
 



 
 

ABSTRACT 

Novel Three-Dimensional Silicon Carbide Nano-Structures 

by 

Amelia Heather-Sarah Church Hart 

Silicon carbide nanotubes and nanowires (SiCNT/NWs) have been found to have 

the same ability to perform mechanically in extreme thermal and oxidative environments 

as bulk silicon carbide (SiC), but with the increased resilient, elastic mechanical 

properties reflective of carbon nanotubes (CNTs) due to nano-size effects. The simplest, 

most cost-efficient method to synthesize silicon carbide nanotubes is conversion from 

carbon nanotubes. By investigating the conversion mechanisms of CNTs to SiCNT/NWs, 

studying their resulting properties, and applying them in different ways, two composites 

can be created for use in applications that require optimal mechanical properties in high 

heat and oxidation. The first structure involves covering continuous silicon carbide fiber 

with protruding silicon carbide nanotubes, dubbed “fuzzy” fiber, which is created to be 

woven, layered, and put inside a ceramic matrix for extremely high temperature heat 

engines encountered in aerospace applications with high heat and oxidative/corrosive 

environments. The second structure is a silicon carbide nanotube/nanowire sphere that 

can be used for its excellent compressive strength and resiliency as well as its resistance 

to high heat and oxidation. By converting carbon nanotubes to silicon carbide 

nanotubes/nanowires, structures that are more easy and cost effective to obtain, can be 

synthesized to maintain excellent mechanical properties in high temperature and 

oxidative environments. 
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Chapter 1 

Introduction and Background  

The world is always trying to find new, more efficient materials to both improve 

old technologies or create new ones. The ability to control the properties and size of a 

material for a specific application enables the creation of more efficient, longer lasting 

materials. Nanotechnology, and the enhancement of material properties by reducing size 

and increasing crystallinity, enables the ability to thoroughly control and optimize 

material properties. Specifically, carbon and silicon carbide are well-known and widely 

used in bulk form, but have many different properties at the nano-scale which can be 

applied to many different industries. Carbon nanotubes are known for their superior 

mechanical and electrical abilities; they have high aspect ratio, high tensile strength, low 

mass density, high heat conductivity, large surface area, and versatile electronic 

behavior1. In bulk, silicon carbide is known high hardness, low density, high temperature 

mechanical strength, corrosion, radiation, and oxidation resistance, chemically inertness, 

wide band gap (2.2eV -3.3eV), high thermal conductivity (500W/mK) at room 



 17 

temperatures, and high decomposition temperature (2545°C), but is known to be 

extremely brittle2–4. Silicon carbide nanotubes and nanowires, however, can retain these 

advantageous qualities of the bulk form, but with increased flexibility, elasticity, and 

recoverability4–12. These two nanomaterials enable the controlled synthesis of different 

composites optimized for their use in specific applications. 

1.1.  Motivation and Objectives 

Better functioning, easier to produce, lightweight, 

mechanically/thermally/electrically robust, chemically inert materials with a highly active 

surface area, are constantly sought after to improve materials currently used in the 

extreme environments encountered in many applications, specifically aerospace 

applications13,14. The National Aeronautics and Space Administration (NASA), the 

aerospace industry leader, is interested in the investigation of ultra-light-weight materials 

that function in a wide variety of capacities, such as thermal and mechanical. To achieve 

these desired materials, two or more materials can be combined to create a composite that 

can magnify the exemplary properties of each material while synergistically overcoming 

the negative ones. Nanomaterials are ideal to achieve smaller, lighter weight materials 

due to their higher functionality and increased mechanical, thermal, and/or electrical 

properties compared to their bulk counterparts. When used in combination with either 

nano- or micro-materials, the resultant composite is vastly superior to any other single 

material due to its ability to be application specifically optimized.  

Ceramics in general are a well-known light-weight material that can be used in a 

large variety of applications: electrical, dielectric, magnetic, optical, mechanical, and 
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thermal. Structural ceramics, including Al2O3, SiC, Si3N4, B4C, and ZrO2, are used as 

cutting tools, wear components, heat exchangers, and engine parts. They are known for 

high hardness, low density, high-temperature mechanical strength, creep resistance, 

corrosion resistance, and chemical inertness2. But in general, ceramics are known for 

being brittle, having poor electrical and thermal conductivity, high compressive strength 

(stronger in compression than in tension), low toughness, and chemical insensitivity.  

Bulk SiC is good for electrical (furnace elements for resistive heating) and 

mechanical (abrasives for polishing) applications. SiC is the most widely used non-oxide 

ceramic for heating elements for high-temp furnaces as it can be used up to 1500C in air 

because of the formation of a protective oxide layer15. Crystalline SiC is able to withstand 

higher temperatures, possessing low density, high strength, low thermal expansion, high 

thermal conductivity, high hardness, high elastic modulus, excellent thermal shock 

resistance, and superior chemical inertness16. When used alone, SiC fibers are beneficial 

in a large variety of applications utilizing many of its qualities at the same time, but when 

used in composites, especially with nano-crystalline forms of SiC (SiCNTs/SiCNWs), 

these qualities are magnified tremendously. Nano-crystalline forms of SiC, due to 

quantum size effects, are able to withstand even higher temperatures, have higher 

strength, hardness, elastic modulus and thermal conductivity than the larger SiC fibers 

17,18. When SiC fiber is surrounded by SiC Nanotubes/Nanowires, however, this novel 

material has properties that surpass all other ceramic materials for thermo-mechanical 

application. This unique ceramic composite will be able the withstand higher 

temperatures, more extremely oxidizing and corrosive environments, have higher thermal 

conductivity, and have higher strength while in extreme environments than either SiC, 
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carbon nanotubes (CNTs), or any other ceramic material/composite. The most significant 

application of this material is in aerospace industries. According to the “NASA 

Technology Roadmap”, this composite can be used for damage tolerant structures that are 

2-3 times lighter than conventionally used materials, extreme environment operations, 

small, smart satellites, “smart” airframe and propulsion structures, and propulsion 

components 19,20. Ceramic matrix composites in general are used in rocket engine 

nozzles, air-breathing propulsion flow-path structures, and hot structures14. This material 

can be categorized under “Lightweight Materials and Structures” (TA10.1.1) which was 

given the highest overall score (338), or highest priority, of all the Nanotechnology 3 

Technologies. This material is also in TA12’s Top Technological Challenges of reduced 

mass (2) and multifunctional structures (1) as well as TA14’s Top Technological 

Challenges of multifunctional materials19.   

 

 

 

 

 

 

 

Figure 1-1 NASA Technology Roadmaps-subect areas20. 
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More specifically, this silicon carbide fiber with silicon carbide nanotubes 

protruding from it, dubbed a fuzzy fiber, will be woven into a fabric, the fabric layered 

and shaped, and infiltrated with a ceramic matrix composite. This material will be the 

housing of a high heat jet engine. The nanotubes around the fiber will not only provide 

protection from the high heat and oxidative environments, enabling the engine part to last 

longer, but the nanotubes will also prevent the slippage that occurs between the fibers 

causing cracks in the material. 

 To adequately harness the advantageous mechanical and thermal 

properties of adding SiCNT/NWs (silicon carbide nanotubes and nanowires) to the 

surface of silicon carbide fiber, the adhesion between the nanotubes and the fiber must be 

extremely secure. If the nanotubes are not securely fastened to the silicon carbide fiber, 

they will pull off easily with the friction of use and negate the entire process. To 

ameliorate this problem, CNTs are used as a template to synthesize SiCNT/NWs. The 

CNTs have been found have superior adhesion to the SiC fiber, that pure SiCNT/NW 

growth is not able to accomplish. During this process of conversion, the silicon atoms 

replace some carbon atoms, to covert a CNT to a SiCNT/NW.  

In addition to SiC fibers coated with SiCNT/NWs for aerospace applications, the 

method of CNT-templating for synthesizing SiCNT/NWs can be explored to design and 

create other exciting materials. By following the method designed for the conversion of 

the fuzzy fibers, many CNT-containing structures can be converted to SiCNT/NW 

structures. Specifically, when creating a microsphere of welded SiCNT/NWs that are 
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mechanically robust, one must start with CNTs and convert them to SiCNT/NWs. 

SiCNT/NWs are a lot more difficult to functionalize than CNTs, and welding happens at 

high temperatures. By first functionalizing CNTs, creating a CNT sphere, then converting 

the CNTs to SiCNT/NWs at high temperatures, not only do SiCNT/NW spheres result, 

but they come out welded together to form a highly superior, mechanically robust sphere 

that can withstand high temperatures and oxidation.  

1.2. Carbon Nanotubes 

After the official discovery of carbon nanotubes (CNTs) in 199121, the scientific 

world has exploded with new uses of CNTs. Though the world of CNTs has quieting 

down in the last few years, there are still many new and exciting ways in which to apply 

this material. Most the current focus of CNT research is centered around methods and 

applications with the ability to scale-up, or using CNTs in real world applications. As 

with all materials, the laboratory-scale experiments must be able to be translated into 

viable large scale production for real world use. The ability to achieve this transition from 

laboratory-scale to production-scale materials is the key to being able to realistically 

applying this vital material to solve real-world problems. 
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CNTs have endless applications including: conductive and high strength 

composites, sensors, field emission displays and radiation sources, hydrogen storage 

media, nanometer sized semiconductor devices, probes, and interconnects, energy 

storage, and energy conversion devices22. These small tubes of rolled graphene sheets, 

made of carbon, as seen in Figure 1-2 which were once discarded as used graphite 

cathodes are now the world’s potential solution to many environmental, mechanical, and 

structural problems23–26.  

Figure 1-2 Carbon nanotube created from rolled sheets of 
graphene26. 
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Though the idea of the carbon nanotube seems simple, just a small tube or tubes 

of hexagonally orientated carbon atoms with pentagonally-capped ends, as seen in Figure 

1-3, their electrical and mechanical properties change with the amount of tubes each CNT 

contains as well as their internal structure. Though each CNT is a cylindrically rolled 

sheet of graphene, the structure resulting from how the graphene sheet is joined 

determines the electrical properties of the CNT1,27,28 

Figure 1-3 The three chiralities of CNTs26. 
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1.2.1.  Structure 

A member of the fullerene family, carbon nanotubes are essentially a center-

expanded buckyball. These cylindrically rolled sheets of graphene have hexagonal sides 

and pentagonally configured capped ends and due to their minute size exhibit the effects 

of one-dimensional periodicity. Carbon bonding in CNTs is the same as graphite in a 

graphene sheet: each carbon atom has an sp2 orbital interacting with three neighboring 

carbon atoms to create a σ bond with each where one 2p orbital is left un-hybridized. 

There are single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes 

(MWNTs). A SWNT is a single, small, thinly rolled sheet of graphene in the shape of a 

cylinder. The most common arrangement of SWNTs is in a bundle, where regular 

SWNTs grow near each other. MWNTs are easier to obtain and thus more widely used. 

They consist of multiple concentric layers of varying diameter SWNTs. Each 

independent tube within a MWNT has its own chiral vector and therefore differing 

chiralities, each which experience only van der Waals forces between all adjacent tube 

layers28,29. 
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On a two-dimensional graphene sheet, there are two atoms (O and A, or B and B’) 

designated as points of origin that coincide when the sheet is rolled up into the tubular 

shape. The tube is created such that O and A, and B and B’ are touching. The “rollup” 

vector, chiral vector OA, has a length equal to the circumference of the CNT, and is 

perpendicular to T, the axis of the tube. This vector is defined as: Ch=n ොܽ1+m ොܽ2, where ොܽ1 

and ොܽ2 are unit vectors of the honeycomb lattice, and n and m are integers defining the 

diameter of the tubule and the chiral angle θ. The carbon atoms in an individual CNT can 

be assigned to a coordinate system (n, m) in which m ≤ n at all times. In Figure 1-4, the 

values of n and m are 6 and 2, respectively29.  

Figure 1-4 Graphene sheet illustrating chiral 
arrangement31 
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     There are three possible structures of CNTs: zigzag (n, 0), armchair (n=m), and 

chiral. Tubes classified as “zigzag,” named for the “\/\/\/\/” shape perpendicular to the 

axis of the CNT, have (n, m) integers of (n,0) and θ=0º. The “armchair” classification is 

given to the CNTs with a “ \_/¯\_/ ” shape perpendicular to the axis of the CNT, have (n, 

m) integers of n=m, and θ=30º. All other configurations of CNTs are classified as 

“chiral” and have chiral angle 0º<θ<30º29,30. 

Table 1-1 The three primary configurations of CNTs1,31 
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1.2.2.  Synthesis 

There are three primary techniques used to produce CNTs: electric arc discharge, 

laser ablation, and chemical vapor deposition. In the electric arc discharge method, there 

are two graphite electrodes about 1-4mm apart in a chamber filled with inert gas. A high 

current is passed through the electrodes which causes carbon atoms to deposit onto the 

cathode from the anode. The carbon atoms build up in the form of carbon nanotubes on 

the cathode, reducing the size of the anode.1Electric arc discharge was one of the first 

methods used to grow CNTs and produces both SWNTs and MWNTs32. The schematic 

below, in Figure 1-5, illustrates this method33. 

 

 

 

 

 

 

The laser ablation method involves using intense laser pulses to ablate, or erode, a 

carbon target containing nickel and cobalt. As seen in Figure 1-6, the target is placed in a 

tube-furnace and heated to about 1200°C34. Inert gas flows though the growth chamber 

Figure 1-5 Electric Arc Discharge Schematic33 
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and carries the grown nanotubes to be collected in the cold finger, a lower temperature 

container protruding out of the heater1.  

 

 

 

 

 

 

The chemical vapor deposition method or CVD method, illustrated in Figure 1-7, is 

the method explored here. This technique is best for production of CNTs on a large scale, 

and is easiest to control diameter and length35–38. The CVD method requires relatively 

low temperatures (500°C-1220°C) and has a long reaction time. There are three sub-

methods of the CVD technique: plasma enhanced-CVD, vapor phase catalyst CVD, and 

pre-deposited CVD. The plasma-enhanced CVD (PECVD) process uses highly energetic 

electrons in plasma instead of high temperatures to deposit the CNTs on the substrate, 

facilitating the possible use of glass substrates which has a low melting point39. The 

vapor phase catalyst CVD method uses organometallic compound, such as xylene, 

benzene, or acetylene, combined with a carbon feedstock, such as ferrocene, as the 

catalyst. This catalyst is injected into the CVD reactor in the vapor phase. Though SiO2 is 

Figure 1-6 Schematic of Laser Ablation 
method to synthesize CNTs34 
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the most commonly used substrate, SiC, alumina, stainless steel, and Inconel are also 

popular. In some cases, a double furnace is used, the first, where the vaporization of the 

catalyst occurs, is heated to a lower temperature (180°C-300°C) than the second (500°C-

1200°C), where the CNTs grow40. The pre-deposited CVD method involves depositing 

the catalyst where the CNTs will grow, as a thin film on the substrate before the reaction 

takes place. The process requires a hydrocarbon gas and an inert gas (typically He or Ar) 

flown into a chamber where the catalyst-coated substrate is maintained at a temperature 

of 700°C-800°C for MWNTs and 900°C-1200°C for SWNTs41. 

 

 

 

 

 

1.2.3. Growth Mechanisms 

The investigation of the growth mechanisms of CNTs made via CVD is a large 

area of research. Because there are so many different catalyst, catalyst deposition, carbon 

source, carrier gas, growth enhancing additives, and CVD configuration types, that the 

exact growth mechanism of CNTs has remained a mystery until the last few years. In 

2014, it was postulated that during nucleation, as carbon nanotubes grow from a budding 

Figure 1-7 Schematic of CVD setup38. 
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nucleus, adding new hexagonal and pentagonal rings, the chirality of a CNT becomes 

permanently “locked in” when the final 6th pentagon is added to the hemispherical cap. 

Each CNT “grows” by adding only hexagons, in a periodic fashion. It was also found that 

the catalyst and growth temperatures will yield different chiralities of CNTs: lower 

temperatures and solid catalysts yield near armchair nanotubes, whereas higher 

temperatures and liquid catalysts yield several types of chiralities but the abundance is 

nearly proportional to the chiral angle42,43.  

For this study, the carbon nanotubes were made via catalyst pre-deposited CVD, 

which means the catalyst was deposited on the substrate before the chemical vapor was 

performed. During this process, the catalyst (iron) was deposited on the substrate (SiC 

fiber) via soaking and dipping in an iron containing ethanol solution. The 

catalyst/substrate is put into a tube furnace and the CNT growth takes place at 775°C in 

1300 slm 15% hydrogen-85% argon as the carrier gas, 100sccm water bubbler, and 

100sccm ethylene as the carbon source. To be able to understand the best way to make 

any material using CNTs, the mechanisms of growth must first be understood.  

The catalyst, which in this case is iron, is first deposited on the substrate, in this 

case is a SiC fiber. In some cases, for example, to grow aligned CNTs, iron and 

aluminum is electron-beam deposited onto a silicon wafer with a thick oxide layer. By 

depositing the catalyst (iron) and buffer layer (aluminum-to prevent silica-iron 

interaction) via electron-beam, the resulting layers can be precisely measured to ensure a 

uniform diameter throughout the sample. The difficulty with e-beam evaporation, 

however, is that the substrate must be flat; if the substrate is circular, the same layer of 

material cannot be adequately deposited on all sides of the substrate. For example, if 
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Figure 1-8 A schematic of the growth mechanism 
of aligned CNTs via CVD 

using a spherical substrate, the top of the sphere that is mounted to the top of the e-beam, 

will not have the deposited material on it. Additionally, the use of water acts as a weak 

oxidizer helps dissipate any accumulation of amorphous carbon, and keeps the catalyst 

active longer44,45. During heating, the iron layer dissociates to form nanoparticles and 

diffuse over the substrate; the size of the catalyst particle determines the diameter and 

number of walls in the resulting CNT. The study of the effect of hydrogen and an 

alumina buffer layer on CNT growth was detailed by Chakrabarti, et.al44. For their 

purposes, the alumina buffer layer was instrumental in the growth millimeter long CNTs, 

and which increased roughness with heat and hydrogen gas creating deep valleys that 

carry the dissociated iron particles to a more uniform distribution size and density and 

preventing iron particle agglomeration, as can be seen in Figure 1-8. 
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This figure illustrates the growth mechanisms that happen after the movement and 

positioning of the iron catalyst. Though this growth mechanism is proposed for aligned 

CNTs, which is aided by the alumina buffer layer, it is the same mechanism for all CNT 

growth. In the case of this investigation, the iron particles are deposited on the SiC fiber 

by soaking in 2.5% Iron (II) Acetate- Ethanol solution for one hour, dried, and put in the 

CVD furnace for the growth of CNTs. Before the CNT growth, the iron particles are 

chunky, large, and vary greatly in size all over the SiC fiber. During the heating process, 

the iron particles dissociate into nm clusters and migrate around the SiC fiber surface. 

