
 
 

ABSTRACT 

ZHAO, HAIBO. Carbon Nanotubes and Carbon Nanotube Fiber Sensors: Growth, 
Processing and Characterization. (Under the direction of Prof. F. G. Yuan and Prof. Y. T. 
Zhu.) 

        With multiple outstanding properties, such as high Young’s modulus, high strength, 

good thermal conductivity and electrical conductivity, carbon nanotube (CNT) has been 

considered as a new generation of material that has many potential applications in many 

fields. One obstacle that stands in the way of applying CNTs in the real world is the limited 

growth length. Catalyst instability is one of the many factors that cause the stops of CNT 

growth. In this research, intermetalic Fe-Zr catalyst was used to grow millimeter long CNT 

arrays. The Fe-Zr particles enabled the growth of 1.7 millimeter long carbon nanotube arrays 

in 45 minutes. A comparison with pure Fe catalyst indicated that adding Zr to iron can 

stabilize the Fe catalyst at the CNT growth temperature and moderate its reactivity. 

        In future, when CNTs are largely used in industrial, mass production of CNTs at a low 

cost is vital for market competition. In many current CNT growth methods, a process of 

depositing a thin catalyst film on top of Al2O3 film on a piece of silicon wafer is required. 

Thus the size of CNT samples is limited by the size of the largest silicon wafer currently 

available, which is 8 inch in diameter. In this study, FeCl2 powders were used as the catalyst 

to grow CNT arrays not only on traditional silicon substrates but also on quartz substrates 

and carbon sheets. This unique method does not require the thin film deposition step, which 

shortens the time used for each batch of CNT growth. The simplicity of this method allows 

an easy scale-up for mass production of CNTs with a low cost. In order to improve this 



 
 

method, HCl was used to assist the CNT growth. HCl was added via flowing a small amount 

of C2H2 thorough a bubbuler where HCl solution was contained. With the assistance of HCl, 

CNT growth could be extended to 1 hour. 3 mm tall non-spinnable arrays and 2 mm tall 

spinnable arrays were produced using this method. 

        With the increasing use of composite materials, real time health monitoring of 

composite structures becomes vital for maintenance purpose as well as prevention of 

catastrophic failure. In this research, a novel prototype of CNT fiber sensor with excellent 

repeatability and stability was applied for in-situ structural health monitoring. The CNT fiber 

was spun directly from CNT arrays, and its electrical resistance increases linearly with 

tensile strain, which makes it an ideal strain sensor. Importantly, it shows consistent 

piezoresistive behavior under repetitive straining and unloading, and good stability at 

temperatures ranging from 77K to 373K. CNT fiber sensors can be easily embedded into 

composite structures with minimal invasiveness and weight penalty due to the lightweight 

and good mechanical properties of fibers. With multiple fibers aligned in the composite, 

crack initiation and propagation could be monitored in situ. 
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Chapter 1: Introduction 

        Carbon nanotubes have attracted many researchers’ interests since CNTs were first 

discovered by Dr.Iijima in 1991.1 With their unique seamless tube structure, individual 

CNTs possess many outstanding properties. Thus, extensive research has been done on 

growing carbon nanotubes and attempting to apply these properties in real applications such 

as high performance composites, electrodes for lithium batteries and super capacitors, 

especially strain sensors.2-23 CNTs have been regarded as a new type of materials for real-

time structural health monitoring due to their lightweight and good mechanical properties. 

Thus, a series of work, including growing long and high quality CNT samples, processing 

CNTs into sensors become important to utilize their sensing properties in real world. A 

detailed literature survey of properties, growth, applications of carbon nanotubes will be 

present in the following text. 

1.1 Carbon Nanotube 

        Carbon Nanotube is one type of allotrops of carbon. It has a hollow cylinder structure. 

As shown in Figure 1.1, Single-walled carbon nanotubes (SWNTs) can be considered as a 

seamlessly rolled-up graphene sheet, while multi-walled carbon nanotubes (MWNTs) are 
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close tube structure with multiple layers. Three different types of CNT structures, zigzag, 

chiral and armchair structures, can be formed based on the coordination of carbon atoms in 

the crystal structure. Two integer indexes (n, m) and two basis vectors (a1, a2) for a graphite 

sheet are used to define the wrapping, thereby the CNT structures, which is shown in Figure 

1.1. a1 and a2 are two unit vectors with different directions. If the two indexes are identical 

then the CNT has an armchair structure. If (m=0) then the CNT is considered as zig-zag 

structure. Other wrapping cases produce CNTs with chiral structures. 

 

Figure 1.1 Carbon nanotube structures defined by the wrapping directions of graphite sheet. 
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1.1.1 Properties of Carbon Nanotube 

        Nanotubes have many outstanding properties that are superior to other materials. For 

example, the length-to-diameter ratio of nanotubes can be up to 1.32×108,24 which is the 

largest in currently available materials, and this ratio could be tuned based on the 

requirements. The theoretical Youg’s modulus of individual CNTs is around 1TPa and 

tensile strength of single CNT is around 100 GPa.25,26 The experimental value of Youg’s 

modulus and tensile strength of CNTs are around 0.8TPa and 60GPa,27,28 which are lower 

than theoretical value because in reality, defects exist in the CNT structure. Considering the 

low weight density of CNTs, which is around 1.3g.cm-3,29 the specific Youg’s modulus and 

strength are extremely higher than other materials. Therefore, scientists predict that CNT is 

the only material among the currently available materials that won’t fracture itself by its own 

weight when used for building a space elevator from the outer space to the earth.30 CNTs 

also have a large electric current density as high as 4×109 A.cm-2 and the conductivity of 

