diaz et al. [206] showed that 

CNTs can induce stress graphitization in resin-derived carbon matrices such as glass like 

carbon, which is known to be a non-graphitizing carbon.  This work focuses on the changes 

in the structure and morphology of PyC coatings deposited onto AMWCNT sheets when 

samples were structurally annealed at high temperature. An understanding of the relationship 

between PyC coating thickness and morphology after high temperature annealing will be 

significant for those wanting to produce highly graphitic CNT/C composites.  
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4.2 Experimental 
 

4.2.1 Synthesis of MWCNTs 
 

Vertically aligned CNT arrays were fabricated using a modified version of the 

chlorine mediated chemical vapor deposition route [35]. The modified procedure is detailed 

in previous work  [208]. In short, the arrays were grown on a quartz substrate in a tube 

furnace at 760 °C with acetylene as the carbon precursor and FeCl2 (anhydrous 99.5% VWR) 

as the catalyst. The process gases consisted of acetylene (600 sccm), argon (395 sccm) and 

chlorine (5 sccm). Growth pressure was maintained at 3 Torr. After 15 minutes of growth, 

the system was allowed to cool to room temperature while purging with argon. The resulting 

arrays were ~ 2 mm tall containing MWCNTs with an average diameter ~ 29±8 nm. The as-

grown arrays were easily drawn into AMWCNT sheets.  

After cleaning the furnace tube, the as-grown arrays were reloaded inside the tube 

furnace and underwent a chlorine treatment at 760 °C for 15 minutes while the pressure of 

the system was maintained at 3 Torr. High temperature chlorine treatments are known to 

purify CNTs of iron catalyst impurity  [213]. Iron quickly reacts with chlorine at high 

temperatures to produce FeCl2 which then vaporizes and leaves the process tube. After the 

chlorine treatment, energy dispersive X-ray spectroscopy showed that the iron level 

decreased from 1.5 to 0.53 wt%. Any iron remaining after the chlorine treatment was thought 

to reside inside of the CNTs. For this study it was important to remove as much iron as 

possible to avoid possible secondary reactions, to ensure that it would not influence the final 

morphology of the heat treated carbon structures.  
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4.2.2  AMWCNT/C Composite Fabrication 
 

The concept of dry, continuous drawing of CNTs for fabrication of yarns  

[183,214,215] and AMWCNT sheets  [216,217] is now quite common. This technique was 

used to produce the AMWCNT/C structures in this work. To minimize potential variability 

that naturally comes from batch CNT growth, all of the samples utilized in this study were 

produced from arrays from a single growth run.  Figure 4.1 shows a schematic of the 

processing of the AMWCNT/C sheets. First, single layer AMWCNT sheets were wrapped 

around multiple graphite frames for further processing. Single layer AMWCNT sheets were 

used in the first set of experiments to ensure maximum carbon deposition uniformity. The 

single sheets had a thickness of approximately 20 µm with a very low density (0.002 g/cm3). 

This significantly reduced the potential of PyC coating variation due to diffusion length of 

the carbon source gases. In the next step, the AMWCNT wrapped graphite frames were 

placed inside the tube furnace and PyC was deposited on them using CVI, with acetylene as 

carbon source. Samples were heated in vacuum and once the temperature reached 800 °C, 

acetylene was released into the system at a flow rate of 600 sccm while pressure was 

maintained at 30 Torr for the desired deposition time (0, 10, 20, 30, 40 or 80 minutes). These 

samples are referred to as pristine, 10-C, 20-C, 30-C, 40-C and 80-C, respectively.  
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A portion of the PyC coated AMWCNT sheet was removed from each sample for 

analysis. The remaining portions of the samples were further heat treated in a high 

temperature furnace (RED DEVIL vacuum furnace WEBB 124) at 2150 °C (maximum 

furnace temperature) for five hours in an argon atmosphere. The supplied argon had an initial 

purity of 99.999%. An in-line Concoa 580-1600 series oxygen/H2O trap was also used to 

further reduce the concentration of oxidizing gases. This trap is capable of reducing the 

oxygen content in a gas stream to less than 15 ppb. The heat treated samples were labeled 

and referred to as pristine-G, 10-G, 20-G, 30-G, 40-G and 80-G after heat treatment. Figure 

4.2 shows the steps taken to make the AMWCNT/C sheets. 

 

                                        

                    

 

                                                   
    

 

                                        
 

  
 
 

   
 
 

                                        
 

 

 

 

MWCNT array Single sheet of 
AMWCNT 

AMWCNT/C 
composite 

After high temperature 
heat treatment 
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Figure 4.1  Schematic of a single sheet AMWCNT/C composite going through the 
multiple processing steps. 
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These single sheet AMWCNT/C structures were used for Transmission Electron 

Microscopy (TEM) and Raman studies. Thicker samples were needed for X-ray diffraction 

(XRD), Thermogravimetric analysis (TGA) and electrical property analysis to increase 

accuracy of the measurements. To make thicker structures, the AMWCNT sheets were drawn 

from the array and continuously collected around two parallel glass rods rotating at 13 rpm. 

After 8 minutes of winding, the resulting multi-layer AMWCNT sheet was ~ 3 mm thick. 

These thick sheets were then separated from the glass rods using a razor and were placed 

inside the CVI furnace for PyC coating of 0, 30 or 80 minutes.  This was followed by high 

temperature heat treatment of the samples. The conditions for PyC coating and heat treatment 

were the same as for the single layer AMWCNT/C sheets.  

Figure 4.2  Procedure for AMWCNT/C composite sheet fabrication. A) A single sheet of 
AMWCNT wrapped around a graphite frame. B) AMWCNT wrapped graphite frames placed 

vertically onto a crucible holder inside the furnace for CVI of PyC. C) Single sheets of 
AMWCNT/C after PyC deposition. D) Dry drawing of thicker, multi-layer AMWCNT sheets. 
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4.2.3 Characterization 
 

Density values were calculated using the physical dimensions of the samples obtained 

by a calibrated scale bar in a stereo microscope, and the mass of the samples measured with 

an analytical balance with readability to 0.1 mg. After calculating the density of the pristine 

samples, they were PyC treated and the density was recalculated. The same samples were 

then heat treated and the density was recalculated again. Using the same samples throughout 

each step of the process allowed us to compare densities after each step without having a 

large number of samples.  

 TEM images were obtained using a JEOL 2000FX TEM operating at 200 kV. The 

TEM samples were prepared by dispersing a small amount of the AMWCNT/C sheet in 

chloroform using sonication. Following sonication, a droplet of the dispersion was deposited 

on a carbon mesh TEM grid and allowed to dry. To calculate the average diameter and 

diameter distribution, 100 measurements were taken from TEM images for each sample 

using ImageJ software. A Renishaw 2000 Raman microscope with a laser wavelength of 514 

nm (50x magnification) was used to analyze the quality of each structure. The single layer 

AMWCNT/C sheets were mounted to a microscope slide prior to spectrum acquisition and at 

least five spectra were obtained in different locations across each sample.  

Diffraction experiments were performed on a PANalytical Empyrean diffractometer 

with a 7-circle goniometer configuration, using a Cu Kα source with a wavelength, λ = 

1.5406 Å. A continuous, coupled scan (2θ-ϖ) was taken for each sample for 2θ = 20-60°. As 

mentioned earlier, thicker samples were fabricated for X-ray, TGA and electrical property 

measurements. However, due to the low density of thick sheets and the interaction depth 
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limitation, the signal strength for X-ray measurements was lower than expected. To increase 

signal intensity, samples were compressed and densified by infiltrating dilute epoxy solution 

and further curing the composite under pressure.  A piece of quartz filter paper was placed 

under the composite before curing to absorb excess resin solution. The background for the 

amorphous epoxy and quartz was measured and subtracted from the final spectra for each 

sample. Samples were placed so that nanotubes were aligned parallel to the sample stage.  

TGA experiments were conducted on a Perkin Elmer Pyris 1 TGA, where 5-10 mg of 

each sample was heated at a rate of 20 °C/min in air to 900 °C. Electrical properties of the 

AMWCNT/C sheets were measured using a four probe resistance measurement system. The 

samples were placed onto a glass plate across four parallel gold line electrodes. A square 

shaped piece of glass along with a 500 g weight was placed on top of the sample to ensure 

consistent contact between sample and all four gold electrodes during resistance 

measurements. 

 

4.3 Results and Discussion 
 

Raman spectroscopy was used to compare the structure of arrays before and after the 

chlorine treatment.  Generally, the G peak (centered around 1580 cm-1 in SWNT) originates 

from the perfect graphite crystal structure while D peak (centered around 1350 cm-1 in 

SWNT) originates from the defects in the structure [33]. The integrated intensity ratio of 

disordered to graphitic carbon (R= ID/IG) was used to evaluate the defect density of carbon 

materials [34]. After the chlorine treatment, the average R changed from 0.45 to 0.41 

indicating a slight improvement in the quality of the MWCNT arrays. Raman spectra of the 
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arrays collected before and after chlorine treatment are provided in the supporting 

information. 

Table 4.1 shows the variation in average CNT diameter with PyC deposition time. 

CNT diameter increased significantly with increasing CVI time. The thickness of the PyC 

layer (half of the difference between diameter of PyC coated CNTs and pristine CNT 

diameter) increased from 3 nm after 10 minute PyC deposition to 34 nm after 80 minute PyC 

deposition. The diameter distribution of coated CNTs also broadened as deposition time 

increased. The use of a single layer CNT sheet ruled out the possibility of deposition 

variation due to a diffusion length limitation. The reason for a larger diameter distribution for 

longer PyC coating times is not understood at this time. 

 

Table 4.1  Average CNT diameter for different PyC deposition times 

 

 

 

 

 

Infiltration Time 
(min) Avg CNT diameter (nm) 

0 29±8 
10 35±7 
20 37±7 
30 44±10 
40 50±12 
80 97±16 

 
 

Figure 4.3 shows density variation with different PyC coating times, before and after 

high temperature heat treatment. Pristine sheets of AMWCNTs (0 minute carbon treatment 

time) are very low density structures with apparent density of ~ 0.002 g/cm³. After 30 and 80 

minutes of PyC deposition, apparent density increased to 0.004 and 0.007 g/cm³ respectively. 
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Density of the structures did not change significantly after high temperature heat treatment. 

The outer dimensions of the multi-layer AMWCNT sheet samples did not change after PyC 

deposition or heat treatment. While the mass (and therefore density) of the PyC coated 

structures increased fairly linearly with coating time, the change in tube diameter did not. 

The much larger tube diameters at the longest deposition time were attributed to the 

decreasing level of structural order and corresponding decreased local density of the 

outermost PyC layers.  

While the CNT diameters were increased significantly, it is unlikely that this increase 

(and subsequent narrowing of the space between the CNTs) had an effect on the deposition 

mechanism of the PyC as the deposition time increased. Even the AMWCNT/C sheet 

samples treated for the longest time of 80 minutes had an aerogel-like density, with CNT 

packing density lower than even the as-grown CNT array. This highly porous nature, where 

inter-tube spacing is hundreds of nanometers [23], is conducive for gas diffusion through the 

structure at the deposition pressure utilized in this study.  
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Figure 4.3  Changes in the density of thick multi-layered AMWCNT/C sheets with different 
PyC coating durations. 

 

4.3.1. Morphology of AMWCNT/C Composites 
 

TEM images in Figures 4.4 and 4.5 show the structures of samples coated for 10, 20, 

30, 40 and 80 minutes before and after heat treatment. Generally, the deposited PyC 

exhibited two morphologies, transitioning from rough laminar PyC deposited on the surface 

of CNTs toward disordered carbon at the outermost surface of the coating. While this is 

consistent with previous reports  [177,179], it is different from results reported by Allouche 

et al.  [129,171,172], where little to no difference in the quality of PyC coating was observed 

in layers close to the surface of fibers compared to those near the center. Further comparison 

between these images in Figures 4.4 and 4.5 shows that by increasing carbon treatment time 

and thickening the PyC layer, the deposited layers became more disordered and contained 
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more curved carbon segments which resulted in disinclination of parallel carbon layers and 

thus, the surface of the coating layer became less smooth and less dense. One of the possible 

reasons for this is further explored in section 4.3.3.  

The PyC layer was also discontinuous in some areas across the length of CNTs. 

Zheng et al. observed this as well and proposed that this variation occurred because “some 

layers stopped growing laterally due to the edges of graphenes were blocked by the top 

layer”  [177]. Another possible reason is that at some points, the MWCNTs within the sheet 

were touching each other which would suppress PyC deposition in those areas. Those CNTs 

would then become separated after dispersion. 