The lack of a buffer layer enables the agglomeration of iron particles, though the majority 

are relatively uniformly positioned, and for the application purposes are not of great 

importance. 

During the growth, which is illustrated for aligned CNTs in Figure 1-8, the iron 

nanoparticles become super saturated by the dissolution and saturation of carbon atoms 

from the hydrocarbons that have dissociated from the ethylene46. After the super 

saturation of the C-Fe solution followed by carbon segregation into hexagons of carbon 

atoms, the carbonaceous structures emerge from the catalyst surface44. The structures that 

emerge are tubular carbon solids in sp2 structure which is favored over other forms of 

carbon structures because a tube contains no dangling bonds and so is in a lower energy 

form46. After some time, the catalyst surface becomes covered by amorphous carbon, 

terminating the CNT growth. With the use of water, the amorphous carbon is oxidized 

and carried away, leaving a “cleaner” catalyst which is able to stay active longer, 

producing longer CNTs45,47.    



 33 

1.2.4. Applications 

The number of industrial applications CNTs are or can be involved in, since their 

discovery 30 years ago, are constantly increasing. Due to their exceptional properties, 

they are ideal for replacements or improvements in a wide variety of technologies, though 

their small size and the necessary development and improvement of scale-up approaches 

for industrial applications prevents their current ready use in all applications they would 

be ideal for43. The easiest and most readily available way to apply CNTs in larger 

production scale is in the form of composites, coatings and films, fibers, yarns, and 

sheets48,49. The configurations and applications of CNTs are so vast that there are many 

reviews and studies on their current and possible commercial applications50. The 

applications written about here were gathered for the “Spiers Memorial Lecture. 

Advances of carbon nanomaterials”43,51–62.   

In automotive and microelectronics industries conductive CNT plastics are used 

for electrostatic-assisted painting of mirror housings, fuel lines, and filter that dissipate 

electrostatic charges, as well as electromagnetic interference (EMI)- shielding packages 

and wafer carriers63. CNT powders mixed with polymers or precursor resins are able to 

increase stiffness, strength, and toughness in load bearing applications64. In sporting 

goods industries, engineering nanoscale stick-slip amount CNTs and CNT-polymer 

contacts can increase material damping, which can be used to improve tennis racquets, 

baseball bats, and bicycle frames6566. Wind turbine blades and hulls for maritime security 

boats can be made stronger and lighter using carbon fiber composites with CNT-

enhanced resin51,64.  Other composites include growing aligned CNT forests onto glass, 

SiC, alumina, or carbon fibers, for lightning-strike protection, deicing, and structural 
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health monitory for aircraft51,55,67. Multilayered 3D composites were grown by using 

high-temperature epoxy matrix to infiltrate 3D fabrics, which was produced through 

growing well-aligned MWNT forests perpendicular to 2D woven fabrics of SiC. The 

multilayered 3D composites provided indispensable interlaminar strength and toughness 

under various loading conditions67.  

When in the form of coatings and films, CNTs can be deposited and dispersed 

over large areas. In the marine industry, MWNT-containing paints reduce the attachment 

of algae and barnacles to ship hulls and are a possible alternative to environmentally 

hazardous biocide-containing paints68. When used with anticorrosion coatings for metals, 

CNTs can enhance coating stiffness and strength while providing an electric pathway for 

cathode protection. In electronics, the increasing scarcity of indium is creating a larger 

interest in flexible, cost-efficient CNT-based transparent conducting films as an 

alternative to indium tin oxide (ITO) for use in displays, touch screen devices, and 

photovoltaics56.  

For thermal applications, laser patterned CNT films are transferred and mounted 

on the back side of the chips for chip thermal management57. CNTs can be used for gas 

ionizations sensors, by using the sharp tips of CNTs to generate very high electric fields 

at low voltages, lower break down voltages and enabling compact, battery-powered, and 

safe operating sensors. Some applications of these CNT-based gas ionization sensors are 

environmental monitoring, sensing in chemical processing paths, and gas detection for 

counter-terrorism69. Carbon nanotube forests are also the blackest man-made material 

ever, with a diffused reflectance of 1×10-7 and a corresponding integrated total reflectance 

of 0.045%. Applications of this material include solar energy conversion and pyroelectric 
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detectors60. Synthetic CNT-based gecko tape can be created by transferring 

micropatterned CNT arrays onto flexible polymer tape based on the hierarchical structure 

found on the foot of a gecko. This gecko tape can support shear stress of 36 N/cm2 and 

can be used as flexible adhesive tape amble to hold infinitely long, under extreme 

conditions61. In 2013, the first CNT computer was designed and created using entirely 

CNT field-effect transistors. It runs an operating system that is capable of multitasking, 

and its instruction and data memories are implemented off-chip following the convention 

of most computers today62.  

1.3. Silicon Carbide 

The discovery of wide-scale production of bulk silicon carbide, originally called 

Carborundum, was attributed to Edward G. Archeson, in 1891, who was trying to 

synthesize artificial diamonds. He combined aluminum silicate clay and carbon powder 

in an iron bowl and passed electricity through a carbon arc-light to the iron bowl creating 

green silicon carbide crystals70.  

Silicon carbide is known for its high hardness, low density, high temperature mechanical 

strength, corrosion, radiation, and oxidation resistance, chemically inertness, wide band 

gap (2.2eV -3.3eV), high thermal conductivity (500W/mK) at RT, and high 

decomposition temperature (2545°C)2–4.  These qualities make SiC good for electronic 

devices or mechanical applications in high temperatures, oxidation, and/or corrosion.  

Though its more than 200 known polytypes all possess a semi-conductive nature, each 

polytype has its own distinct properties71. Though each polytype consists of 50% carbon 



 36 

atoms covalently bonded with 50% silicon atoms, each polytype is composed of different 

stacking sequences of Si-C bilayers. Each atom within a bilayer has 3 covalent bonds 

within its own layer and 1 bond with an atom in an adjacent layer72. The SiC polytypes 

are classified into three crystalline categories: cubic, hexagonal, and rhombohedral. The 

most common is hexagonal; cubic has better electrical and mechanical properties, though 

it is the hardest to synthesize as a single crystal, without many defects, such as stacking 

faults. Typically, cubic SiC- 3C-SiC (β-SiC), and hexagonal SiC- 2H-SiC (α-SiC), 4H-

SiC(α-SiC), and 6H-SiC (α-SiC), are more prominently investigated, so because of its 

rarity, the rhombohedral group will not be discussed here. The creation and function of 

each SiC polytype is a determined by synthesis time, temperature, pressure, and 

impurities73.    

 Silicon carbide is a covalently bonded semiconductor, with a layered structure. In 

crystalline SiC, each Si atom is covalently bonded to 4 neighboring C atoms to form a 

tetrahedron. There are two types of tetrahedrons, one type is obtained by rotating another 

type around its c-axis 180°, seen in Figure 1-9.  

 

 

 

 

 

 

S

ilicon C

arbon 

Figure 1-9: 2 types of tetrahedrons which form the building block of all SiC 
crystals. 
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Figure 1-10 Most Common Polytypes of Silicon Carbide75 

It has Si-C double atomic layers, meaning each layer of Si or C atoms have a close-

packed hexagonal arrangement. There are 3 types (A, B, C) of different arrangements of 

Si-C double atomic layers and each layer is normal to the c-axis. Each SiC polytype has 

its own unit of a specific combination of the double-atomic layers, A, B, and/or C, which 

repeat along the c-axis6. The stacking sequence of the cubic polytype, 3C-SiC, also called 

β-SiC, is ABCABC. The C in 3C-SiC means it has a cubic crystal structures, and the 3 in 

front denotes the number of double-atomic layers in a repeating segment or unit, which in 

this case is ABC. The stacking sequences for the hexagonal polytypes 2H-SiC, 4H-SiC, 

and 6H-SiC are ABAB, ABCBABCB, and ABCACBABCACB, respectively74. The 

hexagonal polytypes are the most commonly synthesize, and as with the previous cubic 

example, the numbers in front denote the number of repeating segments and the H is for 

hexagonal. An illustration of the crystal configurations of these 4 different polytypes can 

be seen in Figure 1-106,75.  

 

 

 

 

Another way to look at the polytype stacking is that one C (or Si) atomic layer in 

the stacking sequence can have a local cubic (k) or hexagonal (h). Each polytype has its 

own repeating arrangement: cubic SiC has only k type atoms, 2H only has h type atoms, 
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Figure 1-11 Si-C double atomic layer arrangement for the 3 most common SiC 
polytypes. C-axis is the stacking direction, k is the localized cubic crystal structure, 

h is the localized hexagonal crystal structure. Taken from J.Fan et.al.6 

4H has a 1:1 k:h ratio, and 6H has a 2:1 k:h ratio6,74,76. These configurations can be seen 

in Figure 1-11  

 

 

 

 

 

  

 

Silicon carbide has a wide band gap, which is different for each polytype: 2.2eV for 3C-

SiC, 2.86 (or 3.02) eV for 6H-SiC, and 3.2–3.3 eV for 4H-SiC6. It also has high thermal 

conductivity high thermal conductivity up to about 500 W/(mK) at room temperature, a 

thermal expansion coefficient smaller than 6µK, a decomposition temp of 2545C, and 

3C-SiC has a Young’s Modulus of 360-600 GPa depending on its crystal orientation. 

According to the Ashby Map of Strength vs Maximum Service Temperature, in Figure 

1-12, SiC has one of the highest strengths kept at the highest service temperature of all 

materials77. 
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1.3.1. Silicon Carbide Fiber 

Silicon carbide fiber can utilize the high hardness, low density, high temperature 

mechanical strength, corrosion, oxidation, and radiation resistance, chemically inertness, 

high thermal conductivity, and high decomposition temperature of silicon carbide with 

the increased flexibility of a small diameter fiber (8.5-15µm)78–93. Though the 

advantageous mechanical and thermal properties of SiC fibers is ideal for a large variety 

Figure 1-12 Ashby Map for Materials, Strength vs Maximum Service 
Temperature77 
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of uses, SiC fibers are primarily used as structural reinforcements in ceramic matrix 

composites (CMC) for use in air at temperatures above 1000°C94.  

Silicon carbide fibers are made by the conversion of polymer precursors to 

ceramic fibers95. In 1983, Nippon Carbon Co. first started developing the manufacturing 

technology for synthesizing the silicon carbide continuous fiber, Nicalon96. The Nicalon 

fiber was based on the research published by Professor Yajima and his group in Tohoku 

University in Japan83. Yajima’s research was based on the synthesis of carbon fiber via 

spinning polyacrylonitrile (PAN) fibers which were cross-linked then pyrolyzed. The 

reason for using silicon carbide is because in bulk form it has twice the Young’s Modulus 

of steel with less than half the density and can be used up to 1600°C. Bulk SiC also 

undergoes passive oxidation on its surface in oxidizing and high temperature 

environments, which protects the bulk from the oxidation degradation95.  This first 

commercialized fiber was the first of three generations of fiber, with each subsequent 

generation optimizing its production techniques and precursor fiber material to produce 

smaller diameter fibers with the ability to withstand higher temperatures. The three 

generations of SiC fiber include: (1) Nicalon made by Nippon Carbon Co. and Tyranno 

Lox-M made by Ube Industries; (2) Hi Nicalon (Nippon Carbon) and Tyranno Lox-E 

(Ube Industries); (3) Hi Nicalon S (Nippon Carbon), Tyranno SA (Ube Industries), and 

Sylramic (Dow Corning). 

The first generation of SiC fibers are made by the conversion and oxygen curing 

of polycarbosilane (PCS) (Nicalon), polytitanocarbosilane (PTC) (Tyranno Lox-M) 

precursor fibers containing cycles of 6 atoms arranged like the diamond structure of 3C-

SiC94. The Nicalon fiber was made via dechlorination with metal sodium to convert 
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dimethyldichlorosilane (CH3)2SiCl2 to polydimethylsilane (PDS) [(CH3)2Si]n. The PDS is 

converted to polycarbosilane (PCS)  –[SiCH3H-CH2]n
- by heating it in an autoclave at 

470°C in an inert atmosphere for 14 hours. The PCS is melt spun in a nitrogen 

atmosphere at 300°C to give weak fibers, which is cross-linked, for stabilization, in air at 

145-200°C which introduces oxygen into the polymer. This cross-linked PCS fiber is 

insoluble in all solvents. The cross-linked PCS fiber is then heated to 1200°C in vacuum.  

Table 1-2 Effects of Temperature on first generation Nicalon SiC fiber. 
Temperature Effects 
500°C the low molecular weight components in carbosilanes evaporate, 

increasing weight loss and molecular weight 
800°C hydrogen and methane leave behind free carbon and enhance cross-

linking 
1000°C the gas evolution is complete 
1050°C hydrogen leaves a more regular structure 

 

Tyranno LOX-M uses polytitanocarbosilane (PTC) precursor fibers; Ube added 2 

wt % titanium to help increase the molecular weight which helps with drawing the fiber 

and slightly increases thermal resistance by creating Ti-C bonds at high temperatures. 

This titanium is added by grafting titanium alkoxide Ti(OR)4 between the PCS chains of 

the precursor fiber. These first-generation fibers have a glassy appearance as seen in 

scanning electron microscopy (SEM) images. They contain mostly 3C-SiC (~2nm size) 

but also a lot of free carbon (<1nm size), and Si-O-C as an intergranular phase. The 

things that happen when these fibers are heated to higher temperatures are detailed in 

Table 1-3 94. 
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Table 1-3 Effects of Temperature on first generation Tyranno LOX-M SiC fiber. 
Temperature Effects 
0°-1000°C Strength and Young’s Modulus stay the same 
1000°C-14000°C Strength and Young’s Modulus decrease; Creep is seen due to the 

large oxygen content in the intergranular phase; no stress enhanced 
grain growth observed after deformation. 

1200°C TiC grains appear in Tyranno 
1400°C-1500°C Intergranular phases decompose, CO and SiO leave, rapid SiC 

grain growth, and density and tensile properties decrease rapidly 
 

When used in a CMC, the high oxygen content (10 wt%) of these fibers limits 

strength retention, CMC fabrication temperatures to less than 1300°C, and CMC service 

temperatures to less than 1200°C.  Their low production temperature produces small 

grain sizes (<5nm) but high creep rates made higher by the oxygen at the grain 

boundaries. Their high oxygen and carbon contents makes for low fiber density, elastic 

modulus, thermal expansion and thermal conductivity, which is further degraded by their 

small grain size. They do however come at a lower cost, due to their simple production 

methods89. 

Due to the high oxygen content in the first generation of SiC fibers, the second is 

synthesized by cross-linking PCS and PTC by electron irradiation to decrease the amount 

of oxygen present in the fibers. These second-generation fibers include Hi-Nicalon 

(Nippon Carbon Co) with a 0.5 wt% of oxygen, and Tyranno LOX-E (Ube Industries) 

with a 5 wt% of oxygen due to the addition of titanium alkoxide Ti(OR)4 in the original 

PCS precursor. To create this second generation of fibers, instead of cross-linking the 

weak PCS fibers in air at 145°-200°C, it is electron radiated in a helium atmosphere 
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which still produces cross-linking but not as much oxygen. To produce the finished 

commercial fibers, they are heated to 1300°C as can be seen in Table 1-4. 

Table 1-4 Stages during final production heating phase for 2nd gen. SiC fibers 
 

 

Though the Hi-Nicalon fiber has a smaller amount of oxygen compared to the 

Nicalon fiber this results in an increase in the SiC grain size (5-10nm). There is extra 

non-crystalline SiC surrounding the 3C-SiC, and after heat treatment up to 1450°C the 

SiC grains grow up to 30nm, develop faces, and become in contact with the adjacent SiC 

grains. The Hi-Nicalon does, however, have better organization of free carbon, which has 

a stacking of four distorted layers of an average length of 2 nm, which grows 

predominantly parallel to the faces and can form cages around the SiC grains limiting 

their growth. The Hi-Nicalon fiber has better creep than Nicalon fiber, though heat 

treatments can be used to enhance crystallinity. The microstructure, creep, and oxygen 

content of Tyranno LOX-E is like both first generation fibers even with the electron 

curing process. For these reasons and the fact that electron irradiation is costly, Ube 

Industries did not commercially produce the Tyranno LOX-E fibers.  

Below 
550°C 

Cross-linking mostly happens between the main chains which is induced by 
dehydrogenation condensation of the Si-H groups 

550°C-
800°C 

The side-chains on the cross-linked polymer begin to decompose and CH4 and H2 
are given off producing an inorganic fiber 

800°C-
1000°C 

Hydrogen is given off due to decomposition of C-H bonds in remaining PCS 

1000°C-
1300°C 

Fiber forms 3C-SiC grains, free carbon aggregates, and unorganized intergranular 
phases made of Si and C atoms 

At 
1300°C 

Fiber production temperature; SiC grains kept small by presence of free carbon 
aggregates hindering grain growth 
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Though the Hi-Nicalon fiber has lower oxygen content than before which 

increases the fiber density, modulus, expansion, and conductivity, its high carbon content 

limits these increases. It has higher production temperatures than the first generation of 

SiC fibers it is still limited to 1300°C and the higher production temperatures create 

larger grain sizes which impact their thermal conductivity. Also, the electron irradiation 

leads the Hi-Nicalon fiber to have 4-6 times higher production costs than the Nicalon 

fiber89,94. 

Originally, the creation of these SiC fibers were to put in a SiC matrix which 

resulted in a composite that could be used by the gas turbine generator industry as a 

material to withstand higher temperatures than the nickel based alloys they used at the 

time, which had a maximum temperature of 1150°C. After the SiC fiber-CMC’s 

produced with the first generation of SiC fibers failed to reach the temperature 

requirements, there became a demand for more stoichiometric SiC fibers that were stable 

in air up to 1400°C95. To meet this demand, the third generation of SiC fibers-Hi Nicalon 

S (Nippon Carbon), Tyranno SA (Ube Industries), Sylramic (Dow Corning), were 

created.  