CNTs range from 200 to 105 S.cm-1.31,32 Thermal conductivity of nanotubes is around 3500 

W.m-1K-1, which is much better than copper.33 Nanotubes are also good piezoresistors. The 



4 
 

conductivity of CNTs changes dramatically when subjected to tension. The gauge factor 

ranges from 200 to 1000 depending on the CNT structures.34,35 

1.1.2 Applications of Carbon Nanotube 

        Due to their unique properties described above, numerous potential applications of 

CNTs have been proposed and studied in recent years. In combination of mechanical, 

electrical and thermal properties, nanotubes could be applied in many fields, such as 

transistors and emitters,36-44 thermal acoustic instruments,45 electrodes for lithium ion 

batteries, fuel cells and supercapacitors,9-12,46-50 composite materials for wind turbine (Bayer 

Material Science), bullet proof vests, body armors (Block Textiles, Inc), atomic force 

microscope tips,51 chemical/biochemical sensors and strain sensors.14-23,52-54     

1.2 Carbon Nanotube Growth 

        As the technique for the real application of CNTs in industrial has already developed to 

a new level, the cost of production of CNTs in sizable quantity becomes a major concern. 

Today, tremendous efforts have been made on pushing CNTs from laboratory trials to 

industrial mass production. Several companies, including Nanolab, Carbon 

Nanotechnologies, Inc., Firstnano, Catalytic Materials, Hyperion, Nanocyl, SouthWest 
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Nanotechnology, have already supplied large amount of CNTs to the world. However, the 

annual production of CNTs are only 36 500 metric tons in 2004, which is much lower than 

carbon black at 9 600 000 metric tons.55 Among the most popular methods used for growing 

nanotubes, including arc discharge, laser ablation, and chemical vapor deposition (CVD), 

CVD is now considered as the most efficient way for industrial yields of CNTs where low-

cost, large quantity and high quality could be achieved simultaneously. However, qualities of 

CNTs produced by arc discharge or laser ablation are higher than CVD method. For 

applications, such as single tube emitters, diodes, atomic force microscopy tips et al., where 

CNTs with high quality are necessarily required but only a small amount of CNTs are 

needed, arc discharge or laser ablation is preferred. 

        The principle of arc discharge or laser ablation is that carbon free atoms are generated 

at a localized high temperature around the carbon electrodes or carbon targets by supplying a 

large electric current or using a strong laser beam. The free carbon atoms will form CNTs 

and other carbonaceous byproducts at the cool environment.56 Due to the requirements of 

large electric current, high vacuum, frequent changing of carbon electrodes and targets, arc 

discharge and laser ablation are high-cost, difficult and expensive to scale up. Therefore 
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these two methods could not meet the needs of large quantities of CNTs in the growing 

industrial market. 

        Chemical vapor deposition has shown the versatility and flexibility in growing carbon 

nanotubes. Thousands of combination can be selected for growing CNTs from a large 

variety of CVD designs, growth temperatures, carbon source gases and catalysts. Many types 

of CVD have been successfully used to grow CNTs with relatively large quantities, 

including fixed beds (catalysts are fixed on substrates),57-60 fluidized beds (catalyst particles 

are agitated by the flowing gas and filled with the whole space of the reactor),61-63 aerosols 

(catalysts are made into aerosols and are injected into the reactors),64,65 floating catalysts 

(catalysts are floating instead of being fixed on substrates).66,67 Temperature used to grow 

CNTs using CVD methods ranges from 450 to 1000°C depending on the selection of other 

parameters.68-72 A variety of carbon source gases, including methane, carbon monoxide, 

ethylene, acetylene, ethanol, propylene, ferrocence, benzene, xylene, propylene, n-pentane et 

al., have been used to supply free carbon radicals for nanotube growth.73-79 Transition metals, 

metal oxides, and their alloys such as Fe, Co, Ni, Mo, Pt, Fe2O3, Fe-Co, Fe-Mo, LaFeO3, 

CuNi, Co-V et al. have been successfully used for catalyzing the disassociation of carbon 
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source gases to grow CNTs.80-90 Catalysts are often deposited on stable buffer layers on 

silicon wafers including Al2O3, MgO and SiO2.91-98 Ar and H2 are often used to moderate the 

CNT growth.84,85 A small amount of water vapor and air are usually supplied to the CVD to 

assist the growth.99-103 With so many parameters available for choosing, it is important to 

understand the influences of these variables on the CNT growth.   

1.2.1 Influences of carbon source gases on carbon nanotube growth  

        Hundreds of CNT precursors have been successfully used for CNT growth. Different 

carbon source gases require different temperature to break down C-H bonds and C-C bonds 

to release free carbon radicals. A general rule is that triple C-C bonds are easier to break than 

double C-C bonds and double C-C bonds are easier to break than single C-C bonds. Thus, 

temperature used to grow CNTs for different CNT precursors is C2H2>C2H4>CH4.104 

However, the temperature might be different depending on other parameters such as type of 

CVD systems, activity of catalysts. Generally speaking, the more thermally stable the CNT 

precursors are, the higher temperature is required for CNT growth. 

        The morphology of CNTs could be affected by the molecular structure of CNT 

precursors. CNTs produced from linear hydrocarbons such as methane, ethylene, acetylene, 
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are usually straighter than cyclic hydrocarbons such as benzene, xylene, fullerene and 

camphor.105 It is possible that the long zigzag carbon bone chains construct CNTs as a basic 

building block without breaking into single free carbon radicals. Herein, the molecular 

structure of CNT precursors is somewhat maintained in CNTs. 