Images of samples exposed to the heat treatment at 2150° C for five hours showed 

fewer structural defects in the walls and improved graphitic quality of both the CNT structure 

and the deposited PyC coating layer. For samples with shorter carbon deposition times (10-

G, 20-G and 30-G), the PyC layer rearranged, resulting in a crystalline structure where the 

coating and original tube walls could not be easily differentiated in the TEM images. In 

contrast, images of 40-G and 80-G samples showed that while the PyC layers deposited 

closest to the original MWCNT developed a structure similar to the CNT walls, carbon layers 

close to the surface exhibited a more disordered PyC structure, and remained disordered even 

after the heat treatment 
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Figure 4.4  TEM images of PyC coated CNTs before (left column) and after (right column) 
heat treatment for samples with 10 min (A&B), 20 min (C&D) and 30 min (E&F) PyC coating. 
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4.3.2 Structure of AMWCNT/C Sheets 
 

Raman spectroscopy was used to analyze the graphitic structure of pristine and 

AMWCNT/C sheets. Of particular interest were the G peak and D peak, as they 

contribute to graphitic and disordered carbon structures respectively. Each sample was 

scanned at 5 different locations and the average R (ID /IG) was calculated. As shown in 

Figure 4.6, increasing the PyC infiltration time increased the average value of R from 

Figure 4.5  TEM images of PyC coated CNTs before (left column) and after (right column) heat 
treatment for samples with 40 min (A&B) and 80 min (C&D) PyC coating. 
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0.36 for pristine AMWCNT sheet to 2.12 after 80 minutes PyC infiltration. This 

indicates that thickening the AMWCNTs with PyC increases the structural disorder. 

After heat treatment at 2150 o C, the average R for AMWCNT sheets with 10, 20 and 30 

minute PyC deposition all decreased to ~ 0.2. This average R ratio was very close to 

that of the pristine AMWCNT sheet after the same high temperature heat treatment (~ 

0.17). While the average R ratios of samples with longer PyC infiltration times (≧40 

min) also decreased after heat treatment, they yielded higher ratios compared to PyC 

coated samples treated for shorter times. In addition to the decrease in R ratio, a smaller 

full width half maximum of both the G band and D band was observed after high 

temperature heat treatment of the samples. The decreased scattering after annealing 

indicates a high level of CNT structural uniformity and has been reported in previous 

studies of annealed CNTs  [218]. Raman spectra of pristine and PyC coated AMWCNT 

sheets before and after annealing are provided in the supporting information. The 

Raman results support the results from TEM observations and show that there is a limit 

for the thickness of PyC coating that allows for radial growth of graphitic CNT walls 

after high temperature heat treatment. For the deposition parameters used in this study, 

this limit was approximately 30 minutes, after which the additional deposited layer did 

not reorganize to resemble tube walls and radially grow the MWCNT structure. It is 

important to note that with different deposition conditions, precursors or original CNT 

characteristics, the structure of the deposited PyC will be different [41] and thus the 

maximum thickness of PyC that can structurally annealed into new tube walls may be 

different as well.   
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Figure 4.6  Average R as a function of PyC coating duration before (A) and after heat 
treatment (B). 
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XRD spectra of pristine, AMWCNT/C, and heat treated samples are shown in Figure 

4.7. Due to the parallel z-axis orientation of the CNTs to the incident beam, the main visible 

features are the 00l reflections at 002 (~26°). Based on the position of the 002 peak, 

information about the average interlayer spacing, or d-spacing, can be calculated using the 

Bragg equation, d002=λ/2sinθ002. Additionally, the full width half maximum (FWHM) of this 

peak can be used to calculate the graphite stack size or crystallite size (Lc), using Scherrer’s 

equation, Lc=Kλ/βcosθ002 [218]. In these equations, K is a numerical factor frequently 

referred to as crystallite-shape factor (K=0.9), λ is the x-ray wavelength, θ002 is the location 

of the 002 reflection, and β is the FWHM of the 002 peak. The measured and calculated 

parameters for each sample are summarized in Table 4.2.  

PyC deposited samples have larger d-spacings than pristine CNTs. This indicates that the 

as-deposited material was rough and poorly graphitized, which is confirmed in the TEM 

images. The measurable increase in intensity of the 002 peak after heat treatment indicates 

improvement in the interlayer graphitic structure due to removal of defects and carbon atom 

rearrangement. Significant changes were measured in the stack size of graphite crystallites. 

Lc for Pristine was 11.96 nm, and by dividing this number by the characteristic d-spacing, the 

number of walls, n, was found to be 35. Lc increased after annealing sample 30-C due to the 

radial growth of CNTs and the formation of additional walls, leading to an increase in n from 

35 to 41. Lc did not continue to increase for sample 80-G however, due to the inability to 

fully graphitize the deposited PyC during structural annealing. These findings are in 

agreement with TEM images and Raman results. The decrease in Lc and n for 30-C and 80-

C&G arises from the disordered structure so that the XRD parameters cannot fully represent 
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the structure of those samples  [179]. 

 
Figure 4.7 XRD spectra of Pristine, PyC coated and heat treated samples. 

 
 
 
 

 

Table 4.2  Measured and calculated structural parameters of the different samples 

 

 

Sample
2θ 

(degree)
d002         

(Å)
FWHM 
(degree)

Lc        
(nm) n

Pristine 26.1 3.412 0.7398 11.96 35.50
Pristine_G 26.16 3.403 0.7194 12.30 36.15
30_C 25.99 3.426 0.8855 9.98 29.13
30_G 25.97 3.428 0.6284 14.60 41.02
80_C 25.75 3.458 1.109 7.950 23.00
80_G 25.92 3.434 0.8333 10.60 30.87
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Figure 4.8 shows the TGA and derivative TGA curves of the samples. Small mass 

loss was observed to occur between 200 and 400 °C which was due to the presence of 

amorphous carbon. The relatively minute amount of mass loss that occurred in this region for 

all samples (even those deposited with PyC carbon) indicates that they were relatively free of 

bulk amorphous carbon. The small loss could be attributed to broken or incomplete surface 

layers of carbon, which would be highly reactive with the oxygen in air. The average onset 

temperature for AMWCNT sheets prior to heat treatment was 625 °C. After high temperature 

heat treatment of the samples, the average onset temperature was increased to nearly 750 °C. 

Annealing healed some of the defects in MWCNTs and PyC coatings, leaving a structure 

with greater oxidative stability  [219]. 
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Figure 4.8  TGA curves (A) and derivative TGA curves (B) of pristine and PyC 
coated samples 
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To support findings from TEM, Raman and XRD analysis, the electrical conductivity 

of the AMWCNT/C sheets were measured before and after high temperature heat treatment. 

As shown in Table 4.3, conductivity of pristine AMWCNT sheets increased from 2.03 to 4.1 

S/cm after 80 minute PyC treatment with subsequent annealing. This increase was reasonable 

due to the addition of electrically conductive material on the original CNT structure of the 

same physical dimensions. Some of PyC would be deposited at CNT junctions, reducing the 

contact resistance between CNTs  [179].  High temperature heat treatment also improved the 

conductivity of all of the samples.  The results show that the largest increase in conductivity 

before and after heat treatment was 60%, for the composite with 30 minutes PyC deposition.  

This supports Raman and XRD data, corresponding well to the structural changes identified 

in that sample. The 30-G sample had the largest tube diameter and mass increases while still 

being graphitized well during the high temperature heat treatment.  Further PyC deposition 

increased the mass and diameter of the CNTs, however the inability for the additional layers 

to graphitize limited the increase in electrical conductivity after heat treatment to 37%.  

 

Table 4.3  Electrical conductivity of AMWCNT sheets with different PyC coating times 

Sample Conductivity (S/cm) Percent Increase 

Pristine 2.03 32% Pristine-G 2.67 
30-C 2.47 

60% 
30-G 3.98 
80-C 2.98 37% 80-G 4.10 
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4.3.3 Effect of MWCNTs Quality on the Microstructure of PyC Coating 
 

Results from TEM observations suggest that the ordered structure of carbon atoms in 

the initial PyC coating layers was induced by CNTs. Gong et al.  [174] reported formation of 

a highly-textured, rough laminar PyC coating on CNTs, while a smooth laminar structure 

was formed on carbon fibers. Here, to further study the effect of graphitic quality of CNTs on 

the microstructure of deposited PyC, a single layer sheet of pristine AMWCNT was first 

annealed at 2150° C for five hours and then coated with PyC for 40 minutes. Figure 4.9 

shows a TEM image of this sample (labeled G-40-C). A comparison between this image and 

Figure 4.5 (for sample 40-C) shows that despite having the same infiltration time of 40 

minutes, the PyC coating in G-40-C is more ordered and the outermost surface is smoother. 

The CNTs with higher quality graphitic walls induced the ordered structure in PyC coating 

layer over a longer range, which may allow for a further increase in the thickness of PyC that 

can be recrystalized on the surface of the CNTs. These results also help to explain why the 

PyC coating on the as-grown CNTs transitions from a rough laminar carbon to disordered 

carbon as the coating thickness increases. It appears that the quality of the PyC deposited 

during this process depends of the surface quality of the underlying tube structure (pristine 

tube or one that has PyC deposited on it).  Future work may include a more detailed study in 

this area.   
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Figure 4.9  TEM images of 40 min PyC coating on a graphitized pristine CNT. 

 
 
 

4.4 Conclusions 
 

Aligned multi-walled carbon nanotube/Carbon sheets were prepared using 

AMWCNT sheets and CVI of PyC for different time periods. Results showed that while 

annealing PyC coated samples at 2150 °C for five hours will radially grow additional walls 

on nanotubes, there is a limit to the thickness of PyC coating layer that can be annealed 

into additional MWCNT walls. Raman studies revealed that annealing MWCNT sheets 

with shorter PyC coating times (up to 30 minutes) graphitized the coating layer to a large 

extent. Further thickening of the PyC layer by increasing carbon infiltration time (to 40 & 

80 minutes) did not yield a coating that resembled nanotube walls after annealing. These 

results agreed with XRD findings which showed that the average number of tube walls 

increased from 39, for pristine nanotubes, to 45 for samples coated with PyC for 30 

minutes and then annealed (30-G). The number of graphitic walls did not continue to 
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increase, however, for samples with longer carbon treatment times. TEM images and 

electrical property measurements also supported the above findings. 
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4.5 Supplementary Information  
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
  
 

 

 

Figure S.4.1  Raman spectra of pristine and PyC coated AMWCNT sheets before and after 
annealing. Each sample was scanned at five different points. Here, closest spectra to the average 

is presented for each sample. 
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Figure S.4.2  Raman spectra of AMWCNT sheets before and after chlorine treatment. 
Samples were scanned at five different points. Here, closest spectra to the average is 

presented for each sample. 
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Abstract 

Carbon coated aligned multi-walled carbon nanotube (AMWCNT/C) sheets were used for 

studying the controlled radial growth of MWCNTs. Pyrolytic carbon (PyC) was deposited on 

the surface of nanotubes using multiple cycles of chemical vapor infiltration. Morphological 

and structural characterization showed that when graphitization was done in one step, after 

the deposition of multiple cycles of PyC, the presence of a large amount of disordered carbon 

on the surface of nanotubes led to a poorly graphitized coating structure that did not 

resembled nanotube walls anymore. Graphitization of the AMWCNT/C sheets after each 

deposition cycle prevented the development of disordered carbon during the subsequent PyC 

deposition cycles. Using the cyclic-graphitization method, thick PyC coating layers were 

successfully graphitized into a crystalline structure that could not be differentiated from the 

original nanotube walls. TEM observation and X-ray data confirmed radial growth of 

nanotubes, while spectra collected from Raman spectroscopy revealed that radially grown 
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CNTs had the same graphitic quality as graphitized pristine nanotubes. The focus of this 

study was to compare the effect of cyclic graphitization with a one-step graphitization 

method to gain insight on the necessary parameters needed to radially grow high quality 

CNTs.  

 

5.1 Introduction 
 

Carbon/carbon (C/C) composites have a combination of outstanding mechanical, 

thermal and electrical properties and therefore have been widely investigated as a class of 

advanced, high-performance materials. While carbon fibers (CF) have been used traditionally 

as the reinforcement phase for these composites, there has been a growing interest in 

application of carbon nanotubes (CNT) in C/C composites. Previous studies mainly focused 

on the effect of CNTs as the secondary reinforcement material in C/C composites  [158-

160,162,163,170,212,220]. More recent studies have considered the application of nanotubes 

as the main filler materials in C/C composites  [174,179,181,221]. Inspired by the common 

production routes for C/C composites, chemical vapor infiltration (CVI) of pyrolytic carbon 

(PyC) and polymer impregnation and pyrolysis (PIP) methods are used to create the carbon 

matrix in CNT/carbon (CNT/C) composites. 

Graphitization is known as the process where heat treatment at elevated temperatures 

is used to gradually change the structure of disordered carbon materials toward ordered 

graphite  [185]. Studies exploring the effect of CNTs on the graphitization of carbon matrices 

have shown that nanotubes can induce stress graphitization in non-graphitizing carbon 

matrices which are derived from liquid resins  [206,207]. Increasing content and degree of 
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CNT alignment improved formation of graphitic regions in these matrices  [206,222]. Despite 

the wide application of graphitization processes in industry and the effect of these processes 

on microstructure and properties of carbon composites, works exploring the graphitization of 

CNT/C composites have been mostly limited to the composites fabricated through the 

polymer infiltration and pyrolysis method. For CNT/C composites fabricated through CVI 

technique, the majority of the studies are only focused on mechanism and morphology of PyC 

deposition on the CNT preforms  [129,171,172,177,179]. In our previous work  [223], we 

studied the graphitization behavior of PyC coated aligned multi-walled CNT (AMWCNT/C) 

composite sheets. Graphitization of the composites at 2150 oC for 5 hours provided different 

results for different thickness of PyC coatings. Thinner PyC coatings, from short deposition 

durations, were graphitized to a large extent and resulted in a crystalline structure that 

resembled nanotube walls. Further thickening of the PyC layer, however, did not yield a 

graphitic structure after graphitization. This was attributed to the development of a much more 

disordered layer at the surface of the coating as the coating thickness increased by prolonging 

the infiltration duration. Previous studies have also reported this structural transition toward a 

disordered carbon at the surface of the coating [177,179]. It was therefore concluded that there 

is a limit to the thickness of PyC coating layer that can graphitize into additional walls on the 

surface of CNTs. 