Tyranno SA is made from PCS with the addition of aluminum acetylacetonate to 

create polyaluminocarbosilane. This addition of 2 wt% aluminum is to aid in t cross-

linking the precursor fibers, act as a sintering agent, and aluminum has better corrosion 

resistance than other metals. The precursor fiber is cured by oxidation, the pyrolyzed in 

two stages: 1) cured in inert gas up to 1300C, then (2) converted to stoichiometric fiber 

by heating in Ar up to 1800C. This decomposes the oxide phases, allows the outgassing 

of CO, and sinters the SiC grains with Al94,95,97. The resultant fiber has a diameter of 
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10µm, SiC grain sizes of 200nm, Young’s Modulus of 330GPA, density of 3.0 g/cm3, is 

more granular than other fibers, and contains lots of excess carbon. Sylramic uses PTC as 

their precursor, cured by oxidation and doped with about 1 wt% boron as the sintering 

aid. The precursor fiber is pyrolyzed at 1600°C to form near stoichiometric fiber. 

Sylramic has a diameter of 10µm, SiC grain size of 0.1-0.2 µm with smaller grains of 

TiB2 and B4C, elastic modulus of 390GPa, density of 3.1g/cm3, and excess carbon. An 

additional Sylramic fiber, called Sylramic-iB has the boron removed from the fiber 

surface by heating it in nitrogen gas. This fiber is said to show reduced creep and can 

resist oxidation together with a BN-plentiful surface. Hi-Nicalon Type S does not use a 

sintering agent, but reduces the excess carbon to make a near stoichiometric fiber. This 

fiber is made from PCS cured by electron radiation and pyrolyzed by heating the Hi-

Nicalon fiber above 1500°C in a hydrogen atmosphere, reducing the C/Si ratio from 1.39 

to 1.05. This generation of fibers finally able to achieve the mechanical properties like 

those of bulk SiC, as was first envisioned in the creation of the SiC fibers. They have 

increased Young’s Moduli and thermal conductivities, but retain their strengths and 

moduli up to at least 1300°C (1400°C for Hi-Nicalon Type S). The creep rate for all three 

are on the order of 10-8 s-1 at 1400°C, whereas in earlier generations it was on the order of 

10-7 s-1. Though this generation is more stable in higher temperatures than past 

generations, it has higher creep rate, Young’s Moduli and strength loss than before, 

which is due to larger grain sizes. In Hi-Nicalon type S fiber, there is a small amount of 

free carbon left in the fiber to inhibit grain growth, which is why the SiC grains are 

limited to 50nm. Due to this, the Hi Nicalon type S fiber has good strength retention, 

which was tested after being heated to 1600°C in argon for ten hours. The sintering agent 
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in Tyranno SA and Sylramic fibers, even with larger grain sizes than in Hi Nicalon Type 

S fibers, causes increased creep and earlier strength decrease at and above 1300°C. Since 

the removal of boron in Sylramic-iB fibers correlates to improved creep properties, it 

would imply that the removal of Al in Tyranno SA fibers would increase their thermal 

stability as well89,94,95.  

 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

(d) (e) (f) 

Figure 1-13 (a),(b),& (c)157:Schematics of the microstructure of the  first, second, 
and third generations of SiC fibers, respectively; (d), (e), & (f)94: Microstructure of 
near stoichiometric SiC fiber- (d) Hi Nicalon Type S with 50-100nm SiC grains and 
free turbostratic carbon at the triple points, (e) Tyranno SA with 200nm SiC grains 

and free turbostratic carbon at the triple points, (f) Sylramic with 200nm SiC 
grains, 50nm TiB2 grains, and free turbostratic carbon at the triple points 
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Table 1-5 Properties and compositions of the 3 generations of SiC fiber94,95 
  

   

1.3.2. Silicon Carbide Nanotubes and Nanowires 

Silicon carbide nanotubes and nanowires were envisioned to have the same 

qualities of bulk silicon carbide, with the flexibility and added characteristics that come 

with quantum size effects, similar to CNTs. SiCNWs are the most studied and are thought 

to be the more stable than SiCNTs with the same diameter6. Though they are still 

classified as nanotubes, most currently reported SiCNTs are not standard CNT-like sp2-

bonded nanotubes, but thick walls of sp3-bonded bulk SiC-like crystal structures. Some 

are composed of polycrystalline SiC particles, though some are only rolled up 

nanostructures of bulk SiC6. There are a few difficulties in making just SiCNTs: Si atoms 

on the SiCNT surface readily oxidize at room temperature, which destroys the nanotube 

Trade 
mark  

Mfgr Elemental 
Composition 
(wt%) 

Cross-
linking 
method 

Approx. 
Max 
Prod. 
Temp. 

Density 
(g/cm3) 

Diameter 
(µm) 

Strength 
(GPa) 

Strain 
to 
failure 
(%) 

Young’s 
Modulus 
(GPa) 

1st 
Gen. 
Fiber 

Nicalon 
200/ 
NLM 202 

Nippon 
Carbon 

56Si+32C+12O 
56.6Si+31.7C 
+11.7O 

Oxygen 1200°C 2.55 14 2.0 1.05 90 

Tyranno  
LOX-M 

Ube Ind. 54Si+32C+12O+
2Ti 

Oxygen 1200°C 2.48 11 2.5 1.4 80 

2nd 
Gen. 
Fiber 

Hi-
Nicalon  

Nippon 
Carbon 

62.5Si+37.1C 
+0.5O 

Electron 
irradiation 

1300°C 2.74 14 2.6 1.0 63 

Tyranno 
LOX-E 

Ube Ind. 55Si+37.5C 
+5.5O+2Ti 

Electron 
irradiation 

1300°C 2.39 11 2.9 1.45 99 

3rd 
Gen. 
Fiber 

Tyranno 
SA/SA1/S
A3 

Ube Ind. 68Si+32C+O 
+0.6Al 

Oxygen >1700°C 3.02/ 3.1 10/7.5 2.5 0.75 30 

Sylramic/ 
Sylramic-
iB 

Dow 
Corning/ 
COI 
Ceramics 

67Si+29C+0.8O+
2.3B+0.4N+2.1Ti 

Oxygen >1700°C 3.05 10 3.0 0.75 90 

Hi 
Nicalon 
Type S 

Nippon 
Carbon 

69Si+31C+0.2O Electron 
irradiation 

>1500°C 3.05 12 2.5 0.65 75 
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structure; SiCNWs are more stable than SiCNTs of the same diameter, a few nanometers 

or larger; and SiC has no naturally occurring crystal counterpart to exfoliating graphite to 

get graphene, SiC does not exist as a graphite-like sp2 structured crystal in nature. So, 

although theorists treat SiCNTs as sp2-structured crystals, experimentalists make bulk-

like sp3-structured SiCNTs. SiCNWs, on the other hand, are the most widely studied of 

the two, there are numerous methods in which to synthesize large-scale and high quality 

SiCNWs and SiCNW arrays. 

SiCNWs have excellent mechanical properties. When bending SiC nanorods with 

AFM the Young’s Modulus was found to be 660GPa, and the bending strength was found 

to be 53.4 GPa, which is better than the theoretical Young’s modulus of 600 GPa for a 

[111] oriented bulk SiC crystal98. When bending individual SiCNWs in situ TEM, it was 

found that instead of cracks or crystalline fracture under deformation, the SiCNWs turned 

from crystalline to amorphous at the strained region. There was large strain plasticity 

close to room temperature which happened in 3 stages: dislocation initiation, dislocation 

propagation, and amorphization99. The super plasticity deformation of cubic-SiCNWs 

was demonstrated by stretching the SiCNWs in SEM where the plastically deformed 

region shows identical size and morphology without necking100.  Due to limited studies 

on SiCNTs, the mechanical properties of SiC nanotubes are limited to theoretical 

calculations. In these theoretical calculations, SiCNTs have a Young’s Modulus of 600 

GPa which is similar to the 3C-SiC nanorods in the literature, of 581 GPa101,102. 

Theoretical studies show that SiCNTs are able to be resistant to oxidation exceeding 

1000°C and have a melting point up to 5,600K, which increases with increasing number 
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of nanotube walls 4,10,18,71,73,93,103. SiCNWs are stable up to 1200-1350C, where 

morphological and structural changes occur as forming junctions and dense films104.
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Chapter 2 

Fuzzy Fiber 

Silicon carbide nanotubes and nanowires can be used to further improve the currently 

cutting edge material for high temperature resistant turbo engine parts. Currently, boron 

nitride (BN)-coated silicon carbide fibers are woven, layered, and embedded in ceramic 

matrix composites for use in aerospace applications. By growing three-dimensional 

silicon carbide nanotubes and nanowires (SiCNT/NWs) on the surface of the silicon 

carbide fiber, instead of using the two- dimensional BN coating, not only can the fiber 

itself attain a longer use-life and higher temperatures in higher oxidation, but the 3D 

nature of the SiCNT/NWs adds mechanical strength to the entire composite. When the 

silicon carbide fibers are woven, then layered inside a ceramic matrix composite, the 

“fuzzies” or silicon carbide nanotubes/nanowires restrict the removal, or pull out, of the 

fiber from the matrix and helps cut down on the movement or slippage between the layers 

of the woven fiber and matrix. To effectively restrict movement or slippage, the silicon 

carbide nanotubes/nanowires must be securely embedded in the fiber. Without this strong 
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adhesion between the nanotubes and the fiber, the nanotubes would easily pull out of the 

fiber, rendering the coating ineffectual. Carbon nanotubes are known to be extremely 

strong and resilient due to their morphology, and adhere well to their substrates; by first 

growing CNTs on the silicon carbide fiber these superb properties can be 

harnessed27,46,105. Conversely, CNTs are also known to be unable to withstand high 

temperatures in oxidation, so for the coating, and ultimately the composite, to survive 

high temperatures in oxidation, the CNTs must be converted to silicon carbide 

nanotubes106,107. With this conversion, the silicon carbide nanotubes can utilize the 

morphology of the CNTs, as well as their securely embed into the silicon carbide fiber, to 

create a vastly improved reinforcement material to be used in higher temperatures and 

higher oxidation. 

 

 

 

 

2.1. Improving Current Aerospace Applications  

Better functioning, easier to produce, lightweight, 

mechanically/thermally/electrically robust, chemically inert materials with a highly active 

surface area, are constantly sought after to improve materials currently used in the 

extreme environments encountered in many applications, specifically aerospace 

Figure 2-1 Schematic of the steps necessary to synthesize SiCNTs on SiC fiber: 
pristine SiC fiber, CNTs on SiC fiber, SiCNTs on SiC fiber  
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applications. More specifically, the use of SiC fiber in SiC ceramic matrix composites 

have started being produced for use in commercial high heat engine parts.  

Currently, SiC fiber is being used in SiC ceramic matrix composites for use in the 

hottest parts of a turbine jet engine. This CMC is formed into a part called a “shroud” that 

brings direct air into a high-pressure turbine in the hottest part of the engine, which is 

being used in an F136 jet engine. In 2014, the SiC fiber -SiC matrix composites were put 

in a rotating part in a high stress environment in a low-pressure section. In 2016, the 

commercial CFM LEAP engine, used on the Boeing 737 MAX, Airbus A320 neo, and 

the Airbus A321neo jets, has 18 SiC fiber-CMC shrouds inside of it108. These new CMCs 

will also be used in shrouds, combustor liners, and high pressure turbine nozzles in the 

new GE9X, the largest engine ever built109. The use of SiC fiber in SiC matrix composite 

parts makes for a lighter engine, one third of the weight of the previous nickel alloy 

technology and does not necessitate a cooling system like nickel alloy parts, that can burn 

hotter, temperatures higher than 1300°C, and have a longer wear life110.  

  

 

 

 

 

 

 

Figure 2-2 Left: Turbine engine schematic158 and area where SiC fiber-SiC 
CMC will be used, Right: Illustration of shroud made of SiC fiber-SiC CMC 

and its placement in a LEAP engine111. 

SiC fiber-CMC’s 
used here 
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Figure 2-3 Fiber preform fabrication. Illustration taken from Delvaux111. 

Figure 2-4 Melt infiltration to form CMC. Illustration taken from 
Delvaux111. 

The current method to make these SiC fiber CMCs is seen in Figure 2-3 and 

Figure 2-4, where the fiber is unwoven, coated, put through a matrix slurry, dried, and 

woven, before being put in the SiC matrix111. 

 

 

 

 

 

 

 

 

After coating and weaving, the SiC fiber is immersed in a binder and carbon and 

SiC powder, in contact with Si powder, and heated at more than 500°C to pyrolyze the 

binders. The material is then heated to 1400-1450°C to melt the silicon and infiltrate the 

body with SiC. The resulting material is a dense SiC/Si matrix completely surrounding 

the coated SiC fiber111. 
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The woven sheets of SiC fiber are woven horizontally and pressed together in 

horizontal layers, before being put into the SiC CMC. After mechanical strain, high heat, 

and high oxidation, the SiC matrix cracks. The idea now is that the SiC fiber prevents the 

matrix from cracking further and keeps the part together for a longer wear life in higher 

temperatures. The problem, however, is that the sheets that have been horizontally woven 

and layered together have no strength in the z-direction so they start to move. As they 

move and eventually pull out of the matrix, the entire part starts to fail.  

The most common method of protecting the fiber from oxygenation, and eventual 

breakdown, is the use of a boron nitride (BN) coating, which can be deposited via 

chemical vapor deposition (CVD) enabling low production costs.87 In dry air, the BN 

becomes boron oxide liquid, which reacts with the silica to become borosilicate glass, 

preventing any void between the matrix and fiber caused by oxidation. However, in 

SiC fiber 
BN coating SiC-Si matrix 

SiC- fiber 

SiC-Si matrix 

Figure 2-5 Left: Side view of SiC fiber embedded in SiC matrix; Right: frontal 
view of SiC fiber embedded in SiC matrix111 
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humid environments, as shown in Figure 2-6(i-iii), the boron oxide liquid turns into 

boron hydroxides, which evaporate away, leaving a void between the matrix and fiber. 

Though at 900-1200°C the fiber and matrix produce a thick SiO2 layer to fill the void, 

between 700-800°C the void causes embrittlement, leading to fiber break down.89,112  

 

 

 

 

 

 

 
 

 

 

 

To prevent this matrix-fiber void formation and to increase the CMC’s overall 

mechanical strength, SiCNT/NWs are synthesized on the surface of the SiC fiber, dubbed 

a “fuzzy fiber”. Nano-crystalline forms of SiC, SiC nanotubes and nanowires 

(SiCNT/NWs), due to nano-size effects, are comparatively able to withstand higher 

temperatures and have better mechanical properties than the larger SiC fibers.17,18,113,114 

Figure 2-6 schematic of: (i)-(iii) BN coated-SiCF in SiC Matrix, (i) under 700°C, (ii) 
BN coating evaporating and leaving void between fiber and matrix 700-800°C, and 
(iii) SiO2 filling the void above 800°C, and (iv)-(v) SiCNT/NW coated-SiCF in SiC 

Matrix (iv) under 800°C, and (v) coated with SiO2 above 800°C. 
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However, adding dispersed SiCNT/NWs alone to a composite does not significantly 

enhance the mechanical strength compared to woven SiC fibers.115 By embedding 

SiCNT/NWs in the surface of the SiC fibers, the SiCNT/NWs act as a high-surface-area 

coating to prevent the oxygen being pushed through the cracking matrix from affecting 

the fiber and form a SiO/SiO2 coating at high temperatures, shown in Figure 2-6 (iv-v). 

Furthermore, the SiC fibers surface-anchored SiCNT/NWs entwine with the matrix and 

each other in a Velcro®-like fashion, preventing pull-out from the matrix as well as 

preventing fiber-fiber sliding, depicted in Figure 2-7 and Figure 2-8, increasing the 

overall strength of the structure. The actual Velcro® mechanism contains multiple stiff, 

curled “hooks” which grab or catch onto “loops” of thread. Here, both the CNTs on SiC 

fiber and SiCNT/NWs on SiC fiber contain very curly nanotubes/nanowires radially 

protruding outward from a larger fiber. These fuzzy fibers are ultimately woven, creating 

a fuzzy fiber-fuzzy fiber “hook and loop” mechanism, as well as a fuzzy fiber “hook” and 

matrix (polymer or ceramic) “loop” mechanism. In the first scenario, the first “hook” 

fuzzy fiber grabs and secures onto the second “loop” fuzzy fiber, allowing the curly 

nanotube/wires to intertwine. In the second scenario, the fuzzy fiber “hook” is securely 

embedded in the “loop” matrix, and holds tight when being pulled. 
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To create the strongest fiber-nanotube/wire interfacial bonding necessary to mimic the 

mechanisms of Velcro®, carbon nanotubes (CNTs) are used as a template to synthesize 

the SiCNT/NWs. CNTs, known for their superb mechanical properties and easy synthesis 

methods, can be grown directly on the fiber surface using catalyst dip-coating and water-

assisted chemical vapor deposition (WACVD) to enable a strong nanotube-substrate 

adhesion.32,35,37,116–120 This ability to specifically and easily optimize the growth of CNT 

on fiber has been well documented.121–126 However, due to their susceptibility to 

oxidation and high temperatures, it is necessary for their intended application to convert 

the CNTs to SiCNT/NWs via immersion in Si nanopowder in high temperature.46,127 This 

enables the SiCNT/NWs to retain the relative morphology and secure attachment of the 

initial CNTs, but with high thermal stability in air. With this technique, strongly adhered, 

long, dense CNTs are grown on the surface of the SiC fiber, then converted to 

SiCNT/NWs, to create a novel SiCNT/NW-coated SiC fiber that enhances strength, 

toughness, and recoverability to SiC ceramic matrix composites used in high 

Matrix SiCNT/NWs Fiber 

Figure 2-7 Schematic of SiCNT/NWs on SiC fiber entwinned with eachother and 
SiC matrix 
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Figure 2-8 Schematic of movement of SiC fiber when woven. 

temperatures and oxidative environments. Compared to the direct synthesis of 

SiCNT/NWs, the template synthesis method uses the versatility and interface strength of 

CNT growth to easily and economically optimize the surface morphology of the fuzzy 

fiber by increasing CNT lengths and SiC fiber surface density. Though both various CNT 

growth and CNT-to-SiCNT/NW conversion techniques have been reported, these specific 

CNT growth and SiCNT/NW conversion methods as well as their application for 

mechanical use in high temperature and oxidative environments is novel. 