        It has been proved that high quality CNTs could be produced from precursors 

containing oxygen atoms such as ethanol.106 CNTs are almost free of amorphous carbon due 

to the etching effect of hydroxide groups.106 However, ethanol is liquid at room temperature 

and could not directly delivered to the reactor like other gases. Supplying ethanol to the 

CVD system has been accomplished by flowing a carrying gas through the liquid ethanol to 

pick up some vapors. It is believed that long CNT arrays could be grown using ethanol since 

the CNTs are much cleaner and catalysts are expected to be active longer because of little 

amorphous carbon produced during the growth. However, no paper has been reported on 

long CNTs grown by ethanol. 

        Organometallic compounds such as ferrocene, cobaltocene, nickelocene have special 

structures containing metal atoms in each molecular. Free metal atoms are released to form 

nano-catalyst particles during the decomposition of these compounds. Therefore, 
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organometallic compounds are self-catalyzing and have a high efficiency in growing carbon 

nanotubes. Nanocom has fabricated 3-D spider-web like carbon nanotube network using 

ferrocene precursors and these CNT webs could be made into CNT sheets with nanotubes 

aligned randomly. High Performance Composite Center in Florida State University has 

produced high volume fraction carbon nnaotube composites from these CNT sheets.107 

Composites fabricated from these functionalized CNT sheets have both Young’s modulus 

and tensile strength much higher than any other currently available carbon fiber reinforced 

composites.     

1.2.2 Influences of temperature on carbon nanotube growth 

         Temperature has a strong influence on the decomposition of hydrocarbon compounds. 

The decomposition of hydrocarbon precursors often requires a high temperature. The higher 

the growth temperature is, the faster the carbon sources gas decomposes. If the rate of 

producing free carbon atoms is larger than the rate of carbon nanotube growth, extra carbon 

atoms will precipitate into amorphous carbon. In other words, there is a rate limitation of 

carbon radicals transferring into crystallized CNTs. Too much carbon supplying will 

extinguish the growth by forming a amorphous carbon layer on the surface of catalysts. 
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Herein an optimized growth temperature is usually used for a certain type of CNT precursor 

and catalyst to moderate the decomposition rate and growth rate.108 

        Temperature also has a strong effect on the structure and morphology of carbon 

nanotubes. It has been found that SWNT usually grows at high temperatures above 900°C 

and MWNT usually grow at a relatively lower temperature.109,110 There is an argument on 

the influence of temperature on CNT diameters. A couple of groups reported that the outer 

diameter of CNTs increased as the increase of growth temperature.110 However, Li and Zhu 

observed the decrease in diameters as the growth temperature increases.109 Zhu also found 

that CNT grown at higher temperature have better quality than that grown at lower 

temperature.109 The contents of amorphous carbon and defects in CNTs decrease as the 

growth temperature goes up.  

1.2.3 Influences of catalyst composition on carbon nanotube growth  

        Many types of catalysts have been used for catalyzing the decomposition of carbon 

precursors.80-90 The purposes of using catalysts are decreasing the hydrocarbon 

decomposition temperature and help arrange the decomposed carbon radicals to form tube 

structures. By using catalysts, several groups have successfully grown CNTs at temperatures 
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as low as around 550°C.108 Among the tenth of hundredth of metal catalysts, Fe, Co and Ni 

are the most widely used catalysts due to their high efficiency and low costs.  The order of 

catalyzing activity of these three transitional metals is Ni>Co>Fe.111 Thus Ni is usually 

chosen for catalyzing methane which is more thermally stable than ethylene and acetylene 

and requires higher temperature to break down the molecular. And Fe is often used for 

decomposing ethylene and acetylene.   

        Bimetallic catalysts consisting two or more elements have been developed for purposes 

of moderating the catalysts activity and thermal stability. Alvarez112 found that in a Co-Mo 

catalyst system, single-walled CNTs are often produced with a high concentration of Mo in 

the bimetallic catalyst, while multi-walled CNTs are grown using Co alone. Mo is inactive at 

the growth temperature they used. Thus adding Mo to Co decreases the effective mass of 

catalyst in the bimetallic system. The morphology of the CNTs grown has a relationship with 

the catalyst activity in Co-Mo system. Zhu et al.84,85 observed the composition of Co-Mo 

particles under high resolution TEM. They found that Catalyst particles with 5–15 at.% Co 

tend to produce long CNTs, those with 40–45 at.% Co tend to produce short CNTs, and 

those with 85–98 at.% Co tend to produce onionated morphology. 
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        It has been demonstrated that catalyst particles are very mobile and can change shape 

quickly during the CNT growth.113 The in-situ TEM observation of catalyst particles confirm 

that metal particles are in liquid or quasi-liquid status. As shown in Figure 1.2, The Fe 

particle was observed to keep changing shapes very quickly as CNTs grew longer. 