This work presents a new approach to control the structure of PyC coatings on CNTs 

to avoid the development of disorder carbon as the coating layer becomes thicker. Through a 

“cyclic graphitization” method, PyC coatings with thicknesses much beyond the previously 

observed limit were graphitized to a large extent into a crystalline structure similar to 
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nanotube walls. To show the importance of doing the graphitization treatment in cycles, 

samples were also prepared by doing the graphitization treatment in one-step. The structure 

and morphology of the resulting PyC coatings were compared. 

5.2 Experimental 
 

5.2.1 Synthesis of MWCNTs 
 

Vertically aligned multi-walled CNT (MWCNT) arrays were fabricated using 

modified chlorine mediated chemical vapor deposition (CVD) method. Detailed explanation 

of the growth procedure is available elsewhere  [208]. In short, arrays were grown on quartz 

substrates in a horizontal tube furnace at 760 oC, using acetylene as the precursor and FeCl2 

(anhydrous 99.5% VWR) as the catalyst. During the growth, pressure of the system was kept 

at 3 Torr while a mixture of process gases (acetylene, argon and chlorine)  flowed at 1000 

sccm. After 15 minutes of growth, the resulting arrays were ~ 2 mm tall with an average 

diameter ~ 40 nm as measured from TEM images. Pristine arrays could be easily drawn into 

horizontally aligned CNT sheets for further processing. 

In order to ensure that any secondary reactions from iron catalyst impurities would 

not occur and influence the structure of the coatings, iron impurities were removed through a 

high temperature chlorine treatment. Pristine arrays were re-loaded inside the furnace and 

underwent chlorine treatment for 15 minutes at 760 oC and 3 Torr. During the treatment, iron 

impurities quickly react with chlorine at high temperatures and produce FeCl2 vapor that 

leaves the furnace tube [213]. Our previous studies showed that iron content of the arrays 

decreased by 65% after high temperature chlorine treatment  [223]. Any remaining iron is 
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thought to be trapped inside of the CNTs and would not affect the structure of carbon 

coatings. 

 

 

5.2.2 AMWCNT/C Composite Fabrication 
 

Single layer sheets of AMWCNT were drawn from CNT arrays and were used as the 

preform for PyC deposition. These sheets were ~ 20 𝜇m thick and had a very low density of 

0.002 g/cm3. Using a highly porous preform with super low-density would ensure coating 

uniformity and reduce any variation in carbon deposition due to diffusion length limitation. 

This was important for collecting accurate CNT diameter distribution measurements and 

TEM micrographs of the coatings.  These single layer sheets were wrapped around graphitic 

frames and were further loaded inside the CVI furnace for deposition of PyC. As mentioned 

earlier, samples were prepared using two different methods. Each preparation method is 

explained in detail in the following paragraph. 

For preparation of cyclic graphitized samples, PyC was first deposited for 20 minutes 

on the surface of AMWCNT sheets. Deposition was accomplished using acetylene as the 

carbon source at a deposition temperature of 800 oC while the pressure was maintained at 30 

Torr. The samples were then graphitized in a high temperature furnace (RED DEVIL vacuum 

furnace WEBB 124) for 5 hours at 2150 °C in argon (99.999% purity) atmosphere. An in-

line oxygen/H2O trap (Concoa 580-1600 series) was used to further reduce the oxygen 

concentration of gas stream to less than 15 ppb. After graphitization, those samples were 

considered to have one cycle of PyC deposition and graphitization. This process (20 minutes 
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of PyC deposition and subsequent graphitization for 5 hours) was repeated for two, three and 

four cycles to prepare samples with two, three and four cycles of PyC deposition and 

graphitization. These samples were labeled and referred to as 2 C/G, 3 C/G and 4 C/G 

respectively. 

For preparation of one-step graphitized samples, deposition of PyC was similarly 

done in cycles of 20 minutes using the same deposition parameters. This was done to ensure 

that the condition of PyC deposition was exactly the same for samples prepared using either of 

the methods. In fact, PyC deposition on cyclic graphitized and one-step graphitized samples 

happened at the same time for each deposition cycle. However, one-step graphitized samples 

were not graphitized in between deposition cycles. Instead, they underwent graphitization 

process after they were infiltrated with PyC for the desired number of cycles (two, three or 

four). After carbon deposition, samples with two, three and four cycles of PyC deposition 

were graphitized for 10, 15 and 20 hours, respectively. These samples were labeled and 

referred to as 2 C/FG, 3 C/FG and 4 C/FG. The durations of the graphitization process were 

chosen so that samples with the same number of PyC deposition cycles, but prepared using 

different methods (cyclic graphitization versus one-step graphitization), were kept at the 

graphitization temperature for the same amount of time. The conditions for one-step 

graphitization were the same as the cyclic graphitization method. Schematics in Figure 5.1 

show the differences between the graphitization methods.  
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Figure 5.1  Schematics showing A) cyclic graphitization and B) one-step graphitization 
methods. 
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Single layer AMWCNT/C composite sheets were used for Transmission electron 

microscopy (TEM) and Raman analysis. For X-ray diffraction (XRD) and 

Thermogravimetric analysis (TGA) experiments however, thicker samples were needed to 

increase the accuracy of the measurements. To make thick sheets of AMWCNT, horizontally 

aligned sheets of nanotubes were drawn from CNT array and continuously collected around 

two rotating parallel glass rods. The winding process continued for 10 minutes while the rods 

were rotating at 13 rpm. The resulting layered CNT sheets were ~ 5 mm thick and were 

separated from the glass rods using a razor blade. These thick AMWCNT sheets were used as 

the preform for PyC deposition and were further processed the same as single layer 

AMWCNT/C composites. Figure 5.2 shows the steps taken to make AMWCNT/C sheets. 
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Figure 5.2 A) Winding of thicker, multi-layer AMWCNT sheets. B) 5 mm thick, multi-layer 

AMWCNT sheets before separation from the glass rods. C) Single sheet of AMWCNT 
wrapped around graphitic frame. D) Single sheets of AMWCNT/C after PyC deposition. 

 

 

5.2.3 Characterization 
 

Transmission electron microscopy was conducted on a JEOL 2010FX TEM operating 

at 20 kV. Sonication was used to disperse a small amount of AMWCNT/C composites in 

ethanol. A droplet of the dispersion was then deposited on a TEM carbon grid and was left to 

dry. Diameter of pristine and PyC coated CNTs were measured from TEM images using 

ImageJ software. Average diameters were calculated from 100 measurements for each 

sample. 
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A Renishaw 2000 Raman spectroscope (514 nm laser wavelength, 50x magnification) 

was used to probe the graphitic quality of the samples. Single layer sheets of AMWCNT/C 

composites were mounted on microscope slides and spectra was obtained from five different 

locations of each sample. 

The X-ray diffraction (XRD) experiment was done using a PANalytical Empyrean 

diffractometer with 7-circle goniometer configuration (CuK 𝛼  source, 𝜆 =1.5406 Å 

wavelength). Each sample was continuously scanned for 2𝜃 = 20− 60o, while nanotubes 

were aligned parallel to the sample stage. As mentioned before, thick sheets of AMWCNT/C 

composites were used for XRD and TGA experiments to ensure the accuracy of 

measurements. However, despite using thick samples, signal intensity of XRD scans were 

lower than expected. This was probably due to the very low density of thick sheets and 

interaction depth limitation. To increase the signal intensity and make XRD measurements 

possible, thick sheets of AMWCNT/C were densified by infiltrating a dilute epoxy solution 

and further curing under pressure. A piece of quartz filter paper was placed under each 

sample to absorb excess solution. The background of the amorphous epoxy along with quartz 

filter was measured and subtracted from the spectra of each sample.  

Thermal stability of the samples was tested using a Perkin Elmer Pyris 

Thermogravimetric analyzer (TGA). During TGA experiments, 5-10 mg of each sample was 

heated in air to 900 oC at a 20 oC/min. heating rate.  
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5.3. Results and Discussions 
 

Figure 5.3 shows changes in density with increasing number of PyC deposition 

cycles. For both the cyclic graphitization and one-step graphitization methods, the density of 

the AMWCNT/C composites increased linearly and with the same rates as the number of 

deposition cycles increased. There is a small variation in the density of pristine AMWCNT 

sheets (0 deposition cycles) that naturally happens during the winding process. Due to this 

variation in density of CNT preforms, the density of AMWCNT/C composites prepared by 

one-step graphitization method was slightly higher than those prepared by cyclic 

graphitization method and is the cause of the slight offset of the two best fit lines shown in 

Figure 5.3.  

 

 

 

 

 

 

 

 

 

 

Figure 5.3  Changes in density of AMWCNT/C composites prepared with different methods 
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5.3.1 Morphology of AMWCNT/C Composites 
 

TEM images in Figure 5.4 show the structure of samples with two, three and four 

cycles of PyC deposition, prepared with either one-step graphitization or cyclic graphitization 

methods. As shown in these images, there is a distinct difference in the structure of samples 

prepared using each methods. For cyclic graphitized samples (2 C/G, 3 C/G and 4 C/G), PyC 

coating layers rearranged during graphitization cycles, resulting in a crystalline structure 

where the coating and original tube walls could not be easily differentiated. In contrast, 

images of one-step graphitized samples (2 C/FG, 3 C/FG and 4 C/FG) showed that the 

deposited carbon layers could not graphitize and remained disordered even after prolonged 

(10, 15 and 20 hours) graphitization runs.  

In the one-step graphitization method, graphitization was done after a thick layer of 

coating was achieved through multiple cycles of PyC deposition. Our previous study showed 

that for the deposition conditions of our CVI system, structural transition toward a disordered 

carbon happens after 30 minutes of PyC deposition [223]. Since each deposition cycle in this 

work was for 20 minutes, a very disordered carbon structure was developed after multiple 

cycles of PyC deposition. Previous studies [224-226] have shown that changes in the surface 

characteristics of the substrate, such as roughness and concentration of active cites, can affect 

the structure of deposited carbon. In a study by De Pauw et al. [149] carbon deposited on 

rough surfaces with high concentration of active sites was less ordered compared to PyC 

coatings on smooth surfaces. Concentration of active sites on the deposition substrate has 

been suggested to alter the composition of the gas phase [149] and also the surface reactions 

[136] and thus, affects the structure of deposited carbon. Similarly, during PyC deposition on 
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AMWCNT sheets, the substrate for carbon deposition changes from pristine nanotubes, with 

smooth surfaces and low concentration of active sites, to deposited PyC with rougher 

surfaces and higher concentration of active sites. It has been shown that an optimum planar 

PyC structure results form a gas phase exhibiting an optimum ratio of polycyclic aromatic 

hydrocarbons (PAH) to small linear hydrocarbons [227-229]. When the concentration of 

active sites on the surface of the substrate is low (similar to the surface of pristine 

nanotubes), formation of PAH in the gas phase is favored. The optimum ratio between PAHs 

and linear hydrocarbons exists, leading to deposition of highly aligned PyC coating layers. In 

the opposite condition, deposition is controlled by heterogeneous reactions and a high 

concentration of active sites on the surface of the substrate prevents formation of PAHs. A 

disordered carbon structure is therefore formed likely due to the excess of small linear 

hydrocarbons in the deposited PyC layer. As it is shown in images 5.4A, 5.4C and 5.4E, this 

disordered carbon structure was non-graphitizable and did not rearrange during graphitization 

to form a highly aligned carbon structure that resembles nanotube walls.  

In contrast, for samples prepared by the cyclic graphitization method, graphitization 

was done after each deposition cycle. Since duration of a single deposition cycle (20 

minutes) was shorter than the observed limit for formation of disordered carbon (30 minutes), 

the structure of carbon coating remained laminar and was fully graphitized during the first 

graphitization cycle. This graphitized coating layer was the substrate for the next PyC 

deposition cycle and since its surface characteristics were very similar to the surface of 

pristine nanotubes, development of disordered carbon during subsequent deposition cycles 

could be avoided. Therefore, graphene planes remained significantly aligned, even in thick 
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PyC coatings. These coatings were successfully graphitized at the surface of nanotubes to 

significantly grow them in the radial direction. 
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Figure 5.4  TEM images of samples with 2 (A&B), 3 (C&D) and 4 (E&F) cycles of PyC 
coating prepared using one-step graphitization (left)and cyclic graphitization (right) method. 
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TEM images were used to measure the thickness of coatings. Figure 5.5 shows 

changes in average diameter of CNTs with various PyC deposition cycles for samples 

prepared by both methods. Average diameter of the graphitized pristine nanotubes (Pristine 

G) was ~ 40 nm. After PyC coating, CNT diameter increased linearly and significantly. For 

cyclic graphitized samples, thickness of the coating layer increased from ~ 18 nm, after two 

cycles of deposition and graphitization, to ~ 33 nm after 4 cycles. Using cyclic graphitization 

methods, we could tailor the structure of carbon coatings so that coatings with thicknesses up 

to 33 nm were successfully graphitized at the surface of nanotubes and radially grew CNTs. 