 

 

 

 

 

 

 

 

 

 

 

Without 
nanotubes 

With 
nanotubes 
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Figure 2-9 Representation of the 500 SiC filaments contained within the SiC fiber 
tow. 

2.2. Project Outline 

To synthesize the SiC fuzzy fiber, carbon nanotubes were first grown on Hi 

Nicalon type S (COI Ceramics Inc), then converted to SiCNT/NWs. This type of SiC 

fiber, which is a third generation SiC fiber, has the least amount of oxygen and 

amorphous carbon, and the most amount of crystalline cubic silicon carbide. Hi Nicalon 

type S SiC fiber is made up of 500 filaments that are 12 µm in diameter, so the ability to 

infiltrate inside the cluster, or tow, to get to each individual tiny fiber, or filament, and 

deposit the catalyst uniformly and create dense, long CNTs, is extremely important. The 

CNTs are used to create a nanotube template that is securely anchored into the SiC fiber. 

After the CNT growth on SiC fiber is optimized, it is characterized and mechanically 

tested to ensure that the CNTs are anchored in the SiC fiber. After this, the CNT-SiC 

fiber composite is converted to SiCNT/NW-SiC fiber, which is then characterized and 

mechanically and thermally tested. 

 

 

 

 

 

Characterization for both steps include: Scanning Electron Microscopy (FEI 

Quanta 400 ESEM FEG), Transmission Electron Microscope (JEOL 2100 Field Emission 
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Gun Transmission Electron Microscope), X-Ray Diffraction (Rigaku D/Max Ultima II 

Powder XRD), X-ray Photoelectron Spectroscopy (PHI Quantera XPS), and RAMAN 

(Renishaw using 514nm green laser). Mechanical testing includes: Tensile testing via 

Dynamic Mechanical Analysis (DMA Q800, TA Instruments) as well as micro-indention 

and friction testing via SEM PicoIndenter PI 85 and TriboIndenter TI 950 (Hysitron, 

Inc.). Thermal testing includes Thermal Gravimetric Analysis (TA Instruments Q600) in 

air with a flow rate of 100 mL/min. 

2.3. Growing CNTs on SiC Fiber 

The goal during this experiment is to deposit the catalyst uniformly over the entire 

SiC fiber and grow long, densely packed CNTs that are securely anchored to the fiber. To 

do this, the SiC fiber is soaked in an iron salt solution to coat the fiber, with iron 

containing particles to act as the catalyst, then CNTs are grown on the surface via water 

assisted CVD.  

 

 

 

c
SiC SiC SiC 

Figure 2-10 Schematic of the process steps required to grow CNTs on the SiC fiber: 
pristine SiC fiber, deposition of iron particles on SiC fiber, and finally grow CNTs 

using the iron particles as a catalyst. 
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Table 2-1 Motivation, Objectives, and Aims of CNTs on SiC fiber 

 

 

2.3.1. Experimental 

CNTs are deposited on to the SiC fiber via water assisted chemical vapor 

deposition. The as-received SiC fiber has an initial coating on it to enable easy handling. 

For the CNTs to adequately adhere to the SiC fiber surface, the coating, or sizing, must 

be burned off in air at 600°C for 30 min. The as-received SiC fiber is cut ~1in and put 

inside a small quartz tube about 3in long and 1in in diameter, which is then put inside a 5 

ft long quartz tube inside a tube furnace (Thermolyne 79400 tube furnace). The ends of 

the larger quartz tube are kept open for adequate air flow during the sizing removal. The 

furnace is heated to 600°C, kept for 30 min, and then cooled. This schematic of the sizing 

procedure can be seen in Figure 2-11 

  

Motivation Objectives Aims 

Prevent slipping of SiC 
fiber when woven and 
pressed inside a CMC 
matrix 

 Grow long CNTs that 
densely cover the entire 
SiC fiber surface 

 
 Create a secure, strong 

attachment between CNT 
and SiC fiber 

 

Optimize CNT growth 
length and population 
density by changing time, 
catalyst type, and CVD 
method. 
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After the sizing removal, the SiC fiber is soaked for 1 hr in a 2.5% iron (II) acetate and 

ethanol solution in a glass petri dish. After 1 hr, the fiber is put inside the small quartz 

tube and heated on a hot plate at 50-80°C for about 1 min while the fiber is pushed 

around. This enables the ethanol to be removed while adhering the iron to the surface of 

the fiber, and preventing the fiber from adhering to the side walls of the smaller quartz 

tube during CNT growth. The fiber inside the smaller quartz tube is then put in the 

middle of the larger quartz tube inside the furnace and sealed on both ends. 1.3 standard 

liters per minute (slm) or 1,300 standard cubic centimeters per minute (sccm) of Argon 

gas is flown in to the large quartz tube to purge it. After 5 min of purging, the Argon is 

switched to 15% Hydrogen-85% Argon as the carrier gas, and the furnace is heated to 

775°C. Once the growth temperature is reached, 15% Hydrogen-85% Argon is flowed 
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Figure 2-11 Sizing burn off schematic of before and after annealing and 
temperature-time procedure graph 
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through a water bubbler into the system at 100sccm for 30 seconds before 100sccm of 

ethylene gas is added to the gas mixture.  

 

At the start of the growth time, the gasses flowing into the quartz tube include: 

1.3slm of 15% Hydrogen-85% Argon, 100 sccm of 15% Hydrogen-85% Argon through a 

water bubbler, and 100 sccm of ethylene. The growth time starts as soon as the ethylene 

gas has started, and varies depending on the length of CNTs required. Here, the growth 

times include: 0hrs (3 seconds of ethylene), 15minutes, 30 minutes, 1 hour, 2 hours, 4 

hours, and 5 hours. To stop the growth, the ethylene flow and water bubbling is stopped.  

After the growth, the furnace is turned off and allowed to cool in the presence of only 

100sccm 15% Hydrogen-85% Argon. The morphological differences seen optically 

between the as-received SiC fiber, the burned out SiC fiber, and the CNT-grown SiC 

fiber can be seen in Figure 2-14. 

 

 

 

1.3 slm 15% H2/Ar 
 

100sccm Ar/H2 through 
water bubbler 

 
100 sccm ethylene 
   

Figure 2-12 Gas types and amounts flowing into WACVD system during CNT 
growth 
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2.3.2. Characterization 

For characterization of the CNT growth on the Hi Nicalon type S silicon carbide 

fiber, Scanning Electron Microscopy (SEM) (FEI Quanta 400 at accelerating voltage of 

15-20 kV), Tunneling Electron Microscopy (TEM) (JEOL 2100 field emission gun TEM 

operating at 200 kV), Raman Spectroscopy (RENISHAW via Raman Microscopy using a 

532 nm laser), X-Ray Diffraction (XRD) (Rigaku D/Max Ultima II Powder XRD using a 

SiC fiber soaked 
in 2.5% Iron (II) 
Acetate solution 

WACVD 

CNTs on 
SiC fiber 

Figure 2-13 Illustration of the process used to grow CNTs on the SiC fiber 

Figure 2-14 Optical images of the SiC fiber bundle as-received, burned out, and 
with CNTs grown on it 
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Figure 2-15 SEM and optical images of as-received HI Nicalon type S silicon 
carbide fiber 

CuKα x-ray tube), and X-ray Photoelectron Spectroscopy (XPS) (PHI Quantera XPS 

using an AlKα x-ray tube).  

The SEM images show the morphology of the CNT fuzzy fiber throughout the 

various steps of CNT growth. The images show: as-received fiber, burned-out fiber, the 

fiber soaked for 1 hr in 2.5% iron (II) acetate-ethanol solution, 15 minute CNT growth, 

30 minute CNT growth, 1hr CNT growth, 2 hour CNT growth, 2.5 hour CNT growth, 4 

hour CNT growth, and 5 hour CNT growth. The 5 hour CNT growth has the longest and 

densest nanotubes, and are ultimately used for the silicon carbide conversion.  

As can be seen in the SEM images in Figure 2-15, the as-received fiber is 

relatively smooth, without craters or cracks. This allows a blank canvas foundation to 

deposit the iron catalyst and grow the CNTs. The iron particles that cling to the fiber after 

soaking for an hour and allowing the ethanol to evaporate vary from small to large. 

Figure 2-16 shows the SEM images of the SiC fiber after soaking, and the varied sizes of 

iron particles can be seen clinging to the surface. Other than iron particle adherence, no 

damage is seen to the actual SiC fiber. 
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After heating to 775ºC, the iron particles can be seen regularly dotting the surface 

and have reduced in size (0-400nm long), shown in Figure 2-17. This shows that with the 

heat, the iron chunks on the surface dissociate into nanoparticles and migrate to become 

evenly distributed all over the fiber surface. This step is important to be able to create a 

fuzzy fiber with CNTs that are densely grown all over the fiber. Without this full CNT 

coverage, the fiber will have places of slippage when in contact with other fibers.  

 

 

 

Figure 2-16 SEM images of 1 hr 2.5% Iron (II) Acetate solution soaked SiC Fiber 

Figure 2-17 SEM images of the iron particles in the SiC fiber after the fiber is 
soaked in the iron-containing solution and heated to 775ºC and cooled. 
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Figure 2-18 SEM images of the SiC fiber with CNT growth times of (a) 15 minutes, 
(b) 1 hour, (c) 2 hours, (d) 4 hours.  

As the CNTs grow on the SiC fiber for longer lengths of time, their length and 

coverage density change. At lower growth times, there are areas of longer CNTs and 

shorter CNTs as well as areas that are completely bare of CNTs. As the growth times 

increase, not only does the average length of CNTs increase, but also density of the CNTs 

coating the fiber, as can be seen in Figure 2-18. 
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Figure 2-19: SEM images of 5 hour CNTs on SiC fiber. These images depict the 
growth density and length desired. The CNTs can be seen grabbing onto each 

other with minimal movement, which is also ideal. 

 

 

 

 

 

 

 

 

The optimal CNT growth time was found to be 5 hours. At this growth time the 

CNTs were long enough to completely cover the SiC fiber, as well as grab ahold of 

eachother with minimal contact, as can be seen in Figure 2-19. The CNTs are seen to not 

only grow outward, but curl around other CNTs and around the fiber creating a large 

mass of entangled curvy, curly CNTs. This morphology enables the fiber to anchor itself 

more securly to other fibers, preventing two or more fibers from slipping by eachother. 

The CNTs have a large variety of diameters, ranging from 20nm to 90nm due to the 

range of iron particle size that resulted from soaking in the iron acetate solution. Also, 

after the conversion to silicon carbide nanotubes, this coating-like behavior will be able 



 69 

to further protect the fiber from high temperatures and oxidation which will enable the 

fiber, and hence the entire composite and high heat engine part, to have a longer life span. 

The TEM images in Figure 2-20 show the morphology of the CNTs on the SiC 

fiber. The high resolution image dipicts a multiwalled CNT with about 14 walls, an inner 

diameter of 10-13nm, and an out diameter of about 20nm. The CNT coating looks to be 

about 1-3µm thick depending on the area. It can also be seen that the CNT follows the tip 

growth mechanism, as the iron particles can be seen in the tip of the CNTs.      

 

 

 

 

 

 

 

 

 

 

 
Figure 2-20 TEM images of CNTs on SiC fiber, some containing iron particles 
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A 532nm laser Raman was used to find the internal morphology of SiC fiber, 2 

hour CNTs grown on SiC fiber, and 5 hour CNTS grown on SiC fiber. The Raman 

spectra in Figure 2-21 (a) shows the comparison of bare fiber (black), 2hr CNTs (green) 

and 5hr CNT(blue) on the fiber. The Raman spectra of the bare SiC fiber shows an 

emphasis on the free carbon contained in the fiber, though this type of SiC fiber contains 

more 3C-SiC crystallites than carbon. The Hi Nicalon type S is the most crystalline of the 

three Nicalon SiC fiber generations, containing highly faulted 10-50nm 3C-SiC grains 

but also free turbostratic C at the grain boundaries91,128,129. The bare fiber has SiC peaks 

can at 795cm-1 and 965cm-1, these peaks are the TO and LO modes of the 3C-SiC grains, 

respectively.  The small peaks located between these two peaks are due to disordered SiC 

involving polytype domains and stacking faults129. The high intensity peaks from 

1300cm-1 to 3100cm-1 are from the intergranular free C, even though there is very little 

amount of free C in this type of SiC fiber. The high Raman cross-section of C-C bonds, 

up to ten times higher than Si-C bonds, is the reason for the high intensity of these 

peaks129.  The peak located at 1355.6cm-1 is the D-band, or disordered-band, which is 

attributed to the sp3-sp2/3 orbitals, and is related to the number of defects. The G-band, at 

1585.16 cm-1, is in all graphitic structures and shows the sp2 stretching modes of the C 

bonds. The ratio of the intensities of the D-band over the G-band is inversely proportional 

to the in-plane graphitic crystallite size, and a good way to figure out the amount of 

disorder in the sample. The peak located at 2705cm-1, the G’ or 2D -band, is common to 

most graphitic sp2 materials and can be used to gauge the relative number layers in a 

crystalline graphitic structure.  
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After the growth of CNTs on the SiC fiber, the Raman spectra shows similar 

peaks as the SiC fiber alone, without the SiC peaks, which is due to the change in depth 

of the Raman laser penetration. When performing Raman on the SiC fiber alone, the laser 

is focused on the surface of the fiber, so the Raman spectra recorded is for the SiC fiber. 

When performing Raman on the SiC fiber with CNTs, the laser is focused on the CNTs 

which limits the spectra resulting from the SiC fiber. So, when analyzing the Raman 

spectra for the CNTs on SiC fiber, the intensity of the peaks coming from the SiC fiber is 

a lot lower than the peaks coming from the CNTs.  

As the CNT growth increases, the carbon peaks gradually change from the D-

band being higher than the G-band in the SiC fiber, to being somewhat more equal in the 

2hr CNTs sample, to finally the D-band is lower than the G-band in the 5hr CNT on SiC 

fiber sample, as can be seen in the D/G band intensity ratio graph in Figure 2-21 (b). This 

shows decreasing disorder, and increasing crystallinity or the amount of CNTs covering 

the SiC fiber. After 2 hours CNT growth, the CNTs are shorter and do not grow as 

densely over the fiber compared to the 5hr CNT growth. The SiC peak around 795cm-1 is 

visible in the 2hr CNT spectra, but not in the 5hr CNT spectra. So, when the Raman is 

performed the laser can penetrate deeper into the SiC fiber in the 2hr CNT sample 

compared to the 5hr CNT on fiber sample.    
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Figure 2-21 Raman spectra of various lengths of CNTs grown on SiC fiber:  
(a) Comparison of bare SiC fiber, 2hr CNTs on SiC fiber, and 5hr CNTs on SiC 

fiber; (b) ID/IG ratio plotted by CNT length  

Figure 2-22 XPS of 15 minute and 5 hour CNT growth time on SiC fiber; (a) Full 
spectrum, and (b) high-resolution spectra in the energy range of the Cs1 signal  

 

 

 

 

 

 

 

 

 

 

 

 

 

1000 800 600 400 200 0
0

10k

20k

30k

40k

50k

60k

70k

C
/S

Binding Energy (eV)

O

C 1s

Si 2p

(a)

15 min CNTs

5 hr CNTs

500 1000 1500 2000 2500 3000

Bare Fiber

2 hr CNTs
 on FiberIn

te
n

si
ty

 (
A

U
)

Raman Scattering (cm-1)

5 hr CNTs
 on Fiber

(a)

SiC Fiber 2hr CNTs on
Fiber

5hr CNTs on
Fiber

0.5

1.0

1.5

I D
/I

G

(b)

290 288 286 284 282 280

2k

4k

6k

8k

10k (b)

5 hr CNTs

C
/S

Binding Energy (eV)

C 1s

15 min CNTs



 73 

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0

200

400

600

800

1000

SiC (222)
SiC (200)

SiC (311)
SiC (220)

In
te

ns
ity

 (
A

U
)

2 Theta (degrees)

CNTs

Free Carbon

SiC (111)

SiC fiber

5hr CNTs on fiber

Aligned CNTs

Figure 2-23 XRD of Aligned CNTs, 5hour CNTs on SiC fiber, and bare SiC fiber 

X-ray photoelectron spectroscopy (XPS), seen in Figure 2-22 , was performed on 

15 minute and 5 hour CNT growth times on the SiC fiber. With this technique, the 

presence and percentage of different elements can be detected in a sample. For CNTs on 

SiC fiber, the elements detected were oxygen, carbon, and silicon. The oxygen content 

peak reduces as the growth time increases. This may because the oxygen burns off 

between 15 minutes and 1 hour of growth time. The C 1s peak increases with increasing 

growth time, which shows that the length and amount of CNTs are increasing as the 

growth time increases.  
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X-ray diffraction (XRD) spectra can be used to determine the crystal structure of 

the unit cells of a sample. Seen in Figure 2-23, the larger the intensity of a peak XRD was 

performed on 5hr CNTs on SiC fiber and, for comparison, the SiC fiber and aligned 

CNTs. The CNTs on SiC fiber have the same peak at 26º as the aligned CNTs, showing 

evidence of the CNT growth. The rest of the spectra is the same as the SiC fiber. The SiC 

fiber has a mounded peak from 15º-33º that is attributed to the free carbon in the fiber. 

The peaks at 35.96º, 41.5º, 60º, 72º, and 75.76º, correspond to 3C-SiC (111), (200), 

(220), (311), and (222), respectively130. 