Considering the mobility of metal particles at high temperature, it is not difficult to speculate 

that the particles tend to grow larger and larger due to the Ostwald Ripening effect and 

finally lost their catalyzing capabilities. It is expected that the bimetallic particles are more 

thermally stable because the dragging interaction between different elemental atoms because 

of the partial covalent bonding between them. Bimetallic (Fe-Pt) catalyst was observed to 

remain static on the substrate as the CNTs went on growing up confirming the better thermal 

stability.82 
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Figure 1.2 In-situ TEM images of nucleation and growth of a MWNT from a nano-particle 
on a substrate showing that nano-particle could change shape very quickly during the growth. 
The recording time is shown in images (taken from Yoshida et al.113). 
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1.2.4 Influences of buffer layers on nanotube growth  

        It has been found that metal catalysts supported on a stable oxide layer have much 

better performance in growing CNTs than catalysts on silicon substrates.91-98 Al2O3, MgO 

and SiO2 have been considered as three types of stable oxides that are suitable for carbon 

nanotube growth. Although the fundamental mechanism of this supporting effect has not 

been established since no solid evidence has been found, a couple of assumption has been 

made. One assumption is that the buffer layer could prevent the chemical reaction between 

the metal catalyst and silicon substrates which are widely used as substrates in the fixed-bed 

CVD.114 Most metal catalyst, especially the most widely used Fe nanoparticles, could react 

with Si substrates at the CNT growth temperature. The buffer layer between metal particles 

and Si substrates physically separates them and prevents the chemical reactions. Another 

speculation is that metal particles tend to appear in sphere shape on buffer layers which is 

beneficial for CNT growth.95,114 Metal catalyst has higher surface tension on oxide layer than 

Si substrates. In order to reduce the surface energy, metal particles will have round shape 

with a large contact angle with the oxide layer, which help the uniform distribution of 

catalyst.  
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1.2.5 Influences of Ar and H2 on nanotube growth 

        Argon and hydrogen gases are often used to grow CNTs together with carbon 

precursors.70,84,85 The function of argon is to dilute the carbon feedstock gases herein 

moderating the decomposition rate of hydrocarbons. By decreasing the partial pressure of 

carbon source gases in the CVD system, the probability of carbon precursors colliding with 

catalyst particles decreases. With less hydrocarbon decomposed, less amorphous carbon is 

expected with a sacrifice of growth rate. H2 is often used to reduce the oxidized metal 

catalysts before CNT growth starts. During the growth, the continuous purging of H2 might 

help to remove part of amorphous carbon. It is reported that a high hydrogen flow rate could 

suppress carbon formation.70 The evidence supported their assumption was that SWNTs 

were usually grown with a higher hydrogen flow rate while growing MWNTs requires a 

lower hydrogen flow rate.  

1.2.6 Influences of water vapor and air on nanotube growth 

        Adding a small amount of water vapor or air into the CVD system is beneficial for CNT 

growth. It is believed that water vapor and air are weak oxidizers that could transform 

amorphous carbon into carbon oxide, which sustained a longer growth time since less 



16 
 

amorphous carbon is accumulated.99-103 Accumulation of amorphous carbon on catalyst 

particles is regarded as one reason that stops CNT growth. By supplying a finely-controlled 

water vapor to the CVD system, Dr.Ijima’s group grew 2.5 mm tall SWNT arrays in 10 min. 

The fast growth rate and increased height of CNTs resulted from the water vapor that 

dramatically enhanced the catalyst activity and lifetime. Following the water-assisted growth, 

another group explored the role of water in super growth of single-walled carbon nanotube 

carpets. They found that the present of oxygen and hydroxyl groups could reduce the 

diffusion rate of catalyst atoms. Therefore Osawald ripening was inhibited and catalyst 

particles could maintain their shape and size during the growth.103 Ajayan et al.100 produced 

1.5 cm tall CNT bundles using air-assisted growth in 15 hours. Such a long catalyst active 

time attributed to the ability of air to remove the amorphous carbon. With air injected in the 

system, lengthening process continued and thickening process was inhibited.100   

1.3 Carbon Nanotube Array 

        Carbon nanotube array is also called carbon nanotube forest which is often vertically 

grown on a piece of substrate using fixed-bed CVD method. As-grown CNTs in the array are 

all aligned in the vertical direction. This alignment is beneficial for applications in 
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fabricating field emission devices. The alignment can be also transferred into horizontal 

direction after shear pressing the array. The vertically grown array is a precursor for making 

composites with CNTs all aligned in one direction rendering good electrical and mechanical 

properties in the aligned direction. 

        The height of CNT array varies from a couple of micrometers to centimeters.61-103 It is 

very obvious that the taller the CNT array people can ever grown, the better the mechanical 

and electrical properties of the composites made from these arrays will be. However, the 

height of the array is still limited at the range of millimeters. The current record of longest 

CNT array (18 mm) was set by a research group in Cincinnati University. Growing meters 

long CNT array is still a challenging work that is under research by many groups. 

1.4 Carbon Nanotube Fiber  

        A carbon nanotube fiber is a CNT assembly in the form of fibers consisting of solely of 

nanotubes. There are two major methods to fabricate CNT fibers. One is winding the aerogel 

like CNTs growing in the hot furnace.115 The other method takes advantage of the unique 

feature of special arrays in which CNTs are close to each other and have optimized 

entanglement allowing them to be pulled out continuously one after another.116,117 CNTs in 
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the fiber are buckled together and have good contact with each other which renders the fiber 

with good mechanical and electrical properties.    

1.4.1 Carbon Nanotube Fiber Fabrication  

        Li et al.115 first developed the winding method by spinning CNT fibers from the CNT 

aerogel in the hot zone of CVD system. The main advantage of this method is that the fiber 

spinning process is continuous. Gas precursors are continuously flowing into the reactor 

allowing a continuous CNT growth. CNTs are blown into a gas phase suspension and are 

continuously wound up by a rotating needle. Zhang et al.117 developed a method downsizing 

the traditional textile technique for spinning fibers. CNTs are first drawn continuously from 

as-grown arrays and then spun into fibers with diameters of several micrometers. A research 

group in Los Alamos Lab produced millimeter long drawable arrays from which fibers can 

be spun116. Fan et al118 in Tsinghua University grew spinnable arrays on a large scale on a 

piece of 4-inch diameter silicon wafer. Large sheet of CNTs could be drawn out of the array 

and spun into fibers. Recently a group in Shizuoka University developed a one-step CVD 

method for producing drawable CNT forests on quartz substrates.119 This method does not 

require the step of catalyst pre-deposition on substrates as most traditional CVD methods do. 
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Thus the production of such special arrays is faster and could meet the industrial needs if 

scaled up.     