This is more than two times greater than the previously observed limit for the thickness of 

PyC coating which is able to be graphitized into additional tube walls on the surface of 

CNTs. Also, linear increase in CNTs diameter with deposition cycle helps to control the 

radial growth of nanotubes using cyclic graphitization method. 

 

 

  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.5 Variation in AMWCNT/C diameter with different PyC deposition cycles 
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Comparing graphs in Figure 5.3 and 5.5 shows that while the mass (and thus density) 

of AMWCNT/C composites increased with similar rates using both methods, the changes in 

tube diameters did not. In fact, the diameter of the nanotubes increased with a higher rate 

using one-step graphitization method. The much larger tube diameters of one-step 

graphitized samples were attributed to the increased level of structural disorder and 

corresponding decreased local density of the PyC coating layer.  

 

5.3.2 Structure of AMWCNT/C Composites 
 

Raman spectroscopy was used to further examine the graphitic structure of 

AMWCNT/C composites prepared using each method. In the Raman spectra of carbon 

materials, G-band (centered around 1580 cm-1) corresponds to perfect graphitic structure and 

D-band (centered around 1350 cm-1) originates from defects [230]. Of particular interest is 

the integral intensity of D-band relative to that of G-band (R=ID/IG), which is used to 

evaluate the defect density of carbon materials [231]. Consequently, 1/R is used to evaluate 

the crystal planar domain size. A higher 1/R value indicates a better graphitic structure. Each 

sample was scanned at 5 different locations and the average 1/R was calculated. As shown in 

Figure 5.6, despite doing prolonged graphitization runs on samples prepared by one-step 

graphitization method, the average 1/R values (≤ 3.6)  were lower than that of pristine 

AMWCNT sheets after graphitization (~ 5). 1/R also decreased when the number of PyC 

deposition cycles increased. Using the cyclic graphitization method, average 1/R value of 

samples with 2, 3 and 4 cycles of PyC deposition were all ~ 5 and very similar tothat of 

graphitized pristine AMWCNT sheets. 
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Figure 5.6  Average 1/R as a function PyC deposition cycle 

 

This result is in agreement with TEM observations indicating that graphitization after 

the formation of disordered carbon on CNT surface does not rearrange carbon layers into an 

ordered, graphitic structure. However, if transition of coating structure into disordered carbon 

is avoided through cyclic graphitization, PyC coatings with large thickness can graphitize 

into additional walls on the surface of nanotubes.  

Information about the average interlayer spacing (d002) and graphitic stack size (Lc) 

can be calculated using XRD spectra of samples. The characteristic peak at ~ 26o is attributed 

to 00l lattice plane at 002. Based on position and the full width half maximum (FWHM) of 

002 peak, interlayer spacing and graphitic stack size were calculated using Bragg equation 

(d002=λ/2sinθ002) and Scherrer equation (Lc=Kλ/βcosθ002) [218], respectively. In these 
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[218], λ is the x-ray wavelength, β is FWHM of 002 peak, θ is position of 002 peak and. The 

degree of graphitization was also calculated using Maire and Mering equation [232,233]: 

g  (%) =   
    0.3440− d002  
0.3440− 0.3354×  100 

where 0.3440 nm and 0.3354 nm are d-spacngs for fully non-graphitized carbon and ideal 

graphite crystal, respectively. It should be mentioned that while 0.3440 nm is considered as 

the limit for d-spacing of nongraphitic carbons by Franklin  [184], sometimes the interlayer 

spacing of disordered carbon structures is greater than 0.3440 nm, although this was not the 

case for samples measured in this work.  The measured and calculated parameters for 

graphitized pristine nanotubes, 4 C/G and 4 C/FG composites are presented in Table 5.1.  

 
Table 5.1  Measured and calculated structural parameters for different samples 

 

 

 

 

 

In general, the AMWCNT/C composites have larger d-spacing compared to the 

graphitized pristine nanotubes. Also, the greater interlayer spacing in 4 C/FG sample 

compared to 4 C/G indicates that one-step graphitized samples are rougher and poorly 

graphitized as confirmed by TEM and Raman observations. Signification changes in the 

stack size of graphite were recorded. Lc for graphitized pristine nanotubes was 12.18, and by 

dividing the stack height by the measured interlayer spacing for that sample, the average 

number of layers in the ordered graphitic regimes, n, was calculated to be 35. Using the one-

Sample 2θ 
(degree) 

d002         
(Å) 

FWHM 
(degree) 

Lc        
(nm) n G%  

Pristine G 26.14 3.4063 0.7263 12.18 35.76 39.22 
4 C/FG 26.05 3.4184 0.7452 11.86 34.71 25.17 
4 C/G 26.10 3.4119 0.5542 15.96 46.78 32.7 
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step graphitization method, Lc and n decreased for the 4 C/FG composite due to the inability 

to fully graphitize the deposited carbon layers. A similar decrease in Lc and n was reported in 

previous studies after carbon deposition on CNTs [179,223]. This decrease is due to the 

existence of the disordered structure at the surface of nanotubes, which leads to widening of 

the 002 peak. In samples prepared by the cyclic-graphitization method, however, Lc increased 

due to graphitization of the deposited PyC layers and led to an increase in n from 35 to 46. 

The calculated values for the degree of graphitization correlate well with structural 

observation from TEM and Raman studies. While AMWCNT/C composites prepared using 

either method had lower G (%) compared to graphitized pristine CNTs, the degree of 

graphitization of cyclic-graphitized sample (~33%) was higher than that of one-step 

graphitized composite (~ 25%).  

 

5.3.3 Thermal Oxidation Stability of AMWCNT/C Composites 
 

Figure 5.7 shows TGA curves for Pristine G, 4 C/G and 4 C/FG samples. All three 

samples showed a minimal amount of mass loss between 200 and 400 oC, indicating that they 

were nearly free of bulk amorphous carbon. The onset temperature for mass loss in 

graphitized pristine nanotubes was 748 oC. For sample 4 C/G, prepared with the cyclic-

graphitization method, thermal oxidation was found to start at 743 oC. These very close onset 

temperatures for thermal oxidation show that both samples have similar surface 

characteristics. However, onset temperature for thermal oxidation happened at a lower 

temperature (663 oC) for samples prepared using the one-step graphitization route. This 

indicates that sample 4 C/FG has a greater concentration of defects, dangling bonds and 
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incomplete layers on the surface, which are more reactive to oxygen compared to the basal 

graphene surfaces.  

 

 

 

 

 

 

 

 

 

 

Figure 5.7  TGA curves of different samples. 

 

 

 

5.4 Conclusions 
 

Controlled radial growth of nanotubes was achieved using AMWCNT sheets and 

cyclic PyC depositions and graphitizations. TEM observations showed that the cyclic 
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of PyC deposition. This disordered carbon structure was only partially graphitized during 

long graphitization run. Raman studies of cyclic graphitized samples showed that graphitic 

quality of radially grown nanotubes was very similar topristine nanotubes after 

graphitization. Radial growth of CNTs was also confirmed in XRD findings, which showed 

that the average number of layers in ordered graphene regions (n) increased from 35, for 

graphitized pristine nanotubes, to 46 for sample with four cycles of PyC deposition prepared 

using cyclic graphitization method (4 C/G). TGA observations showed that cyclic graphitized 

samples had higher thermal oxidation stability based on their higher onset temperature for 

mass loss.  
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Abstract 

In this work, we present large scale, ultralight aligned carbon nanotube (CNT) structures 

which have densities an order of magnitude lower than CNT arrays, have tunable properties 

and exhibit resiliency after compression. By stacking aligned sheets of carbon nanotubes and 

then infiltrating with a pyrolytic carbon (PyC), resilient foam-like materials were produced 

that exhibited complete recovery from 90% compressive strain. With density as low as 3.8 

mg/cm3, the foam structure is over 500 times less dense than bulk graphite. Microscopy 

revealed that PyC coated the junctions among CNTs, and also increased CNT surface 

roughness. These changes in the morphology explain the transition from inelastic behavior to 

foam-like recovery of the layered CNT sheet structure. Mechanical and thermal properties of 

the foams were tuned for different applications through variation of PyC deposition duration 

while dynamic mechanical analysis showed no change in mechanical properties over a large 
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temperature range. Observation of a large and linear electrical resistance change during 

compression of the aligned CNT/carbon (ACNT/C) foams makes strain/pressure sensors a 

relevant application. Finally, the foams have high oil absorption capacities, up to 275 times 

their own weight, which suggests they may be useful in water treatment and oil spill cleanup.  

 

6.1 Introduction 
 

Fabrication of macroscopic assemblies of carbon nanotubes (CNTs) such as vertically 

aligned arrays  [234], strands and yarns  [235], aligned sheets  [9], buckypapers  [236] and 

aerogels  [237], is of critical importance to understand and realize their practical applications  

[1]. Among those assemblies, CNT-based foams, aerogels and sponges have been studied 

widely due to their applications in energy absorption materials  [238-240], filtration and 

separation  [241-243], sensors  [244], supercapacitors and batteries  [245]. Controlling the 

microstructure and porosity of these foams and aerogels allows for tuning the properties to 

better demonstrate their potential as functional materials. This has been done by variation of 

the carbon source injection rate in CNT sponges fabricated though CVD  [244,246] while 

other studies have shown tunable mechanical properties through pyrolytic carbon (PyC) 

infiltration for different time periods  [247,248]. 

Despite increasing interest in porous and low-density CNT structures in recent years, 

there have only been a few fabrication routes for these materials. Carbon nanotube aerogels 

are typically created through wet-processing techniques  [71,249-254]. Commonly, a three-

dimensional network of CNTs in solution (a hydrogel) is formed first and the liquid 

component is further removed through critical-point-drying or freeze-drying without 
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collapsing the preformed network structure. These methods are time-consuming and can 

cause agglomerations within the CNT structure. Structures typically referred to as nanotube 

foams and sponges are generally fabricated using a single step chemical vapor deposition 

(CVD) method in which, with slight modification to growth parameters such as carbon 

source type or catalyst treatment, either vertically aligned CNT array foams  [74,76] or 

randomly distributed CNT sponges  [89,255] can be formed. Fabrication of CNT 

sponge/array composite architectures using CVD has also been reported recently by Gui et al.  

[238-240]. In this work we demonstrate a new approach for fabrication of CNT foams by 

stacking aligned sheets of CNTs, drawn from spinnable nanotube arrays, and further 

infiltrating the stacked sheet assembly with PyC. Although the idea of dry, continuous 

drawing of CNTs for production of yarns, fibers and aligned sheets has been studied before 

[9,56,235,256-259], there has not been any reported CNT foam structures created by this 

method. CNT arrays are so far the only aligned foam structure of nanotubes reported, 

however, limitations in the maximum achievable CNT length of these arrays make it difficult 

to study their anisotropic properties. Unlike other methods, which have limitations regarding 

the thickness or the overall size of CNT foams, our novel fabrication process allows for 

synthesis of aligned CNT foam structures with any desired size, which makes it possible to 

measure their properties in two directions. Alignment of nanotubes resulted in anisotropic 

mechanical and thermal behavior of the foams, and variation in PyC coating duration allows 

for synthesis of ACNT/C foams with controlled microstructure, morphology and properties. 

Application of these CNT foams as pressure/strain sensors, thermal insulation, and oleophilic 

foams for water treatment are all investigated in this work.  
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6.2 Experimental 
 

6.2.1 MWCNT Synthesis.  
 

 Vertically aligned CNT arrays were grown in a tube furnace via a modified version 

of the chlorine mediated chemical vapor deposition route [260]. The arrays were grown on a 

quartz substrate at 760 C and 3 Torr with acetylene as the carbon precursor and FeCl2 

(anhydrous 99.5% VWR) as the catalyst. The arrays were grown for 15 minutes under the 

flow of acetylene (600 sccm), argon (395 sccm) and chlorine (5 sccm). A detailed procedure 

of the growth method is explained in previous work  [208]. 

 

6.2.2 Fabrication of the ACNT/C Foam 
 

Aligned CNT sheets were drawn from arrays and continuously collected around two 

rotating parallel glass rods to make flat foam pieces. CNT winding continued until the 

desired sheet thickness was reached. Collecting the sheets around two small, suspended glass 

rods instead of a large mandrel helped the stack of aligned CNT sheets to be less compacted, 

resulting in a macro-porous structure. The sheets were then separated from the glass rods 

using a razor and then placed inside the tube furnace for CVI of PyC. Samples were heated in 

tube furnace and at 800 o C in vacuum.Acetylene was then allowed to flow at 600 sccm while 

the pressure was maintained at 30 Torr during the desired deposition time of 60 or 120 

minutes. Foam size was only limited by the CVI chamber size. 
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6.2.3 Characterization 
 

Scanning electron microscopy (SEM) was conducted on a FEI XHR-Verios 460L 

field emission SEM (with 1 kV beam voltage and 6.3 pA beam current). All samples were 

used as prepared without sputtering.  