2.3.3. Mechanical Testing 

Once the morphology and elemental makeup of the fuzzy fiber is confirmed, 

mechanical testing must be carried out to explore the abilities of the CNTs to stay 

attached to the SiC fiber. The reason for growing CNTs on the SiC fiber is to first be an 

anchor and create the morphological shape that the SiCNT/NWs will take after 

conversion. To test how well the CNTs are embedded into the SiC fiber, the fuzzy fiber 

underwent friction and nanotube compression testing. During the friction testing, 

illustrated in Figure 2-24, a probe is moved laterally over the fiber, with and without 

CNTs, in one direction (0 to +5nm), in the opposite direction (+5nm to -5nm), then back 

to the starting point (-5nm to 0). This measures the lateral force used that is necessary to 

overcome the static friction on the surface of the sample to continue to move the probe in 

two directions.  
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Additionally, during this test the friction between the sample and the probe are 

measured versus the time. The reason this test is performed is to not only show that the 

CNTs are adequately embedded in the SiC fiber, but show that the CNTs do not break 

down easily and are mechanically robust. If the CNTs are either pulled from the fiber or 

were crushed with the lateral force of the probe, the friction and the lateral force 

necessary to move the probe would be dramatically decreased due to the smoothness of 

the fiber alone, and the lamellar slippage of the graphite that would result from the 

nanotubes being crushed, which would aid the movement of the probe.  

To verify that the CNTs are completely embedded in the SiC fiber, this test is 

done in two directions, to mimic the multidirectional pulling that would be done by the 

other fibers and the ceramic matrix composite this fuzzy fiber would be eventually 

surrounded by.  In the graph of the lateral force vs lateral displacement in Figure 2-25 (a), 

the lateral force necessary to move over the CNTs was consistently greater than the SiC 

fiber alone, meaning that the CNTs were not pulled out of the fiber and were thoroughly 

embedded. The graph of force vs time in Figure 2-25 (b) shows the fuzzy fiber had 

consistently more friction than the bare fiber, and did not reduce, showing the secure 

Figure 2-24 : Schematic of the lateral movement of the probe over the fiber 
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Figure 2-25 Results of friction testing comparing the bare SiC fiber to CNTs on the 
SiC fiber (a) Lateral Force versus Lateral Displacement, (b) Friction vs Time, and 

(c) Compression testing for a single CNT on the SiC fiber, Load versus Depth 

anchoring of the CNT to the SiC fiber even after being pushed/pulled by the probe as 

well as the ability of the CNTs to structurally withstand the force of the probe. 
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To further measure the ability of the CNTs in the SiC fiber to withstand outside 

compressive pressure and avoid breakage, individual nanotube compression testing was 

performed. To get the full effect of the CNTs on SiC fiber, compression tests were 

performed with the fiber in two different positions: one position involved the fuzzy fiber 

being suspended in mid-air and the other had the fuzzy fiber placed on a silicon wafer. In 

the first scenario, the CNT and the fiber are pushed downward, in the second scenario, 

the CNT is just pushed as the fiber has nowhere to go. The SEM images in Figure 2-26 

detail this compression test; the probe can be seen pressing an individual CNT 

downward. In Figure 2-25(c), this compression test is graphed as load vs depth. Since the 

hysteresis, or area inside the load-unload curve, is relatively small, and the unloading 

curve returns to its starting point, this test shows that the CNT can withstand a 4µm load 

and completely recover its shape. CNTs are initially grown on the SiC fiber to act as both 

an anchor and template, to create the morphological shape that the SiCNT/NWs will take 

after conversion.  
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To mimic the CMC of the fuzzy fiber’s intended application, SiC fiber in a SiC matrix, 

and to demonstrate the ability of this three-dimensional fuzzy fiber morphology to 

enhance the mechanical properties of any matrix composite compared to bare SiC fiber, 

CNT-SiC fibers and bare SiC fibers were dispersed in a polydimethylsiloxane (PDMS) 

matrix. The CNT-SiC fiber and bare SiC fiber were each cut into millimeter-long pieces 

and 0.7 mg were dispersed in 2 drops of PDMS and allowed to dry in a 1 cm by 2 cm 

Figure 2-26 SEM images of the insitu compression of a single CNT on the SiC fiber. 
(a) low resolution image of the whole setup, (b)-(d) images of the compression, or the 
probe putting downward force on a CNT, (e) and (f) higher resolution images of an 

individual CNT bending from the downward force of the probe 
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configuration. The sample was heated at 75°C for 20 min then allowed to dry overnight, 

cured in a 75°C oven for a few hours, then tensile tested vertically via Dynamic 

Mechanical Analysis (DMA) (DMA Q800, TA Instruments), performed by Peter Owuor. 

The SEM images, in Figure 2-27 (a)-(c), of the bare SiC fiber/PDMS composite after 

tensile failure, show the easy pullout of the fiber from the matrix. In the highest 

resolution-SEM image, Figure 2-27 (c), there is clearly a wide void or gap between the 

fiber and the PDMS matrix. This shows the low interfacial strength of the composite 

compared to the CNT-SiC fiber/PDMS composite in Figure 2-27 (d) and (e). The SEM 

images of the CNT-SiC fiber/PDMS composite, Figure 2-27 (d) and (e), show the 

interfacial strength and entanglement of the CNTs with the PDMS matrix. Not only are 

the CNTs entangled with the PDMS matrix, but the adhesion between the CNTs and the 

fiber remains strong during the pullout.  Additionally, the ability of the CNTs to readily 

entangle with each other is shown in the SEM image in Figure 2-27(f). This image was 

taken with no outside force on the fibers or nanotubes, they were simply near each other. 

The stress-strain curve for each sample is plotted in Figure 2-27 (g) and shows that the 

CNTs on the SiC fiber greatly enhances the composite compared to the SiC fiber alone. 

The bare SiC fiber fails at 50% strain and 0.1MPa, whereas the CNT-SiC fiber fails at 

100% strain and more than 0.6 MPa. This is due to the CNTs’ ability to grab ahold of 

each other and the PDMS matrix and provide resistance to tearing and deformation of the 

composite. The SiC fiber alone helps keeps the composite together initially, but then is 

easily pulled out of the matrix leaving it to tear easily. 
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Figure 2-27 (a)-(c) SEM images of CNTs on SiC fiber pulling out of PDMS, (d) and 
(e) SEM images of bare SiC fiber pulling out of PDMS, (f) CNTs readily entangled 

between two CNT-covered SiC fibers, (g)  the CNTs on SiC fiber and bare SiC fiber 
Stress- strain curve, and (h) an illustration of fuzzy fibers in PDMS 
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2.3.4. Results and Discussion 

To create an effective scaffold for synthesizing strong, resilient, completely 

embedded SiCNT/NWs on SiC fiber for high temperature, high oxidation, and stressful 

mechanical applications, CNTs must first be grown on the SiC fiber. CNTs, which are 

strong and resilient due to their structure, provide the shape necessary to be converted to 

silicon carbide nanotubes and nanowires. Additionally, the ease in which the growth and 

secure substrate- attachment of CNTs can be manipulated using bottom-up approaches, 

enables a simple but robust, secure synthesis method useful in industrial scale-up 

processes.  Without the secure bond between the nanotubes/wires and the fiber, the end 

SiCNT/NWs, when in rigorous mechanical contact with other fibers and materials, would 

easily be pulled out of the SiC fiber causing deterioration of the fiber and composite. To 

synthesize the CNT coating on the SiC fiber, WACVD was utilized with an iron catalyst 

deposited by dipping the fibers in an iron acetate solution. The growth time, catalyst type 

and deposition method was optimized to create long, curly, densely dispersed CNTs 

covering the entire SiC fiber. SEM, TEM, Raman, XRD, and XPS were performed to 

confirm the adequate growth and resultant morphology of pristine, optimized CNT- SiC 

fiber. Tensile testing of CNT-SiC fiber/PDMS composites demonstrated the ability of the 

CNTs to effectively secure the SiC fiber in the matrix, compared to the SiC fiber alone.  

Insitu SEM friction and single CNT compression testing was performed to confirm the 

secure attachment of the CNT to the SiC fiber. The friction testing showed that the CNTs 

were secure by pushing/pulling the CNTs in a lateral direction to see if the friction 

decreased, meaning that the nanotubes were removed from the SiC fiber surface. 

Throughout this test, the friction remained constant supporting the presence of securely 
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embedded CNTs in the SiC fiber. The insitu compression testing of a single CNT normal 

to the SiC fiber showed that the CNT was elastic and could return to its original 

configuration after being compressed. This showed that the CNT is also not easily 

removed by compression. By these tests, it was confirmed that the CNTs were securely 

embedded in the SiC fiber, and with optimal mechanical strength and configuration to be 

ready to be converted to SiCNT/NWs. 

2.4. Converting CNTs to Silicon Carbide Nanotubes/Nanowires 

Silicon carbide nanotubes and nanowires, due to their size and morphology, 

possess the advantageous mechanical and high temperature and oxidation resistance 

properties of bulk silicon carbide with the resiliency, strength, and increased flexibility 

due to their size and morphology101,103,130–135. Because of these significantly 

advantageous mechanical and thermal properties, the secure anchoring of SiCNT/NWs to 

the surface of SiC fibers that are woven and layered inside ceramic matrix composites for 

high heat turbo engine parts adds not only mechanical strength, but can further protect the 

SiC fiber from damage. As previously discussed, by first growing CNTs on the SiC 

fiber’s surface before converting the CNTs to SiCNT/NWs, leads to a secure attachment 

of the nanotubes to the SiC fiber as well as provide a structure for the SiCNT/NWs to 

mimic. This SiC “fuzzy fiber” enables the SiC fibers currently used in high heat engine 

parts to be further beneficial and have a longer lifetime.  

After the CNTs are securely anchored and grown on the surface of the SiC fiber, 

the fiber is surrounded by silicon nanopowder and converted at high temperatures in an 

inert atmosphere. During the conversion, the silicon bombards the outer layers of the 
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carbon nanotube ejecting multiple carbon atoms and replacing them with silicon atoms 

creating silicon carbide. As the conversion time increases, the outer-to-inner layers of the 

CNT are converted to silicon carbide. Eventually, the silicon finds weak points in the 

CNT and penetrates inside the tube filling the nanotube with silicon carbide. 

Simultaneously, the excess carbon and silicon form nanowires nucleated from the excess 

iron left on the fiber from during the CNT growth. In the end, there are various stages of 

“filled” silicon carbide nanotubes as well as silicon carbide nanowires. 

 

 

 

 

 

 

 

2.4.1. Experimental 

The conversion method used for this conversion process comes from Janet Hurst, 

a NASA Research Scientist at Glenn Research Center in Cleveland, OH136. Once CNTs 

are grown on the SiC fiber, they can be converted to SiC nanotubes by an additional high 

temperature CVD process. During this process the CNT-SiC fuzzy fiber is immersed in 

Si nanopowder (Sigma- Aldrich, product number 633097, < 100nm particle size (TEM), 

Figure 2-28 Schematic of CNT to SiCNT Conversion from the 
outside inward and eventually filling the center (left to right). 
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≤ 98% trace metals basis), then tapped lightly to get the excess nanopowder off, and 

placed inside a custom-made graphite crucible with a lid. The graphite crucible was 

custom made by the Rice University Machine Shop based off a scaled-up version of a 

graphite crucible used at NASA Glenn Research Center. The graphite crucible is pushed 

into a 5 ft long Al2O3 tube inside a MTI GSL 1600X high temperature furnace. The 

furnace is purged for 45 minutes under 250 sccm Argon gas, then the gas is switched to 

250 sccm 15% Hydrogen/85% Argon and heated to 550°C in 106min. After 30 minutes 

at 550°C, the furnace is heated to 1400°C at 5°C/min then left at 1400°C for 2 or 5hrs 

before ramping down to 20°C in 276 min. The result is a SiC fiber with SiCNT/NWs 

protruding outward around it. The morphological differences seen optically between the 

as-received SiC fiber, the burned out SiC fiber, and the CNT-grown SiC fiber can be seen 

in Figure 2-30. 

 

 

 

 

 

 

 

Figure 2-29 Schematic of the process used to convert CNT-SiC fiber to 
SiCNT/NW-SiC fiber 

SiCNTs on 
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2.4.2. Characterization 

After the conversion, SEM is performed to see the presence of amorphous 

elements as well as the shape of the converted CNTs. The ideal configuration of the 

converted fuzzy fiber is almost the same as the CNT fuzzy fiber configuration, so further 

characterization is usually necessary. Figure 2-31 (a) shows SEM images of 5 hour CNTs 

on SiC fiber, which is used for reference here. The 2-hour conversion of 5 hour CNTs on 

SiC fiber can be seen in Figure 2-31(b), where silicon nanoparticles decorate the surface 

of the nanotubes, some in powder form and some partially melted. In the higher 

resolution image, nanotubes can be seen protruding from the partially melted 

silicon/silicon carbide chunks. This shows the transition between CNTs and converted 

SiCNTs. Figure 2-31(c) shows SEM images after the CNT-SiC fiber has been converted 

for 5 hours. These nanotubes have a very similar appearance as the CNTs on SiC fiber, 

which is ideal. The SiCNTs completely cover the surface of the SiC fiber and are long 

Figure 2-30 Optical Images of bare SiC fiber, 
CNT-SiC fiber, and SiCNT/NW-SiC fiber 
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enough to catch on to other fuzzy fibers. There is very little additional amorphous silicon 

on these samples, though amorphous silicon or silicon carbide is inevitable because the 

sample was immersed in silicon nanopowder and after heating it often sticks to the 

nanotubes. In the higher resolution SEM image, Figure 2-31 (c), shows the presence of 

nanotubes as well as nanowires and excess silicon and silicon carbide. Nanowires are 

inevitable, as their structure is more stable compared to nanotubes, and contribute to the 

advantageous mechanical and thermal capabilities of the fuzzy fiber.  
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Figure 2-31 SEM images of group (top) 5 hour CNT-SiC fiber before the 
conversion to SiCNT/NWs, (middle) 2 hour SiCNT/NW-SiC fiber, and (bottom) 

high resolution image of 5 hour SiCNT/NW-SiC fiber 
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TEM images were taken on two different samples of 5hr converted CNTs that were 

grown for 5 hours on SiC fiber, and compared to the TEM images of the 5 hour CNTs on 

SiC fiber. Figure 2-32 compares the 5-hour grown CNTs on SiC fiber with one sample of 

5 hour converted SiCNT/NWs on SiC fiber. In the TEM images of the CNTs on the fiber, 

the CNTs have multiple walls with a side-wall thickness of about 5 nm, an outer diameter 

range of 21-23nm, and an inner diameter range of 10-12nm. In the lower resolution TEM 

image, the CNTs are curly and dense, and protrude out from the fiber about 0.7µm. In the 

lower resolution TEM images of the 5-hour converted SiCNT/NW, the nanotubes and 

nanowires are a lot less densely packed than before conversion, but they protrude about 

7µm from the fiber. There also seems to be a nice distribution of both nanowires and 

nanotubes, where the nanowires are more straight than the nanotubes, as well as the 

presence of junctions between two nanowires or nanotubes. In the higher resolution 

image, a Si/SiC coating covers the nanotube, where the actual nanowire/nanotube 

diameter is about 20nm, and the coating is about 3nm.  
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Figure 2-32 TEM images of (a) CNTs on the SiC fiber before conversion; (b) 5 hour 
converted 5hr CNT on SiC fiber 

0.5 µm 10 nm
               (c) 

(a)                     (b) 
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Figure 2-33 High Resolution TEM images of (a) cubic SiCNW with stacking 
faults and a Si/SiC outter layer, (b) cubic diffraction pattern showing 

stacking in the [111] direction, (c) the outter morphology of a SiCNW/NT, (d) 
junctions of two SiCNT/NWs, (e) converted nanotube with outer layer, (f) 

converted SiCNTwith outter layer, (g) joint of two converted SiCNTs, (h) tip 
of converted SiCNT, (i) two SiCNTs welded together 
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A different sample of the 5 hour SiCNT/NW conversion was used to get the TEM 

images for Figure 2-33, so were not as many curly nanotubes in these images.  In this 

figure, there is a pronounced difference between the nanowires and converted nanotubes. 

It is clear from these TEM images, and from the next chapter’s TEM images, that there 

are two completely different structures, the SiCNT, as it is referred to here, was once a 

CNT that during conversion, was converted from the outside and through weaker points 

in the nanotube walls. As the conversion time increases, the SiC penetrates the center of 

the nanotube, filling it with hexagonal crystal structured SiC. These SiCNTs have varying 

diameters due to the formation of smaller crystallites that occur during the conversion 

and penetration of Si into the CNTs. What is referred to here as SiCNWs, are wires that 

grow during the conversion, that are longer and straighter than the filled SiCNTs. These 

nanowires as see in Figure 2-33(a), (d) and (f), and the diffraction pattern in Figure 2-33 

(b), have a cubic [111] crystal structure, and have varying amounts of stacking faults. 

Another even that happens during the conversion, is the forming of junctions and 

couplings between the SiCNT/NWs. The outer morphology of a bent SiCNT/NW can be 

seen in Figure 2-33 (c), a junction of a SiCNW and a SiCNT/NW can be seen in Figure 

2-33 (d), a joint of the end of two SiCNTs can be seen in Figure 2-33 (g), and a side-by 

coupling of two SiCNTs can be seen in Figure 2-33 (i)    
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Figure 2-34 Raman of (a) SiC peaks for 2 hour and 5 hour converted SiCNT/NW-
SiC fiber, (b) the intensity of the maximum CNT peak divided by the intensity of the 
maximum SiC peak plotted for the three fuzzy fibers, (c) entire spectrum for 5 hour 

CNT-SiC fiber, 2 hour SiCNT/NW-SiC fiber, and 5hr SiCNT/NW-SiC fiber 
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Raman is performed on 2 hour and 5 hour conversions of the CNTs to 

SiCNT/NW-SiC fiber and compared to 5 hour CNT-SiC fiber to show the change in the 

silicon carbide and carbon peaks. In Figure 2-34, the SiC peaks between 700cm-1 and 

1000cm-1 increase with increasing conversion time. Before the conversion, when the 

nanotubes are all carbon, there is no SiC peak; after 2 hours of conversion, the SiC peaks 

immerge at 787.2 cm-1 and 952.68 cm-1 (tiny peak), which are the TO and LO mode of 

3C-SiC, respectively; after 5 hours of conversion, the SiC peaks are very high at 795.4 

cm-1 and 967.128 cm-1, which are the TO and LO mode of 3C-SiC, respectively.  The 

carbon peaks, between 1300cm-1 and 3100cm-1, for all three samples change significantly. 