        It has been not achieved to an agreement on why CNTs could continuously drawn from 

the vertically grown CNT array. Zhang et al.117 claimed that CNTs are all connected at the 

ends at the top and the bottom of the arrays by amorphous carbon layers. However, another 

group showed that their spinnable arrays are free of amorphous carbon layers at the top and 

bottom.118  Instead, they assumed that the strong Van der Waals force between CNTs 

allowing that when one CNT is pulled out, their closest neighbors are taken. Nevertheless, it 

is quite challenging to produce such drawable arrays. A certain range of array height has to 

be controlled for producing fibers. Even with the same growth parameters, if the array is too 

short or too tall, no ribbons could be pulled out continuously any more. 

1.4.2 Mechanical and Electrical Properties of Carbon Nanotube Fibers.  

        It is well known that CNTs are extremely strong, electrically conductive. Fibers 

composed of pure CNTs are expected to be high strength, lightweight, thermally and 

electrically conducting materials. However, fibers made from short CNTs are not as strong 

as single nanotubes since there are millions of joints between CNTs. These joints are weak 
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and fracture usually starts from peeling off of CNTs from each other. SWNTs were 

dispersed in sulfuric acid and extruded into fibers by Smalley.120 The SWNT fibers have a 

Young’s modulus of about 120 GPa and tensile strength of about 116 MPa. The electrical 

resistivity of the fiber is around 0.2 milloohm.cm. Fibers would up from hot furnace by 

Windle have a wide range of strength depending on process parameters, from 100 MPa to 1 

GPa. The electric conductivity of the fiber is around 8.3×105 Ω-1 m-1.115  

        Fibers were directly spun from vertically grown long CNT arrays by Zhu et al. 116 They 

found that the strength of fibers could increased by a post twisting due to the increased CNT 

packing density. They also found that the strength of fibers increased as the length of CNT 

elements increased and the diameter of fibers decreased.  The highest strength of the fibers 

achieved 1.91 GPa with Young’s modulus of 330 GPa. After a post-twisting the electric 

conductivity increased from 1.7×104 S m-1 to 4.1×104 S m-1. Another group spun fibers from 

1-mm long CNT forests grown using water-assisted CVD. After densifying and post twisting 

the fibers, a tensile strength of around 550 Mpa was achieved. The fibers have an electric 

conductivity of 5×104 S m-1.121 The effect of strength enhancement by solvent densifying 

treatment and post-twisting were also proved by Fan et al. As-spun fibers were annealed in a 
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furnace after passed a solution. A further post-twisting was also performed. Fibers have a 

tensile strength of 1.1 Gpa. Electric resistivity ranges from 1.2×10-5 Ω m to 1.8×10-5 Ω m.122  

1.4.3 Diameter Measurement of Carbon Nanotube Fibers 

        Cross section area of a fiber is a major physical parameter since tensile strength, 

modulus and electric impedance are all closely relate to it. An error in measuring the cross 

section area will lead to a magnification of a factor of 2 in other properties, such as strength, 

modulus, conductivity. Carbon nanotube fibers people ever made have a diameter ranging 

from 4 µm to 20 µm.115-122 At this scale, it is not accurate enough to use a micrometer to 

measure the diameter. Although, SEM is a reliable tool to directly measure the diameter, 

using SEM is time consuming and costly. Laser beam diffraction method has been 

successfully used to measure the diameter of fibers and carbon fibers.123 It is believed that 

laser diffraction technique is not only fast but also capable of meeting the accuracy 

requirements.  

        Laser diffraction technique is based on Fraunhofer diffraction and Babinet’s principle. 

Simply, Fraunhofer diffraction is a wave diffraction phenomenon when parallel waves pass 

through an aperture, they split into double number of waves and interfere with each other 
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leaving a image pattern if a screen is placed in its path. Babinet’s principle describes that the 

diffraction patter obtained from an aperture is exactly the same to the one from a fiber that 

has the same size of the aperture.  

        The set-up of the laser diffraction technique is quite simple. Usually a convergent laser 

beam is generated from a beam generator. The beam passes through the fiber placed at the 

focal point. A diffraction pattern will be collected on a screen. Based upon the laser 

wavelength, the fiber-to-screen distance and spacing between dark and bright diffraction 

spots, fiber diameters could be readily calculated.  

1.5 Carbon Nanotube Sensors 

        Carbon nanotubes (CNTs) have been found to have excellent piezoresistive properties, 

which may enable a new generation of sensors in nano or micro scales.124-128 Piezoresistivity 

is by its very nature a phenomenon defined by the changing electrical resistance of a material 

due to applied mechanical stress. Unlike the piezoelectric effect, piezoresistive effect only 

causes a change in resistance but not vice versa. The studies on the piezoresistance of 

individual CNTs provide some insights in exploring the mechanisms why CNTs possess this 

peizoresistive property.  
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        Some challenging pioneering measurements have been conducted in the past few years 

on the conductance change of individual CNTs under mechanical stress.124-128 Tombler et 

al.124 prepared samples of individual single-walled CNTs with two ends covered by metal 

electrodes on SiO2/Si substrates. CNT length of about 605 nm was suspended over SiO2 

trenches. (Figure 1.3) An AFM tip was used to manipulate the CNTs and the resistances 