Transmission electron microscopy (TEM) images were taken using a JEOL 2000FX 

TEM operating at 200 kV. To prepare the samples, a small piece of ACNT/C foam was 

dispersed in ethanol through sonication and a droplet of the dispersion was further deposited 

on a carbon mesh TEM grid and allowed to dry. The average diameter of pristine and PyC 

coated nanotubes were calculated by taking 100 measurements from TEM images for each 

sample using ImageJ software. 

 

6.2.4 Mechanical, Electrical and Thermal Measurements 
 

Compression testing was performed on an Instron 5544 equipped with a 100 N load 

cell and two flat insulating plates. Compressive load was applied either longitudinal or 

transverse to CNTs alignment direction. Prior to compression testing, a laser cutter (Epilog 

mini/helix- model 8000) was used to cut the samples into small pieces. Longitudinal samples 

were cut into 15 x 15 x 15 mm pieces where CNTs were aligned in thickness direction. For 

transverse samples, foams with dimensions of    15 x 15 x 5 mm were cut where nanotube 

layers were stacked in the Z direction. All samples were tested for 100 cycles from 0- 90% 

compressive strain at a rate of 10 mm/min.  

Four-probe electrical resistance of the foams was also monitored in situ while 

compressing the samples. Two pieces of copper foil were used as electrodes and silver epoxy 
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glue was applied to adhere the foam to the copper foils. Copper wires were then soldered to 

the copper foil electrodes. 

Dynamic mechanical analysis (PerkinElmer DMA 8000) was used to measure storage 

modulus, loss modulus and damping ratio of the ACNT/C foams at temperature -100 to 300 

C. Foams were compressed with a frequency of 1 Hz while DMA head displacement was 

0.025 mm. 

Room temperature thermal diffusivity was measured in both longitudinal and 

transverse directions by laser flash measurement technique in a Netzsch laser flash apparatus 

(LFA447). Longitudinal and transverse samples were cut into 12.7 x 12.7 x 2.5 mm pieces 

using the laser cutter. Prior to testing, a thin layer of graphite was sprayed on both sides of 

the samples in order to enhance the absorption of laser energy and emission of infrared (IR) 

radiation to the detector. 

 

6.3 Result and discussion 
 

Vertically aligned CNT arrays were grown on quartz substrate using a low pressure, 

chlorine mediated CVD method. The pristine CNT arrays could be easily drawn horizontally 

into aligned sheets (Figure 6.1A). Continuous collection of aligned sheets around rotating 

glass rods allowed for fabrication of CNT structures with any desired thickness (Figure 

6.1B). Each wound sheet layer added approximately 30 µm to the thickness of the structure 

and a 9.5 x 6 x 2.5 cm piece of stacked aligned CNT sheets could be easily drawn from one 

CNT array (Figure 6.1C). As-drawn aligned CNT structures were not elastic and were 

permanently deformed after compression. The stack of aligned CNT sheets was then 
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infiltrated with PyC for the desired deposition time of 60 or 120 minutes. These samples are 

referred to as 60-C and 120-C, respectively. Interestingly, the structural and morphological 

changes after PyC infiltration made them resilient, exhibiting shape recovery after 

compression. As a result, ACNT/C foams could be compressed into a pellet and almost fully 

recover from deformations as large as 90% after removal of the external stress. This type of 

coating has also been found to similarly increase the elasticity of CNT aerogels  [261]. 

This fabrication method is highly unique in that, unlike most other routes, the size of 

the foams is not limited. Side by side drawing of a number of arrays into aligned sheet allows 

for fabrication of wider pieces, while placing the rotating glass rods further from each other 

increases the length of the final piece. Thickness of the foams is controlled by adjusting the 

duration of drawing process. Density of as-drawn stacked CNT sheets was 1.6 mg/cm3, but 

increased to 3.8 and 9.2 mg/cm3 after 60 and 120 minutes of PyC infiltration, respectively. 

This increase in density corresponds to volume fraction rise from 0.0008 to 0.0019 and 

0.0046, yielding porosity >99%. 
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6.3.1 Effects of Morphological Changes on Resiliency of ACNT/C Foams 
 

Figure 6.2 shows SEM and TEM images of as-drawn CNTs and ACNT/C foams. The 

highly porous structure allows for gas infiltration into the CNT network and uniform PyC 

coating throughout the stacked sheet thickness was observed. The core-shell structure of PyC 

coated nanotubes is clear in Figure 6.2C & E where the cross section of the coated nanotubes 

Figure 6.1  A) Drawing and winding of ACNT sheet. B) A thick, multi-layer 
ACNT sheet before separation from the glass rods. C) A large ACNT/C foam after 

infiltration with PyC. 
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is shown. Measurements from TEM images showed that CNT diameters increased, on 

average from 31 nm to 78 nm and 148 nm after 60 and 120 minutes PyC coating, 

respectively. Comparing TEM images of samples 60-C and 120-C revealed that the deposited 

PyC becomes more disordered as the coating increases in thickness. This was also reported in 

previous studies of PyC coated CNTs  [177,179,223]. A recent study of pristine and PyC 

coated CNT sheets  [223] showed that increasing PyC coating duration increases the average 

ratio of disordered to graphitic carbon (ID/IG), as evidenced from Raman microscopy 

analysis. This indicates that infiltrating CNT sheets with PyC increases the structural disorder 

and imperfections.  

Perhaps the most apparent change to the structure after PyC deposition was an 

increase in CNTs surface roughness. Bradford et al.  [247] related this increase in surface 

roughness to the improved elasticity of CNT arrays after carbon deposition. When 

compressing an as-drawn CNT structure, the van der Waals interactions among smooth walls 

of nanotubes at points of contact is substantial. Thus, the structure will remain permanently 

deformed even after the compressive load is removed. If the surface roughness of the CNTs 

increases through chemical vapor infiltration (CVI) of PyC, van der Waals interactions 

among nanotubes decreases, allowing for separation of CNTs inside the foam and recovery 

of the structure as the compressive load is removed. Another structural change that can 

contribute to the resiliency of CNT sheets after carbon infiltration is the formation of PyC 

coated CNT junctions. As shown in SEM images, CNTs in as-drawn sheets are mostly 

aligned in spinning direction with some points of contact (bundles) between nanotubes in the 

same or neighboring layers. During CVI post treatment, deposited PyC layers coat these 
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CNT junctions, increasing tube-tube integrity, which resulted in greater structural stability 

under compression. In other words, physical cross-links, in the form of PyC coated junctions, 

are introduced into the structure through carbon infiltration to freeze-in or reinforce the 

original sheet state. 
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Figure 6.2  SEM (left) and TEM (right) characterization of samples. A,B) 
As-spun CNT sheets. C,D) 60-C foam and E,F) 120-C foam 
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6.3.2 Mechanical Behavior 
 

 Anisotropic CNT/C foams can be compressed in transverse or longitudinal 

directions, yielding significantly different mechanical behavior. Mechanical properties of 

ACNT/C foams could also be tuned for specific applications through varying PyC coating 

duration. Foams with shorter PyC deposition were compressed more easily than samples with 

longer PyC infiltration. All samples were tested for 100 cycles at 90% strain. This strain 

range covers the initial linear region and also shows the plateau and the strain hardening 

behavior.  

Figure 6.3 shows compressive loading-unloading curves for ACNT/C foams with 

different PyC treatment durations tested in two directions. When compressed in the 

transverse direction, 60-C foam exhibited a stress of 2.4 kPa at 80% strain. The higher 

density foam, made with 120 minutes of PyC infiltration, showed more than a 3-fold increase 

in strength at the same 80% strain. Both foams showed complete shape and structural 

recovery from the applied stress. During subsequent compression cycles, slow accumulation 

of permanent compressive deformation resulted in 4.4% and 5.4% residual strain for 60-C 

and 120-C foams, respectively.  

The ACNT/C foams exhibited different mechanical properties when samples were 

tested parallel to nanotube alignment direction. On the first cycle, compressive strength of 

both 60-C and 120-C foams at 80% strain was approximately three times greater. For all the 

samples, further densification of nanotube structure at strain values above 80% resulted in a 

rapid increase of the modulus. 
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When the longitudinal structures were compressed, energy absorption and associated 

energy dissipation (area of the hysteresis loops) were much greater than transversely 

compressed samples. The energy absorption also increased with increased PyC coating 

duration. As shown in Figure 6.4A, energy absorption of the foams compressed 

longitudinally increased and reached about 1150 kJ/m3 after 120 minutes of PyC infiltration. 

This is three times greater than the energy absorption of the same foam and more than 14 

times greater than that of 60-C foam when they were compressed in the transverse direction. 

The 120-C foam dissipated 626 kJ/m3 energy in the initial compression cycle when 

compressed in longitudinal direction, which is 25% greater than that of recently reported 

CNT aerogels  [71]. 

Significant hysteresis loops of longitudinal samples during compression testing 

provided energy loss coefficients (dissipated energy divided by absorbed energy) of 0.47 and 

0.54 in the first cycle for 60-C and 120-C foam, respectively. This is comparable to those of 

integrated random-aligned carbon nanotube layers (0.64)  [240], carbon nanotube sponges 

(0.68)  [239] and molecularly intercalated nano-flakes (0.55)  [262]. Energy loss coefficients 

of both samples decreased to ~ 0.40 and was nearly constant after ten cycles.  

The observed mechanical behavior (strengthening of the ACNT/C foam by increasing 

PyC infiltration duration) can be attributed to increased diameter of the nanotubes and also 

improved stability between CNTs at points of junction. Radial growth of nanotubes through 

depositing PyC layers increases the critical load required for bending them. While this factor 

is more important when compressing ACNT/C foams longitudinal to CNT alignment 



 

128 
 

direction, coating nanotube junctions with PyC improves the compression strength in both 

directions. 
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Figure 6.3  Compression behavior of ACNT/C foams. Schematic illustration of the samples 
for longitudinal (A) and transverse (B) compression testing with photographs showing foams 
before and after 100 cycles of compression. Compression loading-unloading curves of 60-C 
foam (C,D) and 120-C foam (E,F) tested in both direction 
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Dynamic mechanical analysis (DMA) was used to further study the elastic properties 

of ACNT/C foams. Storage modulus, loss modulus and damping ratio of the foams were 

stable over a large temperature range of -100 to 300 oC. This stability is particularly useful in 

extreme temperature conditions where traditional polymeric foams are subject to thermal 

transitions, which dramatically change the mechanical properties. While the DMA instrument 

capability was limited to 300 oC, previous studies on PyC coated CNTs showed that these 

structures are stable up to 600 oC before degradation starts  [223].  

Storage modulus of the ACNT/C foam increased by one order of magnitude when 

PyC infiltration duration increased from 60 minutes to 120 minutes. No data was collected 

for the foams in transverse direction due to limitation of the load cell in the DMA. Figure 

6.4B shows the DMA results for longitudinally compressed 120-C foam. 

 

 

 

 

 

Figure 6.4   A) Energy absorption of ACNT/C at increasing cycle number. 
B) DMA data for 120-C foam tested longitudinally. 
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6.3.3 Thermal Properties 
 

 Thermal diffusivity of ACNT/C foams was measured both longitudinal and 

transverse to nanotube alignment direction. Longitudinal diffusivity of 60-C foam was ~ 40 

mm2/s when measured at room temperature and pressure. This value is comparable to 

measured diffusivity of CNT arrays and bundles  [263-266], but it doubles that of CNT/C 

composite reported by Gong et al.  [267] and is more than 10 times greater than diffusivity of 

nanoporous CNT sponge  [268]. Increasing PyC coating duration to 120 minutes decreased 

the diffusivity of the foam by nearly half. It is known that phonons and vibrations of the 

crystal lattice play a dominant role in thermal transport of carbon materials. Interactions 

between phonons and structural imperfections decrease the phonon mean free path and 

increase their scattering  [269]. Therefore, it is expected that 120-C, having a more 

disordered structure, would exhibit lower diffusivity. The anisotropic ACNT/C foams 

exhibited much lower thermal diffusivity in transverse direction: ~ 4 and 9 mm2/s for 60-C 

and 120-C samples, respectively. 