In the 2 hour SiCNTs on SiC fiber, the carbon peaks are more like the CNT-SiC fiber; the 

D-peak,1350cm-1 for 2 hour SiCNT/NWs and 1346 cm-1 for CNTs, is lower than the G-

peak, 1577.76 cm-1 for both. This similarity comes from the remaining CNTs in the 

SiCNT/NWs after the conversion. At 2 hours of conversion, the CNTs are not fully 

converted to SiCNT/NWs and remain in the center of the nanotube. After 5 hours of 

conversion, the CNTs are not only fully converted to SiCNT/NWs, but an outer layer of 

Si/SiC coats them. This outer coating contributes to the large D-band in the Raman 

spectra of the 5hr SiCNT/NW- SiC fiber. At 5 hours of conversion, the Raman spectra 

contains a large D-band peak at 1359cm-1, and a less intense G-band peak at 1588.83cm-

1. It is hard to decipher in this scenario how much of the D-band and G-band is 

contributed by the nanotube and how much is contributed by the outside layer that results 

after the nanotube is saturated and the silicon/silicon carbide continues to coat the outside 

of the nanotube. 
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X-ray diffraction (XRD) is a characterization technique that uses scattered x-rays to find 

the crystal structure and/or polytype of a material via distinct peaks137. The XRD peaks 

for the CNT-SiC fiber, 2hr SiCNT/NW-SiC fiber, and 5hr SiCNT/NW-SiC fiber can be 

seen in Figure 2-35. The SiC fiber is made of cubic SiC and carbon, which both have 

intense peaks. The CNT peaks in the CNT-SiC fiber, are easy to determine as they are 

distinct from the SiC fiber. However, when the CNTs are converted to SiCNT/NWs, the 

SiC peaks from the SiCNT/NWs and from the SiC fiber are so similar, and the 

SiCNT/NW peaks so small due to their low percentage material, that if the SiCNT/NWs 

have a different polytype, for instance hexagonal instead of cubic, the difference would 

be too small to detect.  
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The XPS data of the CNT- SiC fiber compared to that of SiCNT/NW- SiC fiber, 

in Figure 2-36, shows the evolution and accumulation of the elements in the nanotubes as 

they transition from carbon to silicon carbide. As expected, the carbon peak is a lot 

higher for the CNT-SiCNT fiber compared to the SiCNT/NW- SiC fiber. The Si 2p peak 

is higher for the SiCNT/NW- SiC fiber than the CNT- SiC fiber, which is also to be 

expected. The Si 2p peak is higher for the 2hr SiCNT/NWs compared to the 5hr 

SiCNT/NWs probably because of the excess silicon/silicon carbide that is still clinging to 

and melted on the nanotubes that has burned off or converted inside the 5hr SiCNT/NWs.  

 

Figure 2-36 : XPS data CNTs on SiC fiber and SiCNT/NW-SiC fiber: cumulative 
data, Si 2p, and C 1s 
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2.4.3. Mechanical Testing 

The addition of SiCNT/NWs to the surface of the SiC fiber improve the mechanical 

properties of the currently used SiC fiber–ceramic matrix composite by hooking onto 

each other as the fibers are sliding against each other and preventing the movement and 

eventual pull out of the SiC fiber from the ceramic matrix. It is known that CNTs have 

superior mechanical properties, such as flexibility, resiliency, and elasticity, but break 

down in high temperatures and oxidation. By using the CNT-to-SiCNT/NW conversion 

method, the resulting SiCNT/NWs should have improved mechanical properties like 

those of CNTs. To demonstrate these properties as well as the adhesion of SiCNT/NWs 

to the matrix and compare them to the SiC fiber alone, SiCNT/NW-SiC fiber and bare 

fiber were each immersed in PDMS and tensile tested via DMA. For this test, 

SiCNT/NW-SiC fiber and bare fiber were each cut into millimeter long pieces and 0.7 

mg were dispersed in 2 drops of polydimethylsiloxane (PDMS) and allowed to dry in a 1 

cm by 2 cm configuration. The sample was heated at 75°C for 20 min then allowed to dry 

overnight before curing in a 75°C oven for a few hours. The sample, illustrated in Figure 

2-37(e), was tensile tested vertically in a DMA. The stress-strain curve for each sample is 

plotted in Figure 2-37(a) where it is evident the SiCNT/NW-SiC fiber enhances the 

mechanical properties of the composite. In the stress-strain curve of the bare SiC fiber in 

PDMS, the composite breaks at 47% strain and has a Young’s Modulus of 2.4kPa. 

Whereas, the SiCNT/NW-SiC fiber in PDMS composite breaks at 98% strain and has a 

Young’s Modulus of 5.1 kPa. It should be noted that the overall Young’s Moduli of these 

samples are low compared to literature, due to the method in which the sample is made. 

These values are strictly for comparison. This increased Young’s Modulus is due to the 
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(a)                   (b)                    (c) 

(d) 

ability of the SiCNT/NWs to entangle with the PDMS matrix, as shown in SEM images 

in Figure 2-37 (a)-(c), preventing SiC fiber pullout from the matrix. These SEM images, 

illustrate the ability of the SiCNT/NWs to prevent fiber pullout and fiber-matrix voids by 

thoroughly securing the fiber to the matrix.  
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Figure 2-37 (a)-(c) SEM images of the SiCNT/NW-SiC fiber/PDMS composite after 
tensile testing, (d)Stress-Strain graph for the tensile testing of bare SiC fiber and 

SiCNT/NW-SiC fiber/PDMS, (e) Schematic of fiber dispersed in PDMS 
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To test how well the SiCNT/NWs are embedded into the SiC fiber, the fuzzy fiber 

underwent the same friction and nanotube compression testing as with the CNT-SiC 

fiber. The lateral force necessary to overcome the static friction on the surface of the 

sample to continue to move the probe in two directions, was measured; as well as the 

friction between the sample and the probe versus time. The reason this test is performed 

is to see how well the SiCNT/NWs mimic the CNTs’ secure attachment to the fiber. If 

the SiCNT/NWs are either pulled from the fiber or were crushed with the lateral force of 

the probe, the friction and the lateral force necessary to move the probe would be 

dramatically decreased due to the smoothness of the fiber alone. To verify that the 

SiCNT/NWs are completely embedded in the SiC fiber, this test is done in two directions, 

to mimic the multidirectional pulling that would be done by the other fibers and the 

ceramic matrix composite this fuzzy fiber would be eventually surrounded by.  In the 

graph of the lateral force vs lateral displacement in Figure 2-38(a), the lateral force 

necessary to move over the SiCNT/NWs was on average, at or higher than for the CNTs 

and SiC fiber, meaning that the SiCNT/NWs were not pulled out of the fiber and were 

thoroughly embedded. The graph of force vs time in Figure 2-38(b) shows the 

SiCNT/NW-SiC fiber had similar amounts of friction as the CNT-SiC fiber, showing the 

secure anchoring of the SiCNT/NW to the SiC fiber even after being pushed/pulled by 

the probe as well as the ability of the SiCNT/NWs to withstand the force of the probe.   

To further measure the ability of the SiCNT/NW-SiC fiber to withstand outside 

compressive pressure and avoid breakage, individual nanotube compression testing was 

performed, like the CNT- SiC fiber testing. It is important to note that the limiting factor 

here, however, can be the width of the layer or amount of amorphous Si/SiC on the 
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surface of the SiCNT/NWs. This layer varies by converted sample and depends on 

several factors: how much silicon powder the initial CNT-SiC fiber was immersed in-as 

too much can melt onto the surface during conversion; how long the growth time was for- 

the longer the growth time the larger likely hood of conversion saturation after which 

excess silicon and carbon atoms start layering on the surface; etc. Because of this, the 

SiCNT/NWs tested by compression on the SiC fiber would probably be covered by a 

layer of SiC/Si, which depending on the thickness may encompass more than one 

SiCNT/NW. 

 These compression tests on the SiCNT/NW-SiC fiber, were performed in the 

same way with the same PicoIndenter as with CNT-SiC fiber. In Figure 2-38(c), this 

compression test is graphed as load vs depth. The large red curve shows the compression 

of the SiCNT on the SiC fiber, and the blue curve shows the compression of the CNT-

SiC fiber. This test shows that the SiCNT/NW-SiC fiber can withstand higher loads at 

greater depths than the CNT-SiC fibers. It was also found that the Elastic Modulus of the 

SiCNT/NW-SiC fiber is 56GPa. 
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2.4.4. Thermal Testing 

The purpose of synthesizing this SiCNT/NW-SiC fuzzy fiber is to apply it to high heat 

engine parts that are subject to constant mechanical interaction as well as high heat and 

oxidation. To demonstrate the thermal superiority of the SiCNT/NW-SiC fiber and the 

CNT-SiC fiber thermogravimetric analysis (TGA) was performed in air, heating the 

Figure 2-38 Results of friction testing comparing the bare SiC fiber, CNT-fiber and 
SiCNT/NW-fiber (a) Lateral Force versus Lateral Displacement and (b) Friction vs 
Time (c) Compression testing for a CNT-fiber and SiCNT/NW-fiber, Load versus 

Depth (inset) SEM image of SiCNT/NW being compressed 
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sample, CNT-SiC fiber and SiCNT/NW- SiC fiber, up to 950°C, and recording the 

weight change of the sample. As can be seen in Figure 2-39 (d), as both fibers were 

heated to 950C, they behaved completely oppositely. As expected with most materials, as 

the CNT-SiC fiber is heated its weight percentage decreases as the CNTs burn off. 

Conversely, as the SiCNT/NW-fiber is heated it increases in weight percentage as the 

outer layer of the SiCNT/NWs acquire SiO2. This process is demonstrated in the SEM 

images in Figure 2-39 (a)- (c). In the SEM images of the SiCNT/NW-fiber before TGA 

testing, in Figure 2-39(a), compared to after heating, in Figure 2-39 (b) and (c), there a 

significant accumulation of additional material on the surface of the fiber after heating. 

These results support the idea that when in the SiC CMC, the SiCNT/NW coating will 

not reduce in air and high temperature, but will be able to increase, filling in any voids 

created by cracks in the matrix, healing the composite. 

 

 

Figure 2-39 (a) SEM images of SiCNT/NW-SiC fiber before TGA and (b) and (c) 
after TGA; (d) weight gain/loss vs temperature TGA data for CNT- SiC fiber and 

SiCNT/NW- SiC fiber 
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For more relatable thermal testing, both the CNT-SiC fibers and SiCNT/NW- SiC 

fibers were burned with a lighter in laboratory air to see compare the reactions of both 

types of materials. Besides optical characteristics, from the SEM images and Raman 

spectra done before and after burning, the CNTs were seen to be completely burned off 

the SiC fiber, while the SiCNT/NWs remained intact, as seen in Figure 2-40 and Figure 

2-41. 

To compare the thermal response of the CNTs to SiCNT/NWs in heat and 

oxidation, the two different types of fuzzy fibers were burned with a regular bic lighter 

for 1 minute in lab air, shown in Figure 2-40 (b). This lighter uses butane for fuel and 

typically burns up to 1000°C. The fibers were burned in a bundle and the flame was 

moved over the length of the fuzzy fiber bundle slowly the entire minute. SEM images 

and Raman spectra were taken before and after each fuzzy fiber was burned. 

The optical image in Figure 2-40 (a) shows the left side of the fiber bundle is 

burned, and the right side is not. In this image, it is clear which side is burned and 

unburned by the color: the left side is grey and orange from the excess iron, and the right 

side is black like CNTs. The SEM images in Figure 2-40(c)-(i), of before and after 

burning the CNT-SiC fiber, clearly show a difference as well. In the SEM images in 

Figure 2-40(b) of before the burning, the CNTs are very visible on the SiC fiber. The 

CNTs are very curly and long and are situated densely around the SiC fiber. After 

burning, as seen in the SEM images in Figure 2-40(c), the CNTs are completely burned 

off. All that is left is ash or excess burned carbon on the surface of the fiber. The Raman 

spectra in Figure 2-40(d) compares the CNT fuzzy fiber before and after burning. The 

after burning spectra is like the spectra of the bare SiC fiber shown in Figure 2-41, 
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though the intensities of the disorder band and the SiC peaks are higher. This may be due 

to the burning of the outer layer of the SiC fiber, revealing more of the internal structure. 

  

Figure 2-40 CNT-SiC fiber before and after burning with lighter for 1 minute: 
Optical images of (a) before and after burning and (b) during burning; (c)-(e) SEM 

images before burning; (f)-(i) SEM images after burning; (j) Raman spectra 
comparing before and after burning; (k) D- and G-band Intensity ratio graph 
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(i) 

The SiCNT/NW-SiC fiber was also subjected to the same conditions as the CNT-

SiC fiber for comparison. A SiCNT/NW-SiC sample was burned for 1 minute with a 

common Bic lighter, which gets up to around 1000°C. From the optical and SEM images 

in Figure 2-41(b) and Raman spectra seen in Figure 2-41(a), the fuzzy fiber looks the 

same as it did before burning. The nanotubes, and even the nanowires, and excess 

silicon/silicon carbide were all undisturbed after burning for 1 minute up to about 1000°C 

in air. The Raman spectra shows the same peaks before and after being burned. This 

supports the idea that SiCNT/NWs can withstand high temperatures and oxidation. 
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Figure 2-41 Optical (a) before burning, (b) after burning, and (c) during burning 
with a lighter for 1 minute, SEM images of the SiCNT/NW-SiC fiber (d) before 

burning and (e)-(h) after burning, and (i) Raman Spectra of 5 hour SiCNT/NW-SiC 
fiber before and after burning with a lighter for 1 minute 
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2.5. Results and Discussion 

After the CNT-SiC fiber was effectively synthesized, optimized, and thoroughly 

tested, it was converted to SiCNT/NW-SiC fiber. While in direct contact with Si 

nanopowder and heated in Ar/H2 to 1400°C for 5 hours, some of the C bonds broke and 

were exchanged with Si atoms, converting the CNTs to SiCNT/NWs from the outside 

inward. This is evident in the 2-hour converted SiCNT/NW-SiC fiber; the Raman, XPS, 

and XRD showed a larger amount of carbon. Additionally, the conversion was confirmed 

by Raman, XPS, TEM, and SEM. The SiCNT/NW-SiC fuzzy fiber was shown to be 

thermally stable up to 1000C and can prevent failure from tensile strain better than SiC 

fiber alone. Overall, the SiCNT/NW-SiC fuzzy fiber improves the mechanical and 

thermal properties when used in a composite, compared to SiC fiber alone. Insitu SEM 

friction and single SiCNT compression testing was performed to confirm the secure 

attachment of the SiCNT to the SiC fiber. The friction testing showed that the SiCNTs 

were secure by pushing/pulling the SiCNTs in a lateral direction to see if the friction 

decreased, meaning that the nanotubes were removed from the SiC fiber surface. 

Throughout this test, the friction remained close to that of the CNTs, supporting the 

presence of securely embedded SiCNTs in the SiC fiber. The insitu compression testing 

of a single SiCNT normal to the SiC fiber showed that the SiCNT was strong, could 

withstand higher loads, is not easily removed by compression. By these tests, it was 

confirmed that the SiCNTs were securely embedded in the SiC fiber, and could 
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immensely improve the strength, thermal and oxidative resistance, and use-life of the SiC 

fiber-SiC CMC composite. 
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Chapter 3 

Converted Spheres 

The ability to use morphologically manipulatable CNTs and conversion of CNTs 

to SiCNT/NWs enables the synthesis of high temperature and oxidative resistant 

materials with increased strength and mechanical resilience. The growth, 

functionalization, and vast variety of architecture synthesis of CNTs have been and 

continue to be thoroughly explored since their popular discovery in the 1990’s 

2,21,24,27,57,60,117,138–148. This ability to create three- dimensional CNT architectures using 

bottom-up approaches and their conversion to SiCNT/NWs, enables their use in creating 

new application-dependent morphologies with both high thermal and oxidative resistance 

and superb mechanical properties. To further explore the idea of synthesizing different 

three-dimensional configurations of SiCNT/NWs, CNT spheres have been converted to 

SiCNT/NW spheres. To create the initial CNT spheres, OH-and COOH- functionalized 

CNTs are mixed with resorcinol, glutaraldehyde solution (GAD), and borax, dropped into 

liquid nitrogen to form spheres, then freeze dried into the resultant spheres. The 



 108 

functionalization of CNTs has been thoroughly explored43,146,147,149–151, whereas the study 

of functionalizing SiCNT/NWs with non-metal molecules is still emerging and facile 

methods of -OH and -COOH functionalization still are not established. During the CNT 

sphere conversion, not only are silicon carbide nanotubes and nanowires synthesized but 

they start to weld into branched configurations at high temperatures. This high 

temperature conversion and welding results in a SiCNT/NW sphere that is more 

mechanically and thermally robust than the original CNT sphere. To demonstrate these 

improved properties and the conversion morphology, characterization, and mechanical 

and thermal testing are performed. Characterization is done with SEM, TEM, XRD, XPS, 

and Raman Spectroscopy. Compression testing is done at room temperature and high 

temperature to exhibit the SiCNT/NW sphere’s excellent mechanical and thermal 

properties. For thermal testing, the sphere, before and after conversion, is burned with a 

lighter.  

3.1. CNT Spheres-Brief Overview 

The original recipe for synthesizing the CNT spheres comes from a recipe for 

making highly porous graphene oxide (GO) interconnected solids152. This recipe was 

further optimized by Vinod et.al. in 2014 to link GO and conformal hexagonal boron 

nitride (h-BN) platelets153.The functional groups on the GO are connected with GAD and 

resorcinol, through mixing, freezing in liquid nitrogen, and lyophilizing (freeze-drying). 

The schematic in Figure 3-1 details the process that binds the GO together using GAD 

and resorcinol. 
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To use this recipe with CNTs, the CNTs must be functionalized. The idea is that 

the more closely related to GO the CNTs are, the better they will be able to cross-link 

with this recipe. For this purpose, the CNTs are functionalized with -OH and -COOH.  

 The CNT spheres were created using water, -OH, -COOH functionalized CNTs, 

resorcinol, glutaraldehyde, and borax117,154,155. They were mixed together and dropped 

into liquid nitrogen to form spheres, then the frozen spheres were put in a freeze dryer to 

sublimate the water out of the spheres and synthesize connected CNT spheres.  