increased two orders of magnitude when CNTs were deformed. The changes of the 

conductance were probably due to the local structure change of the CNTs. Grow et al.125 

measured the piezoresistance of CNTs adhered on deformable silicon nitride membranes and 

they found that semiconducting and small-gap semiconducting CNTs had gauge factors of 

up to 400 and 850, respectively. Three types of CNTs, metallic, quasimetallic and 

semiconducting CNTs were systematically investigated on the electromechanical properties 

under tensile strain by uniformly stretching the CNTs that are suspended on a 

microelectromechanical machine.126 In comparison of these three types of CNTs, 

quasimetallic CNTs were found to have the largest piezoresistance gauge factors in the range 

of 600 to 1000. Minot et al.127 studied the changes of band gaps with strain by stretching 
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CNTs using an AFM tip. An equation was given describing the the total resistance of the 

CNT (Rtot). Where Rs is the contact resistance, |t|2 is the transmission probability of  
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electrons that cross the band gap barrier, T is the temperature, h, k, e are constants and Egap is 

the band gap energy. The equation describes the changes of resistances when CNTs are 

under stretching. The equation also points out the exponential decaying of the resistance as 

the temperature increases. Single-walled CNT bundles were pressed in the radial direction to 

study the piezoresistive properties.128 More complicated than a single CNT, the resistances 

of each CNT bundles changed differently when pressed, which was explained by the 

different peizoresistive responses of each individual CNTs in the bundles.  

        Numerous methods have been applied to fabricate nano composites for sensing strain. 

These methods can be categorized as three types based on the mechanism used for strain 

sensing. For the first type, an electrospinning method was employed to fabricate CNT-based 

piezoelectric strain sensors.129 Polyvinylidene difluoride-trifluoroethylene (PVDF) was 

dissolved in N, N-dimethyformamide (DMF) and mixed with predispersed CNTs in DMF 

solution. The mixture was then transferred to a syringe and electro spun into non woven 
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fabric on a plate using an electrospinning machine which was schematically drawn in Figure 

1.4. After a poling process, CNT/PVDF thin film piezoelectric strain sensors were prepared 

and the strain-sensing ability of the resulting sensors was increased 35 times by adding 0.05 

wt% of CNTs. Although the piezoelectric properties of the CNT/PVDF composites are 

promising, the application of CNTs in piezoelectric sensing is very limited since the 

properties are mainly come from the matrix but not the CNTs. Raman bands of CNTs were  

observed to shift as the CNT incorporated composites were strained.130,131 The second type 

of CNT strain sensors takes advantages of the Raman-active properties of CNTs. However, 

the inconvenience of using huge Raman spectra machine in examining the structural healthy 

restricts the real application since it is difficult to realize in-situ healthy monitoring. The 

third type of strain sensors takes advantages of the piezoresistive properties of CNTs. A 

certain amount of CNTs were added into the polymer matrix to form a 3-D electric path way. 

The force applied on the composites transfers to the CNTs that will be deformed under loads, 

which leads to resistance change. By measuring the resistances of the composite sensors, 

load conditions of the composites could be detected. 
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Figure 1.3 Electromechanical measurements set-up for a single-walled CNT with part of the 

length suspended over a trench. a, Top view of the device; b, AFM image of the CNT; c, 

side view of AFM pushing experiment (taken from Tombler et al.124). 
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Figure1.4  Schematic drawing of electrospinning process (taken from Jialili et al.129). 

 

1.5.1 Dispersing Carbon Nanotubes into Polymer Matrix 

        Extensive research has been done recently on CNT/polymer strain sensors based on the 

piezoresistive effect. Thin film sheet with carbon nanotube randomly oriented have been 

fabricated and linear resistance changes in the sheet was found when subjected to tension or 

compression.21 However, the test was taken at very low-tension-compression cycles (the 

maximum strain was only 0.04%), indicating the very limited sensing range. Multi-walled 

carbon nanotube-based composites have been reported to be 3.5 times higher in sensitivity 
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than the traditional strain gage.132 Kang et al.15 dispersed the commercially obtained SWNTs 

in dimethy formamide (DMF) solvent in a bath sonicator for 20 hours. The SWNTs 

suspension was poured into a filter paper and dried in an oven for 12h. After that the bulky 

paper was peeled off and characterized by electrochemical impedance spectroscopy. To 

improve the consistence of piezoresistence, PMMA was added to the SWNTs suspension. 

The CNT/PMMA strain sensor exhibited linear piezoresistivity up to strain of 1400 μm/m. 

They concluded that the CNT/PMMA composite is a low cost strain sensor for structure 

healthy monitoring. Randomly tangled multi-walled carbon nanotube buckypapers were 

tested under uniaxial tensile load-unload cycle for an evaluation of working as strain 

sensors.20 Thin copper layers were thermally deposited on both sides of the thin film. It was 

found that the resistance change of the MWCNT film was proportional to the applied strain. 