Thermal conductivity of ACNT/C foams was estimated from thermal diffusivity (α), 

specific heat (Cp), and density (ρ) and by using the equation λ = α × ρ × Cp. Specific heat 

capacity of CNTs is reported to be very close to that of graphite at temperatures below 300 

oK  [270]. Assuming that Cp of PyC coated CNTs is equal to that of pure nanotubes, the 

specific heat of graphite at the corresponding temperature (710 J kg-1K-1) was used for PyC 

coated CNTs in the calculations. The thermal conductivity of 60-C and 120-C foams in 

longitudinal direction was calculated as 0.107 and 0.133 Wm-1K-1, respectively.  
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Due to much lower diffusivity of foams in transverse direction, the estimated thermal 

conductivities were an order of magnitude lower in that direction and were calculated to be 

only 0.026 and 0.027 Wm-1K-1 for 60-C and 120-C samples, respectively. The super-low 

thermal conductivities of ACNT/C foams is due to their extremely low densities, as well as 

their low thermal diffusivities (especially in transverse direction). This thermal conductivity 

is much lower compared to other CNT macrostructures  [268,271-273]. In fact, it is close to 

the lower limit of thermal conductivities of commercial thermal insulation materials (0.02-

0.07 Wm-1K-1).  The combination of super-low thermal conductivity of ACNT/C foams along 

with their high temperature stability, could lead to their use as improved insulation for high 

temperature applications.  

It is known that high temperature heat treatments help to remove structural defects 

and improve crystalline quality in carbon materials  [274,275]. Raman spectroscopy studies 

on the graphitic structure of similar PyC coated CNT sheets have shown that the average ID 

/IG of the samples decrease after high temperature heat treatment  [223]. Also, increase in 

lattice stack size or crystallite size (Lc) after high temperature annealing have been reported 

previously  [223,267]. To study the effect of annealing on thermal conductivity of ACNT/C 

foams, samples were heat treated in a high temperature furnace (RED DEVIL vacuum 

furnace WEBB 124) at 2150 °C for five hours in an argon atmosphere. Results showed that 

after thermal annealing, longitudinal diffusivity of 60-C and 120-C along the nanotube axis 

increased to 105 and 60 mm2/s, respectively. This indicates that high temperature heat 

treatment enhanced the micro-crystallite size and graphitic quality of ACNT/C foams, 

resulting in fewer scattering centers for phonon propagation and greater thermal diffusivity. 
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Improvement in diffusivity after heat treatment was smaller in transverse direction compared 

to that of longitudinal direction. This was expected since the low diffusivity of ACNT/C 

foams in transverse direction was mainly due to limited heat diffusion through the air, which 

separates the CNT layers. After high temperature annealing the foams became more 

anisotropic with a 10x difference in the thermal conductivity between longitudinal and 

transverse directions. Figure 6.5 summarizes the thermal diffusivity of 60-C and 120-C 

foams in both directions, before and after high temperature heat treatment.  

 

 
 

 
 
 
 
 
 
 
 

Figure 6.5  Thermal diffusivity of ACNT/C foams in transverse and longitudinal direction 
before (A) and after (B) high temperature heat treatment 
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6.3.4 Strain/Pressure Sensors 

 Application of electrically conductive and compressible carbonaceous materials as 

pressure or strain sensors has been demonstrated previously [76,97,244,252,253,276-278]. 

Here, the dependence of electrical resistance of the foams to applied pressure was 

investigated in situ as the ACNT/C foams were compressed up to ~ 90% in both directions. 

A schematic of the setup for the in situ measurement of electrical resistance during 

compression is shown in Figure 6.6. The starting resistance of the 60-C foam for transverse 

configuration with no load was 10.7 Ω. Under applied compressive loading, compaction of 

the adjacent CNT sheet layers caused the normalized electrical resistance (R/R0) to decrease 

linearly and dramatically, until reaching about 15% of the initial value. Following unloading 

of the compressive force, complete recovery of the electrical resistance was observed. This 

behavior was consistent over 100 cycles of loading and unloading (Figure 6.6C). 120-C foam 

had a lower starting electrical resistance of 8.2 Ω and showed a similar resistance change 

behavior upon cyclic transverse compression.  

Longitudinal compression of the foams showed non-linear and less dramatic changes 

in resistance (Figure 6.6D & F). This is because in longitudinal direction, electrons are 

mainly travelling along the length of nanotubes and thus, resistance of the foams is less 

sensitive to developing contact points between CNTs during compression. In comparison, 

electron transfer in transverse direction almost completely depends on CNT-CNT contact 

points and resistance is more sensitive to applied compression. Another reason is the distinct 

behavior of the foams in longitudinal compression compared to transverse. Under transverse 

loading, nanotubes exhibit uniform compressibility as an ensemble and collective 
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densification of them leads to linear change in normalized resistance. However, under 

longitudinal compression, CNTs are bent in a random fashion. Our results showed that the 

normalized resistance of the 60-C foam changed only 30 %, up to 75% strain. After that, a 

faster decrease in resistance occurs at higher strain values (> 75%), where CNT foams are 

compressed enough that more contact points are formed between CNTs. This causes a non-

linear change in normalized resistance for samples compressed in the longitudinal direction. 

The combination of excellent compressive recovery and high electrical sensitivity to 

compression, make ACNT/C foams a great candidate for large displacement strain/pressure 

sensors. 
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Figure 6.6  Illustration of sample setup for two-probe electrical resistance measured in-situ 
for A) longitudinal and B) transverse compression. Changes in electrical resistance for 60-C 

foam (C,D) and 120-C foam (E,F) tested in two directions. 
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6.3.5 Selective Liquid Absorption 
 

ACNT/C foams are highly hydrophobic with contact angle of ~150o but posses high 

absorption capacities for organic solvents and oils. The surface energy difference between 

the foam and the liquids creates this difference in wetting behaviour. The ACNT/C foams are 

highly porous and do not support wetting of high surface energy liquids like water. However, 

non-polar liquids typically have a very low surface energy and so they readily wet the foam 

surface and absorb into the structure. Absorption capacities, Q (the ratio of the final weight 

after full absorption to the initial weight of the foam), for a 60-C foam are presented in 

Figure 6.7. The foams demonstrated high absorption capacities for various organic solvents 

and oils, achieving 120–275 g g−1 depending on the liquid density. After liquid absorption, 

the foams could be recycled by desorption of the liquid sorbent by heat. To do this, the 

sorbent was first partially removed by squeezing the foam using a hot aluminium block. The 

foam was then left on the hot block which led to evaporation of the remaining liquid by heat. 

After liquid removal, the foams retained their original shape and size. 
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Figure 6.7  A,B) Photographs showing hydrophobic (A) and oleophilic (B) nature of 
ACNT/C foams. C) Absorption capacity (Q) of ACNT/C foams measured for a range of 

organic solvents and oils in terms of their density. The dashed line shows increasing 
absorption capacity for higher density liquids. 
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thermal diffusivity. Super-low thermal conductivities (as low as 0.026 Wm-1K-1) paired with 

the known thermal stability of carbon materials, suggests the application of these foams as 

thermal insulation for high temperature applications. Also, compressive mechanical 

properties of ACNT/C foams were unchanged over the large temperature range of -100 to 

300 o C as revealed by DMA testing. Electrical resistance of these foams showed stable, 

linear dependency to applied compressive strain, making these foams acceptable for 

application as strain/pressure sensors. Oleophilic ACNT/C foams showed great oil absorption 

capacity, up to 275 times their own weight, making them applicable for water treatment and 

oil spill cleanup while photoreduction experiments demonstrate the potential of these foams 

to be used as catalyst support materials. 
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Abstract 

In this work, we report for the fist time, growth of secondary carbon nanotubes (CNTs) 

throughout a three-dimensional assembly of CNTs. Here the three-dimensional assembly of 

nanotubes was in the form ofaligned CNT/carbon (ACNT/C) foams. These low density 

foams were coated with an alumina buffer layers using atomic layer deposition (ALD). 

Chemical vapor deposition (CVD) was further used to grow new CNTs inside the foam 

structures. The foam’s high porosity allowed for growth of secondary CNTs both at the 

surface and inside the bulk of the foams. Due to the heavy growth of new nanotubes, density 

of the foams increased more than 2.5 times. Secondary nanotubes had the same graphitic 

quality as the primary CNTs. Microscopy and chemical analysis also revealed that the 

thickness of the buffer layer affected the diameter, nucleation density as well as growth 

uniformity across the thickness of the foams. The effects of secondary nanotubes on the 

compressive mechanical properties of the foams was also investigated.  

 

                                                
*4	  Corresponding author. Tel: 919-515-1866. E-mail: philip_bradford@ncsu.edu (Philip 
Bradford)	  



 

141 
 

7.1 Introduction 
 

Engineered three-dimensional porous and low-density networks are a class of 

materials that are of great interest for a variety of applications, including sensors [244], 

energy absorption and vibration damping  [238-240], filtration and separation  [241-243]and 

energy storage [279]. Among different types of these materials, carbonaceous aerogels, 

foams and sponges are unique as they posses electrical conductivity which is a property that 

many other low-density, porous structures lack [62]. Apart from that, utility of these 

materials is derived from their high surface area, flexibility, elasticity and tunable properties 

[61].  

In order to enhance the properties of these materials and to expand their potential 

applications, efforts have been made to incorporate modifiers such as carbon nanotubes 

(CNT) into the structure of carbon-based aerogels and foams [280-283]. To achieve CNT 

growth on any substrate, nano-sized catalyst particles should first be formed and prevented 

from reacting with the underlying substrate. Studies that incorporate CNTs inside 

carbonaceous aerogels and foams use pre-deposition or seeding of the desired transition 

metal catalyst on the substrate followed by the chemical vapor deposition (CVD) to grow 

CNTs inside the structures. Current techniques to pre-deposit metal catalyst particles onto 

porous carbon structures include reduction of metal solution-impregnated substrates or 

doping them with the transition metal catalyst  [282-285] Alternatively, catalyst can be added 

during nanotube growth using catalytic chemical vapor deposition (CCVD). Few studies used 

this approach for fabrication of CNTs inside cellular carbon structures [280,281]. In this 

work, a buffer layer is first deposited onto the porous structure prior to CCVD. These buffer 
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layers are known to promote CNT growth by providing a barrier to diffusion of catalyst 

particles into the undelaying substrate [286].  

Carbon nanotubes have also been used as supports for growth of secondary CNTs 

[287-293]Secondary nanotube growth on CNT substrates is used to create junctions and 

fabricate branched nanotubes. It is believed that branching nanotubes can increase their 

specific surface area, electrical conductivity and field emission properties. Despite that, 

works that explore using CNTs as supports for secondary nanotube growth are limited and 

only focused on using the individual powdered CNTs as the substrate. In fact, secondary 

nanotubes growth inside three-dimensional assemblies of CNTs has not yet been reported.  

In this work, we report for the fist time, growth of secondary (new) CNTs inside a 

three-dimensional assembly of nanotubes. New nanotubes were grown inside the aligned 

CNT/carbon (ACNT/C) foams reported by our group in [294]. To make the secondary 

nanotube growth possible, ACNT/C foams were coated with various thicknesses of Al2O3 

buffer layer using atomic layer deposition (ALD). The alumina buffer layers conformally 

coated individual nanotubes throughout the foams, making secondary CNT growth at the 

surface of the primary nanotubes and within the pores of the CNT foams possible.  

 

7.2  Experimental 
 

7.2.1 Synthesis Primary of CNTs 
 

Primary CNTs were grown on quartz substrates using the modified version of the 

chlorine mediated chemical vapor deposition (CVD) method. Detailed explanation of the 

growth method is available in the previous publications of our research group [21,208,223]. 
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In short, nanotube arrays were grown inside a horizontal tube furnace at 760° C using 

acetylene as the precursor gas and FeCl2 as the catalyst. The pressure of the system was kept 

at 3 Torr while mixture of the growth gasses (acetylene, argon and chlorine) was flowing 

inside the tube furnace at 1000 sccm. The growth continued for 15 minutes before the 

furnace was cooled down to room temperature.  

 

7.2.2 Fabrication of ACNT/C Foams 
 

As grown vertically aligned MWCNT arrays were spinnable and could be drawn 

horizontally into aligned sheets. These aligned sheets were continuously collected around 

two parallel glass rods rotating at 13 rpm. The winding process continued until the desired 

sheet thickness was achieved. The stack of aligned CNT sheets were then separated from the 

glass rods and placed inside the tube furnace for chemical vapor infiltration (CVI) of 

pyrolytic carbon (PyC). PyC was deposited for 60 minutes at 800° C while acetylene flowed 

at 600 sccm and pressure was maintained at 30 Torr. Our previous work showed that 

structural and morphological changes after PyC infiltration cause the stacked sheet assembly 

of aligned CNTs to become elastic, exhibiting shape recovery after compression. A detailed 

procedure of ACNT/C foam synthesis method is explained in a previous work 

[294]Photographs showing the fabrication of ACNT/C foams are provided in the supporting 

information (Figure S1). 
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7.2.3 ACNT/C Foam Surface Modification 
 

In order to achieve conformal and uniform alumina coating, the surface of the foams 

was functionalized using O2/CF4 plasma treatment in a capacitively-coupled dielectric barrier 

discharge atmospheric pressure plasma system. This costum-build system consists of two 

parallel copper plate electrodes with 3 cm spacing. Plasma was operated at 1.67 kHz using a 

4.8 kW audio frequency power supply. Foams were treated for 5 minutes in a gas mixture of 

1.0% oxygen + 1.0% CF4 + 98% helium (by mass). 