Figure 3-1 Schematic of the original recipe to use resorcinol and glutaraldehyde 
and freeze drying to cross-link graphene oxide (GO). (A) is the starting GO powder, 
(B) is the linking of the GO via functional groups, with two proposed mechanisms, 
and (C) is the finished structure, a cross-linked porous solid. Picture taken from 152 



 110 

3.2. Experimental 

3.2.1. CNT Spheres-Synthesized by Ryota Koizumi 

CNT spheres were synthesized by mixing functionalized CNTs, resorcinol, 

glutaraldehyde, and borax, dropping the mixture into liquid nitrogen to form spheres, and 

freeze drying to sublimate out the water to produce connected CNT spheres. OH-

functionalized CNTs (Multiwall Carbon Nanotubes, OD 20-30nm, length 10-30nm, 

purity > 95%, functional content 1.76%, Cheap Tubes Inc., Cambridgeport, VT) were 

additionally COOH-functionalized via HNO3 in an oil bath (70-80°C) for 5 days. The 

OH-, COOH-CNTs were dispersed in water (10mg CNTs: 1mg H2O) and sonicated for 1 

hour. Glutaraldehyde (7µL/1mL, Sigma-Aldrich, G6257, Grade II, 25% in H2O), 

resorcinol (1.2mg/1mL, Sigma-Aldrich, 398047, ACS reagent, ≥ 99%) and borax (tiny 

grain as catalyst) were added with the OH-, COOH-CNT and water mixture and 

sonicated for 3-4 hours. The larger mixture was dropped with a 3-mL dropper into liquid 

nitrogen to form the spheres, 20µm to 3.5mm in diameter, then put in a freeze dryer 

(Millrock Technology) maintained at -50C and 40mTorr for 4 days. During the freezing 

of the spheres in liquid nitrogen, the glutaraldehyde and resorcinol connect the 

functionalized CNTs into a scaffold and during the freeze drying the water is sublimated 

out154. Optical images of the CNT sphere synthesis process, a theoretical schematic, and 

optical, SEM, and TEM images of the resultant CNT spheres can be seen below in Figure 

3-2 (a)-(g).  
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Figure 3-2 (a) Optical images of the 3D CNTs spheres fabrication method and 
schematic of the resulting morphology; (b)-(d) SEM images of the CNT sphere; (e) 

TEM showing the CNTs sheets which form the interconnected 3D network; (f) 
TEM images showing the structure integrity of CNTs spheres after 

functionalization; (g) TEM image of a single CNT .117,154 
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3.2.2. SiCNT/NW Spheres 

To synthesize SiCNT/NW spheres, OH-, COOH- functionalized CNT spheres are 

immerged in Si nanopowder (Sigma- Aldrich, product number 633097, < 100nm particle 

size (TEM), ≤ 98% trace metals basis) and placed inside a custom-made graphite crucible 

with a perforated lid. The graphite crucible was pushed into the center of a 5 ft long 

Al2O3 tube housed inside a MTI GSL 1600X high temperature furnace. The furnace is 

first purged for 45 minutes under 250 sccm Argon gas, which flushes out any excess 

oxygen that could contaminate the conversion process. Any extra oxygen would cause 

the conversion to produce SiO2 instead of SiC. After purging, the gas is switched to 250 

sccm 15% Hydrogen/85% Argon and heated to 550°C in 106min. After 30 minutes at 

550°C, the furnace is heated to 1400°C at 5°C/min then left at 1400°C for 3 or 5hrs 

before ramping down to 20°C in 276 min. The optical images of the CNT balls mixed 

with Si nanopowder and then from after the conversion can be seen below in Figure 3-3. 

 

 

 

 

 
Figure 3-3 Left: CNT spheres, Middle: CNT spheres in Si nanopowder inside the 
graphite crucible before conversion; Right: SiCNT/NW Sphere after conversion 
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Before the CNT spheres are synthesized, the –OH, COOH functionalized CNTs 

look simply like black powder, and after synthesis they look like black balls that 

disintegrate when squeezed too hard. After converting the CNT spheres to SiCNT/NW 

spheres, they are very resilient and bounce back easily when squeezed. The converted 

spheres have an average diameter of about 0.3cm. 

 

 

 

 

 

3.3.  Characterization 

After the SiCNT/NWs are converted, SEM is performed to see the surface 

morphology of the spheres using a FEI Quanta 400 scanning electron microscope (SEM) 

at accelerating voltage of 15-20 kV. The SEM images in Figure 3-5 are examples of the 

typical morphology of a resulting material using the resorcinol-GAD-freeze drying 

method used here. In Figure 3-5 (a) and (b) layers of graphene oxide (GO) form into 

connected layered sheets to make a foam-like structure152. The SEM images in Figure 

3-5 (c) and (d) also show interconnected layered sheets of a hBN-GO foam153. Similarly, 

the SEM images of the CNT sphere in Figure 3-6 (a) and (b), also exhibit a layered 

structure. These images show that where the GO was already a sheet that formed into a 

Figure 3-4 Schematic of the sphere before and after conversion 
 

1400°C in 250 sccm Ar/H2 CNTs SiCNT/NWs 
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layered structure during the resorcinol-GAD-freeze drying process, the CNT sphere first 

formed flat interconnected sheets of individual CNTs before adhering together in a 

layered structure. For conversion process comparison, SEM images of the CNT spheres 

are compared to 3 hour and 5 hour converted SiCNT/NW spheres in Figure 3-6. In the 

SEM images of the 3hr SiCNT/NW sphere, in Figure 3-6(c)-(f), these flat sheets of 

nanotubes become more spherical masses which abandons much of its layered structure. 

Additionally, these images show the creation of larger nanowires wound around and 

throughout the clusters of smaller nanotubes. Though the converted SiCNT/NWs are still 

sufficiently held together, the resorcinol and GAD should be all gone as they have a 

boiling temperature of 277°C and 187°C, respectively. After 5 hours of conversion, there 

is very little resemblance to the initial CNT sphere. Where the 3hr SiCNT/NW sphere is 

made of smaller, more densely packed clusters, the SEM images of the 5hr SiCNT/NW 

sphere in Figure 3-6(g)-(j) show less dense, but more entwined, larger SiCNT/NWs. In 

these SEM images, there are intertwined nanotubes and nanowires, though more 

nanowires judging by the larger diameters and the straighter morphology. The conical 

shapes around the nanotubes are made up of excess silicon which coats the exterior of the 

nanotubes/nanowires after the conversion process and can weld the SiCNTs and SiCNWs 

each other. Figure 3-6(i) clearly shows the formation of nano-junctions during the high 

temperature conversion process.    
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These nano-junctions are further explored with SEM by dispersing the 

SiCNT/NW sphere in water, sonicating, and dropping the dispersed sphere on SEM 

Figure 3-6 SEM images of the (a), (b) CNT sphere, before conversion, (c)-(f) 
SiCNT/NW sphere after 3 hours of conversion, (g)-(j) SiCNT/NW sphere after 5 

hours of conversion 
 

(a)  (b) 

(g)   (h)   (i)   (j)   

(c)   

(f)   (e)   

(d)   

Figure 3-5 SEM images of typical morphologies of carbon nanomaterials made 
using the resorcinol-GAD-freeze dry method. (a) and (b) GO 3D structures152, (c) 

and (d) hBN-GO interconnected network 
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stubs, with and without carbon tape.  These junctions, as can be seen in Figure 3-7, 

resulted from the conversion, as they cannot be seen in the CNT sphere. After mechanical 

tests, that these branched junctions prove to support the structure of the sphere and 

provide strength and stiffness.  

  

 

 

 

 

 

 

TEM was performed on the 5 hour SiCNT/NW spheres using a JEOL 2100 field 

emission gun transmission electron microscopy (TEM) at operating at 200 kV. With 

TEM the internal morphology of the converted SiCNT/NW spheres are evident. With 

TEM, it can be determined if the converted spheres are nanowires or nanotubes. The 

limiting factor, however, is the amount and quality of dispersion; the converted sphere is 

put into ethanol, sonicated for a few hours, then dropped onto a TEM grid. Without 

adequate dispersion and transfer, the number of nanowires compared to nanotubes, or 

vice versa, will incorrectly skew the ability to judge how much of each is present in the 

sphere.  

Figure 3-7 SEM images of the nano-junctions of nanowires/nanotubes that 
resulted from the SiCNT/NW conversion 
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The TEM images in Figure 3-8 depicts the clusters of CNTs with GAD and 

resorcinol before conversion to SiC. The spheres are a tangled mass of intertwined CNTs 

with varying diameters and lengths.  

 

 

 

 

 

 

 

 

The TEM images in Figure 3-10 and Figure 3-9, show the silicon carbide 

nanowires and nanotubes in a CNT sphere converted to SiC for 3 hours. During this time, 

the CNTs only partially convert to SiC. The TEM images show that the during the 

conversion two different structures are being synthesized: nanowires and nanotubes. The 

nanowires are cubic with stacking faults, as can be seen by the lines across the nanowires. 

In some areas, the nanowires are welded together, which help the mechanical properties 

of the sphere. The stacking faults, however, may lead to quicker failure times than 

without them. The SiC nanotubes start off as many-walled carbon nanotubes which are 

bombarded from the outside with Si particles. During the conversion process, carbon 

Figure 3-8 TEM images of the CNT spheres154 
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atoms are ejected and replaced with Si atoms. The crystalline segments can be seen on 

the outer part of the nanotubes with many walls of carbon inside. The silicon carbide 

shapes the end of the nanotube into a hexagonal-like point before it penetrates the 

nanotube, filling it with hexagonal crystallites. The SiC penetrates the entire carbon 

nanotube from the outside, breaking through its thinner areas, and seeping into the inner 

tube. Eventually, the carbon nanotube looks more like a silicon carbide nanowire, though 

does not have the same layered stacking as the cubic nanowires. It can also be seen that 

the silicon particle adheres to a carbon nanotube. Whether this is a direct conversion of 

CNTs to SiCNT/NW or a growth from excess C and Si atoms in the crucible is hard to 

determine. In Figure 3-9 (a)-(d) there is a SiCNT being converted from the outside 

inward. The inner walls of the nanotube are still carbon, whereas the outside of the 

nanotube is SiC. In Figure 3-9 (e) and (f), the SiC has penetrated inside the inner tube of 

a SiCNT and will continue to fill the inside. In Figure 3-9 (g) and (h) a SiCNT/NW can 

be seen growing from a silicon nanoparticle 
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Figure 3-10 TEM images of SiCNWs and their junctions 

 

 

Figure 3-9 TEM images of the SiC nanowires in the 3hr SiCNT/NW sphere. (a)- (d) 
one SiCNT being converted outside inward; (e), (f) SiC has penetrated inside the 

inner tube of a SiCNT; and (g), (h) a SiCNT/NW is growing from a silicon 
nanoparticle 

 

(a) (b) 

(f) 

(e) 

(d) 

(f) 

(

(c) 

(h) (g) 
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(

(a) (b) 

(c) 

(e) 

Figure 3-11 TEM images of nanowires/nanotubes in the 5 hour SiCNT/NW sphere. 
(a) low resolution image of a SiCNW, (b) diffraction pattern of a hexagonal SiC 
nanotube, (c) progressively higher resolution images of a filled nanotube and its 

lattice structure, (d) a junction of a SiCNW, and (e) two connected SiCNW caused 
by an exterior silicon/silicon carbide coating  

 

(a) (b) 

(d) (e) 
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The TEM images in Figure 3-11, are of the SiC nanowires and filled-SiC 

nanotubes in the 5 hour SiCNT/NW sphere. During the conversion, the SiC not only 

converts the outside of the carbon nanotube but infiltrates and fills the middle. The result 

is a different kind of nanowire than the cubic nanowires that are horizontally stacked. 

Figure 3-11(b) shows the diffraction pattern of the SiC nanowires/nanotubes, which 

shows a hexagonal crystal structure. The TEM images in Figure 3-11(c) have 

progressively higher resolution, from left to right. A 2nm layer of mostly amorphous 

silicon or silicon carbide can been seen coating the filled nanotube, and the crystal planes 

of the 19nm inner filling of the nanotube are evident. The nanowires and nanotubes 

surveyed during TEM were found to have a diameter range of 19-30nm inside the 

coating, though all have a 2nm Si/SiC coating. The TEM images seen in Figure 3-11(d) 

are progressively higher resolution images of a branched-3C-SiC nanowire. The branched 

nanowire looks to be two separate nanowires that were welded together during 

conversion, because where the two are joined together, the crystal structure do not match 

exactly, though they are both have cubic crystal structures. The images in Figure 3-11(e) 

also show progressively higher resolution images of a branched SiC nanowire, though 

this is not a truly branched case. The nanowires here seem to be simply held together by 

the Si coating. At room temperature, this joining would be beneficial to the increase the 

sphere’s ability to recover its shape more quickly after compression.   
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Figure 3-12 Raman spectra comparing the CNT sphere, 3 hr SiCNT/NW sphere, 
and the 5hr SiCNT/NW sphere (a) comparing all peaks, (b) Intensity ratio of the 
highest CNT peak compared to highest SiC peak, (c) just D-band and G-band, 

(d) 3C-SiC peaks 
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Raman was performed using a 532nm laser on the CNT sphere and the 3 hour and 

5 hour SiCNT/NW spheres. It can be seen in Figure 3-12that the cubic silicon carbide 

peaks increase in intensity as the conversion time increases. The max CNT peak to max 

SiC peak intensity ratio in Figure 3-12 (a) shows that the difference between the two 

peaks decrease with increasing conversion time. As seen in Figure 3-12(d), the TO-mode 

increases in intensity with longer growth time, but the LO-mode peak seems to stay the 

same The 3C-SiC TO-mode is 780 cm-1 and 784 cm-1 for the 3 hour and 5 hour 

SiCNT/NW spheres, respectively, and the LO-mode is 920 cm-1 and 927 cm-1 for the 3 

hour and 5 hour SiCNT/NW spheres, respectively. From the comparison of the D and G 

bands of the three spheres in Figure 3-12(c), it can be seen that the D-band is lower in 

intensity than the G-band, meaning less disorder and more ordered crystals, in the CNT 

and 3 hour SiCNT/NW spheres, but are almost level for the 5 hour SiCNT/NW sphere, 

meaning a little more disorder is present than the less converted sample but it is still not 

very disordered. The D-band for the CNT and 5 hour converted spheres are both at 1341 

cm-1, and at 1346 cm-1 for the 3 hour SiCNT/NW sphere. The G-band for the CNT and 5 

hour converted spheres are both at 1574 cm-1, and at 1580 cm-1 for the 3 hour SiCNT/NW 

sphere.  

The XPS data, seen in Figure 3-13(a), comparing CNT spheres with 5 hour 

SiCNT/NW spheres, shows an increase in the Si 2s and 2p peaks and a decrease in the C 

1s peak after conversion, which can be taken as confirmation of the conversion. The 

comparison of the C 1s peaks in Figure 3-13(b) shows the decrease in carbon after the 

conversion, and the shoulder on the SiCNT/NW sphere C 1s peak is the SiC peak, as seen 

in Figure 3-13(d). The SiCNT/NW sphere Si 2p peak, in Figure 3-13 (c) shows the 
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presence of Si-C-O and SiC, and the C 1s peak in Figure 3-13(d) shows C-O, C (sp2), and 

SiC65,156.  
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Figure 3-13 XPS of the CNT sphere and SiCNT sphere (a) full spectrum, (b) C 1s 
peak of the CNT sphere compared to SiCNT sphere, (c) Si 2p peak for the SiCNT 

sphere, (d) C 1s peak for the SiCNT sphere65,156. 
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The XRD peaks, seen in Figure 3-14, compare the CNT sphere to the 3 hour and 5 

hour SiCNT/NW spheres. The peaks for the CNT sphere are: 25.9° C(002), 42.96° 

C(100), 44° C(101), 51.3° C(102), 53.7° C(004), and 78.9° C(110)27. The peaks after 3 

hours of conversion are: 25.9° C (002), 33.6° α-SiC, 35.6° SiC (111), 41.4° SiC (200), 

42.96° C (100), 53.7° C (004), 59.96° SiC (220), 71.7° SiC (311), 75.75° SiC (222), and 

78.9° C (110). The peaks after 5 hours of conversion are: 25.9° C (002), 33.6° α-SiC, 

35.6° SiC (111), 38.6 α-SiC, 41.4° SiC (200), 59.96° SiC (220), 71.7° SiC (311), and 

75.75° SiC (222)130. From this comparison, some of the peaks from the CNTs are still 

present, though lower in intensity, in the partially converted 3 hour SiCNT/NW sphere, 

but not only the major peak for crystal plane C (002) was present in the fully converted 5 
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Figure 3-14 XRD of the CNT sphere, 3 hour SiCNT/NW sphere, 
and the 5 hour SiCNT/NW sphere. 
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hour SiCNT/NW sphere. The 3 hour SiCNT/NW sphere also has the same SiC peaks as 

the 5 hour SiCNT/NW sphere, but lower in intensity. This can be taken as evidence of the 

conversion progression as the conversion time increases. 

3.4. Thermal Testing 

Thermal testing was done by performing Thermogravimetric Analysis (TGA) in 

air and by burning the CNT sphere and 5 hour SiCNT/NW sphere and comparing the 

Raman and SEM before and after burning.  

As seen in the TGA data for the CNT sphere and the SiCNT/NW sphere in Figure 

3-15, the CNT sphere almost completely burns away at 600°C, whereas the SiCNT/NW 

sphere continues to be resilient for a lot longer. Like with the SiCNT/NW -SiC fiber there 

is weight increase after heating from the outer layers of the SiCNT/NWs oxidizing into 

SiO2. This means that the SiCNT/NW sphere can survive higher temperatures in 

oxidation than the CNT sphere. These results are echoed in the second thermal test 

performed: burning the two types of spheres with a lighter and/or butane torch.  
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The second thermal test performed on the spheres was burning them for 1 minute 

with a lighter, which gets up to around 1000°C, and/or 30 seconds with a butane torch, 

which gets up to about 1400°C. An attempt was made to burn the CNT spheres with the 

butane torch but the air flow from the gas was too high, and the CNT sphere would fly 

away. So, the CNT sphere was only burned with a lighter for 1 minute, which can be seen 

in Figure 3-16. During the burning, the CNT sphere broke apart and the outer layers 

burned away, as can be seen in Figure 3-16(a). The SEM images in Figure 3-16(c) show 

that the CNT sphere kept some of its layered structure in the inner part, but not as much 

on the outer part. Another difference is that there are multiple black dots or balls dotting 

the outer layers of sphere. These may be burn marks or the burning of the GAD-

resorcinol particles. The Raman spectra comparing before and after burning looks very 

similar, except the D-band is slightly higher after the spheres were burned. This is due to 

the crystalline CNTs burning into a more amorphous structure. 