Results also showed that the resistance was temperature independent over the range 237-363 

K. Drifting was observed when the samples were loaded and unloaded for many cycles. The 

resistance-strain curves were not repeatable indicating the slipping of CNTs in the 

buckypaper.  
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        Multifunctional carbon naontube-polyelectrolyte thin films were prepared using a layer-

by-layer method.14 The process is illustrated in Figure 1.5. A very long sonication process 

was applied to disperse carbon nanotubes in a high-molecular-weight poly (sodium4-

styrene-sulfonate) polyanion solution. It is found that the strain sensitivity of the macro-scale 

multilayer film was increased as the CNTs concentration increased. The CNT-

polyelectrolyte film displayed time-variant exponential decay of bulk film resistivity. A 

higher current caused a faster resistance decaying. Loh et al.133 studied a carbon nanotube 

nanocomposite piezoresistive sensing skin fabricated by a layer-by-layer self-assemble 

method. Two-dimensional strain and crack monitoring was achieved by combining with 

electrical impedance topography conductivity mapping technique. The versatility of the 

layer-by-layer thin film fabrication methodology allows film deposition on virtually any 

surface and these low-cost 2-D thin film sensors are validated as sensing skins for 

monitoring crack growth in cementitious composites and impact damage on thin aluminum 

sheet. Electrical impedance topography spatial conductivity maps can identify crack growth 

during an applied tensile-compressive cyclic loading by mounting the sensing skins to the 

cementitious composites using epoxy. When the sensing skin was directly deposited on the 
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aluminum surface, the two-dimensional strain distribution of the aluminum plate was 

captured. 

 

Figure 1.5 Illustration of the layer-by-layer deposition of CNT-polyelectrolyte thin film 
using self-assembly process (taken from Kenneth et al.14). 

        Multiwalled nanotubes were dispersed into the epoxy resin using a calendaring 

approach to fabricate nanotube-epoxy-fiber composites.16 The percolating network of 

sensors was created and the cured composites laminates were machined into test samples for 

sensing measuremnts. By combining micrometer sized glass fiber and nanometer scale 
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carbon nanotubes, the carbon nanotube can transfer the stress more effectively by filling the 

areas between matrix and fibers. The initial stages of epoxy-dominated failure are detected in 

situ by monitoring the strain of the composite and the resistance change at the same time. 

Experiments are designed for different failure modes and the nature and progression of the 

damage are identified. In another paper, Thostenson and Chou18 presented the resistance 

hysteresis for a specimen undergoing 25 cycles of strain loading prior to fracture. The 

remarkable shift in sensing curve indicates the irreversible bonding damage between the 

matrix and the carbon nanotubes (Figure 1.6). The carbon nanotube sensor network showed 

some degree of failure after two cycles of loading, indicating the very limited accurate strain 

sensing range. The permanent damage of the carbon nanotube network caused the permanent 

resistance increase of the composites. The elimination of resistance hysteresis caused by the 

slide of carbon nanotubes during the loading is a great challenge, which limits the real 

application of the carbon nanotube-based strain sensor.  
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Figure 1.6 Hysteresis behavior of the resistance/strain response in cyclic loading (taken 
from Thostenson et al.18). 

        Knite et al.12 attempted to use the multi-wall carbon nanotube to develop a new 

nanocomposite for sensing strain. CNTs were mixed in polyisoprene matrix and the mixture 

was vulcanized under high pressure. The specimens were tested under small strain and large 

strain. A relatively large hysteresis of resistivity was observed when the samples were 40% 

stretched and released, while the resistivity was very reversible under strain of 4%. Pham et 

al.13 demonstrated a new type of thermoplastic/carbon nanotube films for strain sensing. The 
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surface resistivity of the thin films increased proportionally with increasing tensile strain, 

which was explained by three mechanisms: firstly, the stretching caused a loss of contact 

points and a widening of inter-nanotube distances leading to the decrease of current-carrying 

ability of the conductive network formed in the films, herein the resistances increased; 

secondly, contact resistance between CNTs was increased due to the distortion of the contact 

region under tensile strain. Another possible contributing factor for the rise in resistance is 

the decrease of conductance of the CNTs under stress. Loads applied on the films transferred 

to the CNTs and caused mechanical deformation of the CNTs, which decreased the 

conductivity of the CNTs. Thus, the total resistance of the films increased since the electric 

path way in the films created by individual CNTs was distorted. The three mechanisms 

proposed by Pham may be applicable to explain the resistance rise under strain for most of 

the CNT/polymer composites strain sensors since they have three common features: (1) the 

fabrication process involves the dispersing of CNTs into the polymer; (2) the electric path 

way is formed by the 3-D network of CNTs; (3) the strain sensing ability originates from 

piezoresistive properties of CNTs. 
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1.5.2 Advantages of CNT/polymer Composite Strain Sensors 

        Compared with the traditional commercial strain gauges, the CNT/polymer composite 

strain sensors are superior in several aspects. (1) Versatility and flexibility: the commercial 

available resistance-type strain gages lack versatility and flexibility because they can only 

measure strains at the locations where these sensors can be bonded, while CNTs/polymer 

sensors can be fabricated into a variety of shapes, sizes and even could be embedded into the 

structures to enable the structure have self-sensing properties. (2) Tunable gage factors: CNT 

composite sensors exhibit tunable resistance-strain sensitivity by simply adjusting the 

fabrication recipes, such as, the amount of CNTs added into the polymer, degree of nanotube 

dispersion and even types of polymers selected as the matrix. The gage factors can be 

tailored to meet different requirements in industry. (3) In-situ healthy monitoring: real-time 

structural healthy monitoring can be realized through embedded-in CNT network sensors. 

With excellent mechanical and super lightweight properties, CNTs are non-invasive to the 

structure and have little weight punishment when embedded in the structural components. 