 

7.2.4 Atomic Layer Deposition of Alumina 
 

Deposition of alumina on ACNT/C foams substrates was conducted in a custom 

made, viscous flow tube ALD reactor at 120 C and 1 Torr suing trimethylaluminum (TMA) 

(STREM Chemicals Inc., 98% purity) as metal organic precursor. Ultra-high purity N2 

(Airgas National Welders, 99.999%) was used as the carries gas for the precursor and was 

further purified using a nickel catalyst filter (Gatekeeper ®, Entegris Inc.) to reduce the H2O 

content to less than 10 ppt. During ALD runs, pressure was kept constant using an Alcatel 

2021SD mechanical pump and an MKS (model 647 C) mass flow controller while flowing 

N2 at ~200 SCCM. Exposure of TMA and high purity H2O (Sigma Aldrich, CAS#: 7732-18-

5) was delivered to N2 flow using Swagelok® ALD pneumatic valves.  The valves 

sequencing was controlled using a custom Labview® program. ACNT/C foams were placed 

inside the ALD chamber using a PET mesh placed underneath an aluminum frame. To avoid 

any damage to the foams during loading and unloading another PET mesh was placed on top 

of foams without pressing the samples. Both 20 and 100 cycles of ALD were performed on 
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separate samples using a cycle exposure sequence 0.2 s TMA dose/30 s N2 purge/0.2 s H2O 

dose/60 s N2 purge. These samples were labeled and referred to as ACNT/C+20AO and 

ACNT/C+100AO. 

 

7.2.5 Growth of Secondary CNTs 
 
Secondary nanotubes were grown inside the foams using the modified version of the chlorine 

mediated CVD route, the same method used for growing the primary CNTs. Al2O3 coated 

foams were loaded inside the horizontal tube of the CVD system along with a ceramic bowl 

filled with 1 gr of FeCl2 catalyst powder. Once the furnace temperature reached 760 °C, 

mixture of growth gases, acetylene (600 sccm), argon (395 sccm) and chlorine (5 sccm), 

started to flow inside the tube. Nanotube growth was carried out for 20 minutes while the 

pressure of the system maintained at 3 Torr. After that the furnace was cooled down to room 

temperature under the flow of argon. After the growth of new nanotubes, 20 and 100 cycle 

Al2O3 coated foams were labeled and referred to as ACNT/C+20AO+CNT and 

ACNT/C+100AO+CNT, respectively.  

 

7.2.6 Characterization  
 

Transmission electron microscopy was conducted on a JEOL 2000FX TEM operating 

at 200 kV. A small amount of sample was first dispersed in ethanol using sonication. A 

droplet of the dispersion was further placed on a holey carbon mesh TEM grid and was then 

allowed to dry. Diameter of the CNTs was measured from TEM images and using ImageJ 

software.  
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Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) 

measurements were gathered on a FEI XHR-Verios 460L field emission SEM equipped with 

energy dispersive x-ray spectrometer. Microscopy images were taken with a beam voltage of 

1 kV and elemental spectra were gathered over 100 seconds acquisition time.   

Raman spectroscopy was conducted on a Renishaw Ramascope 2000 with 514 nm 

laser wavelength focused on the sample using a Renishaw microscope with 50X objective. 

Samples were mounted on microscope slides and measurements were obtained from five 

different locations on each sample, and the collected data was averaged.  

Compression mechanical testing was performed on an Intron 5544 mechanical tester 

equipped with two flat insulating plates and using a 100 N load cell. Prior to compression 

testing, foams were cut into ~ 15 x 15 x 8 mm pieces using a Epilog mini/helix- model 8000 

laser cutter. Samples were tested from 0-80% strain at strain rate of 10 mm/min. 

 

7.3 Results and Discussions 
 

7.3.1 ACNT/C Foams as Substrates for Secondary CNT Growth 
 

After 20 minutes of growth, primary nanotubes arrays measured ~ 2 mm tall with 

individual nanotubes having an average diameter of 40 nm. After drawing CNT arrays into 

aligned sheets, the 3-dimansional assembly of nanotubes was infiltrated with PyC for 60 

minutes, which resulted in roughening the surface of nanotubes and increasing their diameter 

to ~ 70 nm. Structure and morphology of ACNT/C foams is presented at SEM and TEM 

images provide in the supplemental information (Figure S7.2). Our previous study  [294] 
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showed that ACNT/C foams exhibit full recovery from large deformations due to creation of 

“physical crosslinks” at junctions between nanotubes during PyC infiltration. These crosslink 

points serve to provide a recovery force to deformation. Thus, despite their low density (5 

mg/cm3) and highly porous structure, ACNT/C foams were easy to handle for further 

processing as substrates to support growth of new nanotubes.  

Direct growth of nanotubes on carbon substrates is reported to be challenging, 

resulting in either no CNT growth or growth of spare clusters of nanotubes  [286,295]. This 

is due to chemical inertness of graphite, which results in low affinity for transition metal 

catalysts to form nano-catalysts particles on graphite surface. To address this issue, ACNT/C 

foams were coated with 20 and 100 cycles of alumina buffer layers to aid formation and 

pinning of catalyst particles on the surface of primary nanotubes. Oxide buffer layers and 

specifically alumina have shown to provide the fastest nucleation and most uniform size 

distribution for CNT growth [286]. After 20 and 100 cycles of ALD, nanotubes were coated 

with 2.5 nm and 10 nm of Al2O3, respectively. The structure of alumina coated ACNT/C 

foams is shown in SEM images presented in Figure 7.1. As seen in these images, alumina 

uniformly and conformally coats individual nanotubes in the foams. Conformal Al2O3 

coating on MWCNT arrays using amorphous carbon  [296] and PyC pre-treatment [297] has 

been reported previously. Similarly, oxygen plasma functionalization of MWCNTs is known 

to improve Al2O3 nucleation and coating uniformity [297]. This is because nucleation and 

growth of Al2O3 requires presence of surface-OH groups, which are provided during plasma 

treatment due ion bombardment and breakage of sp2 bonds. Uniform coating of non-planar 
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substrate during surface preparation and buffer layer deposition is the key to achieve growth 

of CNTs in cellular carbon foams. 

 

Figure 7.1  SEM and TEM micrographs of ACNT/C +20AO (A,C) and ACNT/C+100AO 
(B,D) 

 

 

7.3.2 Secondary CNT Growth: Density, Structure and Morphology Analysis 
 

Al2O3 coated CNT foams were used as substrates for growth of secondary (new) 

nanotubes. Using alumina buffer layers, abundant CNT growth was achieved at the surface 
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and inside the 3-dimensional assembly of nanotubes. The surface of the foams was covered 

with a layer of new CNTs. Nanotube growth was also seen inside the porous structure and 

throughout its thickness. As it is shown in Figure 7.2, fabrication of new CNTs on the surface 

and inside ACNT/C foams caused them a color transition to a darker shade of black.  

 

Figure 7.2  Photographs of A) ACNT/C foam B) alumina coated ACNT/C foam and C) 
ACNT/C foams with secondary CNTs 

 

 

Density of the samples was measured after alumina coating and secondary CNT 

growth. While 20 and 100 cycles of ALD coating slightly increased the density of the foams 

from 5 mg/cm3 to 6 mg/cm3and 11 mg/cm3 respectively, growth of new nanotubes drastically 

increased the density. As shown in table 7.1, despite having the same growth duration (20 

minutes), ACNT/C+100AO samples showed a larger increase in density after secondary 

CNT growth compared to ACNT/C+20AO samples. This is most probably related to the 

effect of thickness of the buffer layer on growth of nanotubes. .  
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Table 7.1 Density variation of ACNT/C foams after alumina coating and new CNT growth 

 

 

 

 

 

 

SEM micrographs in Figure 7.3 shows the structure and morphology of ACNT/C 

foams with new nanotubes grown on the surface and inside their pores. In both 20 and 100 

cycle Al2O3 coated foams, tangled clusters of long and thin new nanotubes were found 

throughout the whole structure with a higher concentration of CNTs grown on the surface 

and at the edge of the foams. Concentration of new CNTs was lower at the middle of the 

foams compared to their surface. At the surface of the foams, abundant amount of new CNTs 

were grown on individual alumina coated CNTs, while a more scattered growth was 

observed on individual nanotubes inside the foams. This is most likely caused by a 

combination of non-uniform Fe reduction and lower concentration of growth gases, due to 

diffusion, inside the bulk of ACNT/C foam’s interior. This can be observed by comparing the 

inset images of Figure 7.3A and 7.3B.  
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Figure 7.3 SEM characterization of CNTs grown on the surface and inside of ACNT/C 
foams coated with 20 cycles (A,B) and 100 cycles (C.D) of alumina. Insets show individual 

alumina coated nanotubes with new CNTs grown on them. 

 

It should be mentioned that ACNT/C+100AO+CNT had lower concentration of 

secondary CNTs at the middle compared to ACNT/C+20AO+CNT. This is probably related 

to higher amount of new CNTs grown at the surface of ACNT/C+100AO+CNT which 

completely covered alumina coated CNTs, making diffusion of growth gases more difficult. 

Effect of buffer layer’s thickness on nanotube’s height, density and growth rate has been 

reported previously  [298,299]. Here, the presence of higher amounts of new CNTs at the 
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surface of 100 cycle alumina coated foams suggests that iron catalyst particle adhere to and 

are stabilized on thick ALD coatings (100 cycles) more readily than on thin coatings (20 

cycles), allowing for rapid nucleation and faster growth of new CNTs. Strong buffer layer-

catalyst interaction is thought to be a dominant factor in improving CNT growth.  

SEM images showed that the secondary nanotubes have two different structures. 

While majority of them were straight nanotubes, some nanotubes with highly coiled 

structures was observed among them. These structures are shown in Figure 7.4. The 

existence of coiled CNT structures was first predicted using simulation tools  [300,301]and 

they were subsequently fabricated for the first time in 1994  [302]. While all models that 

predict the coiling mechanism maintain that rather complicated conditions are needed for 

coiling, most widely accepted models relate CNT coiling to 1) anisotropic rate of carbon 

deposition on catalyst particles  [303]and/or 2) geometry and nature of the catalyst particles  

[304]. If catalyst particles are faceted, non-uniform rate of carbon extrusion from the facets 

can induce coiling. In the case were catalyst faceting does not play a role, stresses generated 

by uneven rate of carbon deposition on catalyst can cause coiling. Further investigation is 

needed to determine the cause of CNT coiling in the current work.  

 
Figure 7.4 SEM micrographs showing coiled CNT structures 

1 µm 500 nm 
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Images in Figure 7.5 shows TEM micrographs of alumina coated primary nanotubes 

as well as secondary CNTs. Growth of new CNTs was nucleated from iron particles on the 

surface of primary nanotubes. Large amounts of catalyst nanoparticles, which did not 

nucleate new CNTs, was also seen on some primary nanotubes. Primary nanotubes could be 

distinguished easily from secondary CNTs due to the large difference in their diameters. 

Using ImageJ software, diameters of both types of nanotubes were measured. Average 

diameter of 20AO and 100AO coated nanotubes was 106 nm and 114 nm, respectively. 

Diameter of secondary CNTs were much smaller and they seemed to be affected by thickness 

of the buffer layer. While thin buffer layer coatings (20 ALD cycles) resulted in growth of 

new CNTs with average diameter of 27 nm, nanotubes with 38 nm average diameter were 

grown from CNTs with thicker alumina coatings (100 ALD cycles). Diameter distribution of 

primary (alumina coated) and secondary nanotubes is shown in image 7.6.  
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Figure 7.5 TEM images showing the structure of A) ACNT/C+20AO+CNT and B) 
ACNT/C+100AO+CNT along with secondary nanotubes with various diameter and 

microstructure 
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Figure 7.6 Diameter distribution of alumina coated primary CNTs and pristine secondary 
CNTs. 
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7.3.3 Secondary CNT Growth: Chemical Analysis 
 

EDS spectral analysis was used to study the distribution of Al, Fe catalyst and 

secondary CNTs within the foams. Spectra were acquired at the surface and inside (near the 

surface and right at the middle) of each sample. As shown in Figure 7.7, both 20 and 100 

cycle alumina coated foams had uniform Al concentration through the thickness of the 

foams. As expected, Al concentration was higher for 100 cycles alumina coated foam.  

 

 
 

Figure 7.7  EDS analysis at the surface, near surface and middle of each sample 
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After growth of secondary nanotubes, iron was detected in the samples with small 

decrease in its concentration at the middle of the foams compared to their surface. Moreover, 

due to growth of the new CNTs, carbon concentration increased in samples with secondary 

nanotubes. However, perhaps the most interesting observation was variation in the 

concentration of carbon and aluminum in samples with secondary nanotubes. While SEM 

observations suggested that growth of secondary nanotubes is more concentrated on the 

surface, EDS analysis of ACNT/C+20AO+CNT showed that carbon and alumina 

concentration is fairly uniform throughout the thickness, indicating uniform secondary CNT 

growth in that samples. For ACNT/C+100AO+CNT sample however, EDS results confirmed 

SEM observations showing much higher carbon concentration at the surface of the samples 

compared to the middle. Consequently, Al concentration followed the opposite trend, 

showing lower concentration on the surface of the sample. Higher carbon concentration at 

the surface of ACNT/C+100AO+CNT is due to previously mentioned heavy growth of 

secondary nanotubes at the surface of that sample. The dense layer of new CNTs blocks the 

surface pores of the foam, causing difficulties for the diffusion of growth gasses inside the 

foam. As a result, less secondary nanotubes will grow inside the bulk of that sample.  