400 600 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

W
ei

g
h

t 
(m

g
)

Temperature (°C)

SiCNT Sphere

CNT Sphere

Figure 3-15 TGA data for CNT Sphere and SiCNT Sphere 
 



 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(d) 
Figure 3-16 : CNT sphere before and after burning with a lighter for 1 minute (a) 

SEM images of the CNT sphere after burning, (b) optical images of  before burning 
and (c) after burning, (d) optical image of during burning, and (e) Raman spectra 

of the CNT sphere before and after burning 
 

(b) 

0 500 1000 1500 2000 2500 3000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

In
te

n
si

ty
 (

A
U

)

Raman Scattering (cm-1)

CNT Spheres

Burned 
CNT Spheres

(c) 

(a) 

(e) 



 129 

The SiCNT/NW spheres were burned for both 1 minute with a lighter, and 30 

second with a butane torch. These spheres are denser, so the air flow from the gas did not 

blow them away as easily. During both burning types, the SiCNT/NW sphere did not 

appear different to the naked eye, as can be seen after burning in Figure 3-17(a). When 

comparing the SEM images in Figure 3-17 (b), (c), and (d), after burning there are more 

nanowires on the surface of the SiCNT/NW sphere and thicker junctions than before 

burning. The SEM images before burning had some nanowires and nanotubes mixed 

together, but in the SEM images after both burning types there are excess SiO2 nanowires 

sprouting all over the sphere, making them seem very fuzzy. The Raman spectra 

comparing the two seem the same except with lower intensities of the d-band and g-band 

of the carbon peaks and LO mode of the 3C-peaks. Also, the ratio of the SiC peaks to the 

carbon peaks is a lot lower. This would mean that the carbon atoms burn at lower 

temperatures than SiC. 
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Figure 3-17 SiCNT/NW sphere before and after burning (a) Optical image of 
SiCNT/NW sphere after burning, (b) SEM images of SiCNT/NW sphere before 

burning, (c) SiCNT/NW sphere after burning 1 minute with a lighter, (d) 
SiCNT/NW sphere after burning 30 seconds with a butane torch, and (e) Raman 

spectra comparing the SiCNT/NW sphere before and after burning 
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3.5. Mechanical Testing 

Two forms of compression testing were done: one using Dynamic Mechanical 

Analysis (DMA) (DMA Q800, TA Instruments) performed by Peter Owuor, and one 

using an SEM PicoIndenter (xrPI85, Hysitron, Inc., USA). The first compression test 

using DMA was done by loading and unloading, or compressing and releasing the sphere 

multiple times. From the loading-unloading curves in Figure 3-18(a) and (b) comparing 

the CNT sphere to the SiCNT/NW sphere, the CNT sphere is not as mechanically robust 

as the SiCNT/NW sphere. During the test, the CNT sphere completely lost its shape, or 

was flattened, by the third cycle of compression, whereas the SiCNT/NW sphere could 

continue through 5 cycles and could have gone further, but the test was stopped after only 

5 cycles of loading and unloading the sample. The SiCNT/NW sphere is very resilient 

and maintains stiffness with multiple compression cycles. Figure 3-18(c) shows the 

stiffness of the SiCNT/NW sphere over time. The sphere was compressed and held for 85 

minutes to measure the stiffness over time; as the time increased, the stiffness also 

increased. This shows that the SiCNT/NW sphere has more stiffness and can be 

compressed and return to its original shape multiple times and maintain its stiffness and 

structure for longer, compared to the CNT sphere. 
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(a) (b) 

(c) 

Figure 3-18 Compression testing using DMA. First compression test-numerous 
loading and unloading- graphed as stiffness versus time-comparing SiCNT/NW 

spheres and CNT spheres. (a) graph comparing the two types of spheres cut off at 
last CNT sphere viable loading/unloading curve, (b) entire loading-unloading 

graph for both spheres. Second compression test- SiCNT/NW sphere is 
compressed and held for 85 minutes (c) stiffness vs time graph 
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Figure 3-19 (a) optical image of indenter on CNT sphere, (b) Load-Depth curve 
comparing CNT sphere and SiCNT/NW sphere, (c) Load-Depth curve of 3 increasing 
depth cycles on SiCNT/NW sphere, (d) Elastic Modulus comparison before and after 
conversion, (e) Load comparison at a depth of ~1µm of CNT and SiCNT/NW Spheres 

 

(b) 
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The second mechanical testing done via insitu SEM PicoIndenter, involved 

pushing down on the sphere with a pico-indenter, as seen in Figure 3-19(a) for the CNT 

sphere, up to a certain depth then back up again. By doing this, the elasticity, or 

recoverability, and stiffness of the sphere can be found. The load-displacement curve of 

the CNT sphere is plotted in Figure 3-19, which shows the force necessary to push the 

sphere down to a depth of ~200µm is 200µN. To compare, the SiCNT/NW sphere load-

depth curve is plotted in Figure 3-19 (c), and after three subsequent tests, lower 

load/depth to higher load/depth, the force necessary to push the sphere down to ~145µN 

is about 14000µN. So, even though the CNT sphere was pushed down farther, the force 

required to push it was significantly less. So, while the CNT was somewhat elastic, from 

this comparison the stiffness of the SiCNT/NW sphere is considerably more than the 

CNT sphere.  The Elastic Modulus of each sphere is compared in Figure 3-19(d), which 

shows that the Elastic Modulus for the SiCNT/NW sphere (0.3GPa) is significantly 

higher than the CNT sphere (4.2 kPa). Figure 3-19(e) compares the force necessary to 

push each sphere down about 1µm, which is significantly higher for the SiCNT/NW 

sphere (28.02 µN) than the CNT sphere (7.5 µN). The information gleaned from this 

mechanical data is: The SiCNT/NW sphere, compared to the CNT sphere, is very elastic, 

recovers easily when compressed, and is a lot stiffer than the CNT sphere, though the 

CNT is still elastic and recovers easily up to 200µm, which means the SiCNT/NW sphere 

is more robust and can take higher loads without deforming.  
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The second set of insitu SEM PicoIndenter compression tests were done on one 

SiCNT/NW Sphere at 600C, 700C, then cooled and performed at room temperature. This 

compression testing was performed in the same way as the previous room temperature 

test, a pico-indenter applies downward force on the SiCNT/NW sphere. For this testing, 

the SiCNT/NW sphere was heated to 600°C, 2 compression tests were performed, the 

sphere was heated to 700°C and 2 compression tests were performed, then the sphere was 

allowed to cool to room temperature and 2 compression tests were performed. The left 

side of Figure 3-20 High temperature mechanical testing (left) Load vs Depth graph of 

the insitu SEM compression testing of a SiCNT/NW Sphere at 600C, then at 700C, then 

at room temperature (RT), with the CNT Sphere room temperature compression in the 

inset; (right) top-bottom: SEM images of the SiCNT/NW Sphere during the three 

different compression tests shows the load-displacement curve of each of the 

Figure 3-20 High temperature mechanical testing (left) Load vs Depth graph of the 
insitu SEM compression testing of a SiCNT/NW Sphere at 600C, then at 700C, then 
at room temperature (RT), with the CNT Sphere room temperature compression in 

the inset; (right) top-bottom: SEM images of the SiCNT/NW Sphere during the three 
different compression tests  
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compression tests performed on the SiCNT/NW sphere, with the CNT load-displacement 

curve in the inset. These loading-unloading curves indicate that during increased heating 

the stiffness decreased, though sphere deformation was slight. After heating, however, 

the sphere had increased stiffness from the bonding occurring in high temperatures. As 

was seen in the high temperature conversion process, the SiC/SiO2 can weld in high 

temperatures, allowing the sphere to achieve higher stiffness and compression strength. 

The right side of Figure 3-20 depicts the SEM images taken right after the compression 

tests at the correlating temperatures. This shows that this one sample could withstand 

multiple tests while effectively retaining its morphology. 

3.6. Results and Discussion 

 The CNT spheres are first synthesized using GAD and resorcinol, mixed, frozen 

with liquid nitrogen, then freeze dried. These CNT spheres were compression tested and 

thermal tested. Then the CNT spheres are converted to SiCNT/NW spheres, which are 

made up of both SiC nanotubes and nanowires, at 1400°C in contact with Si nanopowder. 

The evolution of the conversion can be seen in the SEM images of the CNT sphere, 3 

hour SiCNT/NW sphere, and 5 hour SiCNT/NW sphere. These images show a change 

from joined layered sheets made of smaller CNTs, to SiCNT/CNTs in smaller clusters 

with larger nanowires entwinned throughout, to an increased amount of entwinned large 

nanowires and reduced number of smaller clusters. The TEM images show both 

nanotubes and nanowires, as well as plenty of nanojunctions. The outside-inward, then 

eventual inner-tube penetration and filling conversion from CNTs to SiCNTs to filled-

SiCNTs. Additionally, crystalline SiCNWs can be seen alone and welded to each other. 



 137 

The Raman, XPS, and XRD all confirm the conversion from CNTs to SiCNT/NWs. The 

thermal tests confirm the ability of the SiCNT/NW sphere withstand high temperatures 

up to 1000C, in air. Where the CNT sphere burned easily, the SiCNT/NW spheres were 

very like their pre-burned morphology, but with increased weight due to SiO2 nanowires 

and coatings, making thicker junctions. The mechanical tests show that compared to the 

original CNT spheres, the SiCNT/NW spheres are not only stiffer, stronger, and can 

support higher loads, which enables its use in any application that requires high 

mechanical strength and stiffness in compression. Additionally, the compression testing 

at increasingly high temperatures, then at room temperature, showed the ability of the 

SiCNT/NW sphere to maintain high mechanical properties at high temperatures. From 

the compression testing at room temperature, after the heating tests, the SiCNT/NW 

sphere could survive even higher loads than before, showing proof of welding at high 

temperatures to increase the strength and stiffness of the SiCNT/NWs. SiCNT/NWs are 

an extremely good candidate for use in applications requiring high mechanical strength 

and stiffness in compression at high temperatures and oxidation.  
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Chapter 4 

Conclusion 

The world is always looking for materials that can perform better in higher 

temperatures, under more stress, and in extreme conditions. Specifically, the use of 

silicon carbide fiber in silicon carbide matrix composites are formed into high heat 

engine parts because the fiber helps the material have more strength in higher 

temperatures, enabling the part to perform better and last longer. The problem with the 

current morphology of the woven SiC fiber -SiC CMC is that the fibers can be easily 

pulled out of the matrix, and the woven sheets can move in the horizontal direction, 

which causes deformations in the matrix or at least prevents the fibers from adding to the 

positive mechanical properties. By adding silicon carbide nanotubes and nanowires to the 

fiber, the fibers are prevented from pulling out of the matrix; material has better stability 

in the direction normal to it, by creating a Velcro effect between the fibers, securing them 

together in an elastic manor; and the fiber is further protected from the high temperature 

because the SiCNT/SiCNWs act as a protective coating. To ensure the secure adhesion of 
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the SiCNT/SiCNWs to the SiC fiber, CNTs are first grown on it via CVD. After the CNT 

growth and testing to ensure they are completely embedded in the SiC fiber, they are 

converted to SiCNT/SiCNWs via solid-vapor reaction. Through this conversion, both 

SiCNTs and SiCNWs are synthesized from the CNTs as well as the excess carbon and 

silicon nanopowder to create a composite with good mechanical properties, that can 

withstand higher heat than the fiber alone.  

To create an effective scaffold for synthesizing strong, resilient, completely 

embedded SiCNT/NWs on SiC fiber for high temperature, high oxidation, and stressful 

mechanical applications, CNTs must first be grown on the SiC fiber. CNTs, which are 

strong and resilient due to their structure, provide the shape necessary to be converted to 

silicon carbide nanotubes and nanowires. Additionally, the ease in which the growth and 

secure substrate-attachment of CNTs can be manipulated using bottom-up approaches, 

enables a simple but robust, secure synthesis method useful in industrial scale-up 

processes.  Without the secure bond between the nanotubes/wires and the fiber, the end 

SiCNT/NWs, when in rigorous mechanical contact with other fibers and materials, would 

easily be pulled out of the SiC fiber causing deterioration of the fiber and composite. The 

growth time, catalyst type and deposition method was optimized to create long, curly, 

densely dispersed CNTs covering the entire SiC fiber. SEM, TEM, Raman, XRD, and 

XPS were performed to confirm the adequate growth and resultant morphology of 

pristine, optimized CNT- SiC fiber. Tensile testing of CNT-SiC fiber/PDMS composites 

demonstrated the ability of the CNTs to effectively secure the SiC fiber in the matrix, 

compared to the SiC fiber alone.  Insitu SEM friction and single CNT compression 

testing was performed to confirm the secure attachment of the CNT to the SiC fiber. The 
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friction testing showed that the CNTs were secure by pushing/pulling the CNTs in a 

lateral direction to see if the friction decreased, meaning that the nanotubes were removed 

from the SiC fiber surface. Throughout this test, the friction remained constant supporting 

the presence of securely embedded CNTs in the SiC fiber. The insitu compression testing 

of a single CNT normal to the SiC fiber showed that the CNT was elastic and could 

return to its original configuration after being compressed. This showed that the CNT is 

also not easily removed by compression. By these tests, it was confirmed that the CNTs 

were securely embedded in the SiC fiber, and with optimal mechanical strength and 

configuration to be ready to be converted to SiCNT/NWs. 

 

After the CNT-SiC fiber was effectively synthesized, optimized, and thoroughly 

tested, it was converted to SiCNT/NW-SiC fiber. While in direct contact with Si 

nanopowder and heated in Ar/H2 to 1400°C for 5 hours, some of the C bonds broke and 

were exchanged with Si atoms, converting the CNTs to SiCNT/NWs from the outside 

inward. This is evident in the 2-hour converted SiCNT/NW-SiC fiber; the Raman, XPS, 

and XRD showed a larger amount of carbon. Additionally, the conversion was confirmed 

by Raman, XPS, TEM, and SEM. The SiCNT/NW-SiC fuzzy fiber was shown to be 

thermally stable up to 1000C and prevent tensile failure when in composite better than 

SiC fiber alone. Overall, the SiCNT/NW-SiC fuzzy fiber improves the mechanical and 

thermal properties when used in a composite, compared to SiC fiber alone. Insitu SEM 

friction and single SiCNT compression testing was performed to confirm the secure 

attachment of the SiCNT to the SiC fiber. The friction testing showed that the SiCNTs 

were secure by pushing/pulling the SiCNTs in a lateral direction to see if the friction 
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decreased, meaning that the nanotubes were removed from the SiC fiber surface. 

Throughout this test, the friction remained close to that of the CNTs, supporting the 

presence of securely embedded SiCNTs in the SiC fiber. The insitu compression testing 

of a single SiCNT normal to the SiC fiber showed that the SiCNT was strong, could 

withstand higher loads, is not easily removed by compression. By these tests, it was 

confirmed that the SiCNTs were securely embedded in the SiC fiber, and could 

immensely improve the strength, thermal and oxidative resistance, and use-life of the SiC 

fiber-SiC CMC composite. By converting the CNTs to SiCNT/NWs, the elasticity, 

strength, and high temperature, high oxidation resistance improved profoundly.  

By using the CNT sphere as a template for the conversion of silicon carbide 

nanowires/nanotubes, the initial structure could be more secure and easily procured. The 

CNT spheres are first synthesized using GAD and resorcinol, mixed, frozen with liquid 

nitrogen, then freeze dried. These CNT spheres were compression tested and thermal 

tested. Then the CNT spheres are converted to SiCNT/NW spheres, which are made up of 

both SiC nanotubes and nanowires, at 1400°C in contact with Si nanopowder. The 

evolution of the conversion can be seen in the SEM images of the CNT sphere, 3 hour 

SiCNT/NW sphere, and 5 hour SiCNT/NW sphere. These images show a change from 

joined layered sheets made of smaller CNTs, to SiCNT/CNTs in smaller clusters with 

larger nanowires entwinned throughout, to an increased amount of entwinned large 

nanowires and reduced number of smaller clusters. The TEM images show both 

nanotubes and nanowires, as well as plenty of nanojunctions. The outside-inward, then 

eventual inner-tube penetration and filling conversion from CNTs to SiCNTs to filled-

SiCNTs. Additionally, crystalline SiCNWs can be seen alone and welded to each other. 
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The Raman, XPS, and XRD all confirm the conversion from CNTs to SiCNT/NWs. The 

thermal tests confirm the ability of the SiCNT/NW sphere withstand high temperatures in 

oxidation. Where the CNT sphere burned easily, the SiCNT/NW spheres were very 

similar to their pre-burned morphology, but with increased weight due to SiO2 nanowires 

and coatings, making thicker junctions. The mechanical tests show that compared to the 

original CNT spheres, the SiCNT/NW spheres are not only stiffer, stronger, and can 

support higher loads, which enables its use in any application that requires high 

mechanical strength and stiffness in compression. Additionally, the compression testing 

at increasingly high temperatures, then at room temperature, showed the ability of the 

SiCNT/NW sphere to maintain high mechanical properties at high temperatures. From 

the compression testing at room temperature, after the heating tests, the SiCNT/NW 

sphere could survive even higher loads than before, showing proof of welding at high 

temperatures to increase the strength and stiffness of the SiCNT/NWs. SiCNT/NWs are 

an extremely good candidate for use in applications requiring high mechanical strength 

and stiffness in compression at high temperatures and oxidation.  

Besides these two structures, this study of the conversion mechanism from CNTs 

to SiCNT/NWs to simply create an application-specific morphology that is extremely 

strong, stiff, and resilient as well as high temperature and oxidation resistant, can be 

applied to many other materials. This investigation enables the creation of novel 

application-specific materials, and delves into the use of one dimensional nanomaterials 

in a three-dimensional configuration to solve two dimensional problems.  
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