Raman spectroscopy was used to evaluate the graphitic quality of secondary 

nanotubes. In general, there are two characteristic peaks in Raman spectra of carbon 

materials. G-band (centered around 1580 cm-1) corresponds to graphitic structure and D-band 

(centered around 1350 cm-1) originates from the defects [230]The ratio of the integral 

intensity of D-band to that of G-band (R=ID/IG) is used to evaluate the defect density of 

carbon materials  [231] Consequently, 1/R is used to evaluate the crystal planar domain size. 
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A higher 1/R value indicates a better graphitic structure. Figure 7.8 shows changes in 1/R 

value of ACNT/C foams after alumina coating and growth of secondary CNTs. Each sample 

was scanned at 5 different locations and the average 1/R was calculated. 

 

 
Figure 7.8 Average I/R for different samples (primary CNTs, ACNT/C foams and foams 

after alumina coating and secondary nanotube growth) 

 

 

As expected, deposition of PyC on pristine nanotubes lowers the graphitic quality of them. 

This is evidenced by the lower I/R value for ACNT/C foam compared to primary nanotubes. 

Coating the foams with alumina for 20 and 100 cycles, did not affect the graphitic quality of 

them. However, growth of new nanotubes at the surface and within the foams structure 
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increased the 1/R value. This is because the secondary nanotubes have higher graphitic 

quality compared to the PyC coatings on the surface of primary nanotubes.  

Moreover, the increase in 1/R value was greater for ACNT/C+100AO+CNT 

compared to ACNT/C+100AO+CNT. This is due to large amount of secondary CNT growth 

at the surface of that sample. Considering that Raman microscopy is a surface 

characterization tool, thick growth of secondary nanotubes on the surface of 

ACNT/C+100AO+CNT limits laser/sample interaction for that sample to interactions with 

the secondary CNTs only. With that noted, and with comparing 1/R values of primary CNTs 

and ACNT/C+100AO+CNT, it can be concluded that secondary nanotubes have higher 

graphitic quality than primary nanotubes. 

 

7.3.4 Secondary CNT Growth: Effect on Compressive Properties 
 

Pristine ACNT/C foam, ALD coated foams and foams with secondary nanotubes 

were compressed in the transverse (to CNTs alignment) direction to characterize their 

compressive properties. During compression, the primary nanotubes axes aligned were 

perpendicular to the loading direction. Representative stress-strain curves for each sample are 

presented in Figure 7.9. Mechanical response of the samples changed from fully elastic 

behavior for pristine and ALD coated foams, to non-elastic behavior for foams with 

secondary CNTs. Complete recovery from large strains (up to 80%) was observed in pristine 

ACNT/C foams as well as alumina coated samples. However, samples with secondary 

nanotubes were permanently deformed and showed only small recovery after removal of the 

compressive force. Transition of mechanical behavior to non-elastic can be explained by the 
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substantial amount of van der Waals interactions that exist among smooth walls of secondary 

nanotubes at points of contact. Resiliency of ACNT/C foams, prior to growth of new CNTs, 

is due to high surface roughness of primary CNTs after PyC deposition. This increased 

surface roughness decreases the amount of van der Waals interactions among nanotubes, 

allowing for separation of CNTs and recovery of the structure as the compressive load is 

removed. It is speculated that another PyC infiltration, after growth of secondary nanotubes, 

would help foams to retain their elasticity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9 Compressive loading and unloading curves for A) Pristine and ALD coated 
ACNT/C foams and B) Foams with secondary nanotubes.	    
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For the quantification of mechanical properties, strength was determined as the 

maximum value of stress on the stress-strain plot. While thin ALD coating did not affect the 

strength, thick alumina coating increased the compressive strength by more than 5 times. 

Also, growth of secondary nanotubes increased compressive strength of both samples. 

Strength of 20AO and 100AO coated foams increased by 6 and 10 times after growth of new 

CNTs. Creation of a more interconnected network, through increased CNT-CNT junction 

points, are believed to be the reason for increased compressive strength.  

 

7.4 Conclusions 
 

In summary, a CVD method was used to grow secondary CNTs on the surface and 

inside ACNT/C foams using alumina buffer layers. Unlike other works that use individual 

CNTs as supports/substrates for growth of secondary nanotubes, we reported fabrication of 

secondary CNTs inside a three dimensional assembly of nanotubes. Microscopy revealed that 

secondary CNTs were grown throughout the thickness of the foams. While the majority of 

secondary CNTs were straight, existence of some coiled CNT structures was also observed 

among them. Thickness of the buffer layer was shown to affect the diameter, nucleation 

density and growth uniformity of secondary CNTs. Thin alumina coating resulted in growth 

of smaller nanotubes (27 nm average diameter versus 38 nm), while denser CNT nucleation 

and growth was observed on the surface of the foams with thick alumina layers. The 

particular high concentration of secondary nanotubes on the surface resulted in lower density 

of CNT growth inside the samples with thick buffer layer. Secondary nanotubes were shown 

to have the same graphitic quality as primary CNTs as evidenced by 1/R values measured 



 

162 
 

through Raman analysis. Finally, compressive strength of the foams was increased by an 

order of magnitude after growth of secondary nanotubes.  
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7.5 Supplemental Information 

 

Figure S.7.1  Photographs showing fabrication of ACNT/C foams. A) Drawing of aligned 
CNT sheets from spinnable arrays and continuously collecting them around rotating glass 

rods. B) Stack of aligned CNT sheets accumulated on glass rods. 

 
 

 
  

 

 

 

 

 

 

 

Figure S.7.2 SEM (A) and TEM (B) micrographs of ACNT/C foams 
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8 Final Conclusions and Future Work 
 

8.1 Conclusions 
 

The majority of research discoveries surrounding deposition of PyC on CNTs have 

been focused on studying the microstructure and mechanism of PyC deposition. Transitions 

in the microstructure of PyC, from laminar turbostratic carbon to disordered carbon, have 

been reported frequently in these studies. Moreover, effects of PyC infiltration on the 

properties of CNT assemblies have only begun to be explored, with nanotube arrays being 

the only assembly that have been studied so far. The objectives of the research conducted in 

this dissertation can be divided into two areas: 1) to explore the effect of PyC microstructure 

transition on graphitization behavior of CNT/PyC composites in order to achieve controlled 

radial growth of CNTs through graphitization of such composites and 2) to explore the 

potentials of PyC infiltration into novel CNT assemblies for production of new class of 

cellular, low-density nanotube structures.  The following are a collection of outcomes and 

conclusions generated from the body of this work: 

• Infiltration of aligned CNT sheets with PyC for different time periods showed a 

microstructure transition from rough laminar PyC, deposited on the surface of CNTs, 

toward disordered carbon when coating duration was longer than 30 minutes. Results 

showed that while graphitizing PyC coated nanotubes at 2150 °C for five hours will 

radially grow additional walls on nanotubes, there is a limit to the thickness of PyC 

coating layer that can be graphitized into additional CNT walls. In samples with 

shorter PyC coating durations (up to 30 minutes) the coating layer graphitized to a 

large extent. However, further thickening of the PyC layer by increasing carbon 
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infiltration duration did not yield a coating that resembled nanotube walls after 

graphitization.  

• Controlled radial growth of nanotubes was achieved using cyclic PyC depositions and 

graphitizations. Graphitization of PyC coated CNT sheets after short deposition 

cycles prevented the development of disorder carbon during the subsequent PyC 

deposition cycles. Through the “cyclic graphitization” method, PyC coatings with 

thicknesses beyond the previously observed limit were graphitized to a large extent 

into a crystalline structure similar to nanotube walls. Radial growth of CNTs was 

confirmed using TEM and XRD analysis while Raman spectroscopy observations 

revealed that radially grown CNTs had the same graphitic quality as graphitized 

pristine nanotubes. 

• Chemical vapor infiltration of PyC into stacked dry-spun sheets of aligned CNTs was 

used to fabricate anisotropic carbon nanotube foams with ultralow densities. 

Deposition of PyC on the aligned CNT network coated the junctions among the 

nanotubes and also increased the surface roughness. These changes in the 

morphology explain the transition from inelastic behavior to foam-like recovery of 

the layered CNT sheet structure. Unlike other methods for fabrication of CNT foams, 

aerogels and sponges, this novel fabrication process allows for synthesis of aligned 

CNT/carbon (ACNT/C) foam structures with any desired size, which makes it 

possible to measure their properties in two directions. Mechanical and thermal 

properties of the foams could be tuned by variation of PyC infiltration duration where 

samples with longer PyC treatment exhibited greater compressive strength and energy 



 

166 
 

absorption but had lower thermal diffusivity. Application of these foams as 

pressure/strain sensors and oleophilic absorbers for water treatment was also 

investigated.  

• Secondary growth of new nanotubes on ACNT/C foams as growth substrates was 

achieved. Previous works that explored using CNTs as supports for secondary 

nanotube growth were limited and only focused on using the individual powdered 

CNTs as the substrate. Using alumina buffer layers, deposited through ALD method, 

new CNTs were grown on the surface and also inside the bulk of the porous ACNT/C 

foams. Graphitic quality of secondary CNTs was the same as primary nanotubes as 

evidenced by 1/R values measured through Raman analysis. Microscopy showed that 

the majority of secondary CNTs were straight but some coiled CNT structures was 

also observed among them. Buffer layer’s thickness affected the diameter, nucleation 

density and growth uniformity of secondary CNTs. While smaller nanotubes were 

grown inside the foams with thin alumina coating, denser CNT nucleation and growth 

was observed at the surface of the foams with thick alumina coating. This particular 

high concentration of secondary nanotubes at the surface resulted into fewer growths 

inside the bulk of those foams which had thicker buffer layers.   

 

8.2 Future Work 
 

Studying the microstructure of PyC coatings on aligned CNT sheets and controlling 

the epitaxial deposition of new graphitic walls on nanotubes through graphitization process, 

were presented in chapters 4 & 5. Graphitization after short (20 minutes) deposition cycles 
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avoided formation of disordered, non-graphitizable carbon during subsequent PyC 

depositions. The method of “cyclic PyC deposition and graphitization” was used for 

controlled radial growth of CNTs. In this method, samples were removed from CVD 

chamber after each PyC deposition cycle and were placed inside the high temperature 

furnace for graphitization at high temperatures (2500 °C). It would be desirable to study the 

effect of cyclic in-situ annealing, inside the CVD chamber, on the microstructure and 

morphology of thick PyC coatings. Dehydrogenation, happening during annealing at lower 

temperatures, can help to reorder the deposited carbon layers and lower the concentration of 

active sites on the surface of nanotubes. This would favor the formation of PAH in the gas 

phase, leading to deposition of highly aligned PyC coating layers. Also, future work should 

include multi-variable studies to determine how to deposit highly aligned PyC coatings while 

increasing the coating thickness without the need for heat treatment processes.  

 The results from Chapter 6 showed promise for real applications of ACNT/C foams 

in various areas.  Further work to optimize the synthesis method outlined in this research and 

to develop greater control over the structure of the foams and alignment of CNTs within the 

foams should be undertaken. Also, compressing the foams during high temperature heat 

treatments would permanently consolidate them and allows for synthesis of higher density 

structures without having to increase the thickness of the PyC coatings. The ability to utilize 

two routes for density control opens up more opportunities for tuning their properties.  This 

process would also result in the creation of additional CNT-CNT junctions, therefore 

decreasing the distance between interconnects and improving mechanical, thermal and 
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electrical performance of the foams. These sample were made abut are not yet studied. Figure 

8.1 shows consolidated ACNT/C foam using the mentioned process.  

 

 

 

 

 

 

 

 

 

 
Figure 8.1 Demonstration of permanent foam density modification after compression with 

heat treatment 

 

High structural stability of ACNT/C foams also makes processing them with liquids 

possible. Unlike most CNT based structures, which bundle and permanently shrink during 

liquid drying, PyC coatings in foams increases the stability at junctions and reduces tendency 

for CNTs to bundle. This allows the foam to re-expand after liquid evaporation. Future works 

should explore uniform coating of the foams with polymers while keeping their high 

porosity. This would add additional functionality (based on the polymer chosen) and extra 

stability.  

Chapter 7 characterized ACNT/C foams with secondary CNTs grown inside them. 

Compressive mechanical testing of the samples in transverse to CNTs overall alignment 
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direction showed an order of magnitude increase in their strength after secondary CNT 

growth. Further testing of the compressive properties in longitudinal direction is necessary to 

determine the effect of new CNTs on the anisotropic nature of the foams. These samples 

could also be investigated for thermal and electrical properties to study the effect of 

secondary CNTs. Also, mechanical behavior of the foams transit form elastic to non-elastic 

after new nanotubes were grown inside the samples.  Effect of additional PyC infiltration, 

after secondary CNT growth, on elasticity of the samples should also be investigated.  
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