The 3-D electric path-way formed in the structural components provides the in-situ self-

sensing capability of the structure. The external loads the structures are undergoing could be 
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detected via the real-time resistance monitoring. (4) Detecting micro cracks: microcracking 

in advanced fiber composites can occur at relatively low strains as compared to the ultimate 

fracture strain of the composite laminate, and the development and progression of 

microcracks have significant implications on the long-term durability and performance of the 

structure. To detect micro cracks in the structure, philosophy logic is that accuracy could be 

achieved only if nano sensing elements are sufficiently distributed in the structure. CNTs, 

with diameters in the range of several to one hundred nanometers and length varying from 

micrometers to millimeters, are capable of monitoring micro cracks when built in the 

structure. (5) Monitoring the process of structure failure: in a resistance-strain testing cycle, 

smooth and gradual increase of resistance indicating a slow increase of strain without 

structure failure, while sharp increase in resistance reflects crack formation or delamination 

of plies followed by crack propagation until the failure of the whole structure. Based on the 

characteristics of resistance change, types of failure in the structure could be detected. (6) 

Overall structural integrity evaluation: to achieve structural integrity in the whole aircraft or 

large parts, inconvenience in using traditional strain sensors is that huge amount of strain 

gages are needed to bond on the structure, which in addition will add much weight on the 
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plane. However, the ultra lightweight nanotubes sensors are readily built in widely used 

structural composites, to access an overall health monitoring of the structure.  

        With the fast-growing use of fiber-reinforced composite materials in both military and 

industry, there is an urgent need of a new generation of sensors that possess the above 

discussed merits to realize real time structural health monitoring for maintenance purposes 

as well as preventing catastrophic failure. CNT sensors, with unique mechanical, electrical 

and lightweight properties, exhibit their sensing capabilities and the potentials to serve as 

this required new type of sensors. Although extensive research has been done on developing 

CNT/polymer strain sensors, challenges still exist and more work has yet to be done for a 

mature technique in using CNT sensors. 

1.5.3 Challenges in the Application of CNT/polymer Composite Strain Sensors 

        The results shown by the past research are very promising in utilizing CNT composites 

for strain sensing. However, the past research also show several issues in attempting to 

develop the new type of CNT strain sensors.  

        The electric conducting mechanism of CNT-based composites are so complicate that 

challenges exist in fabricating CNT/polymer strain gages with consistent resistances. Due to 
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the extremely low electrical conductivity (in the order of 10-10-10-15 S/m), polymeric or 

ceramic, which is often used as matrix in a composite material, is usually regarded as a non-

conductive material. Conductive composites can be fabricated by dispersing a certain 

amount of conductive materials into the non-conductive matrix. The volume fraction of the 

conductive phase in the composite material determines its electrical conductivity. The 

conductivity of the composites is dominated by the conductivity of the pure non-conductive 

matrix when the conductive materials added into the matrix are of low volume fractions. The 

conductivity of the composite increases drastically by many orders of magnitude after the 

conductive material reaches a critical volume fraction. This phenomenon is termed as 

electrical percolation. The size, structure, shape and purity of the conductive reinforcements 

surrounded by the insulating matrix can greatly affect the electrical percolation threshold of 

the composite. The percolation threshold can be lowered by embedding small size and large 

aspect ratio conductive materials, such as carbon nanotubes, which have very large aspect 

ratios of 100-10,000. Many tests134-137 revealed that carbon nanotube composites have very 

low electrical percolation thresholds. 
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        Even carbon nanotube contents meet the electrical percolation threshold, the electrical 

conductivity of carbon nanotube-based composites varies greatly, typically has a measured 

value ranging from 10-5 to 10-2 S/m.138,139 However, Ramasubramaniam140 and Ahmad141 

reported that the electrical conductivity can be significantly increased by adding more 

contents of naontubes in the matrix. The conductivity was found to increase by 5 orders of 

the magnitude after increasing the content of CNTs by 2 orders of the magnitude.141 The 

large variation of the electrical conductivity is unlikely to be explained by the variation of 

the volume fraction of carbon nanotubes.  

        Several research reports indicate that the contact resistance caused by the separation of 

carbon nanotubes is a key factor that affects the overall conductivity of the composites rather 

than the intrinsic conductivity of the carbon nanotube itself.142-144 Measurements have been 

done on different types of single-walled carbon nanotube junctions, specifically, metal/metal 

SWNT crossed junctions, semiconducting/semiconducting SWNT junctions and 

metal/semiconducting SWNT junctions.145 Contact resistance for metal/semiconducting 

carbon nanotube junctions is much higher than carbon nanotube junctions with the same type 

of carbon nanotubes. Buldum et al.146 calculated the contact resistance between carbon 
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nanotubes and found the value varying from 100 kΩ to 3.4 MΩ when structural relaxation of 

the nanotubes, contact length, nanotube diameter and the atomic structures in the contact 

region are altered. The situation becomes more complex once the carbon nanotubes are 

mixed with the matrix where carbon nanotubes are isolated by the polymers.  

        The contact resistance may be extremely large if the nanotubes are far away from each 

other; or increased markedly if a thin insulating layer is formed by the polymers between the 

carbon nanotubes. If the insulating layer is thin enough, the electric tunneling effect 

dominates the conductance of the carbon nanotubes. In the above two cases, the carbon 

nanotubes do not really come in contact with each other. However, in the real composites, 

the contact resistance is dependent on the density and dispersion of the nanotubes, the well 

contacted carbon nanotubes and the ones are close enough for electric tunneling, which 

caused a large range in values. The poor conductivity of the carbon nanotube/polymer 

composites was suggested by Kilbride et al.147 who found the resistance was much larger 

than expected, and by Foygel et al.148 who estimated the contact resistance between carbon 

nanotubes in composites to be in the order of 1013Ω. 
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        Many literatures have reported the fabrication of carbon naontube composite materials. 

One benefit obtained from the carbon nanotube is improved stiffness and strength of the 

composite. Nanotube-reinforced composites have attracted great interest of scientists in the 

past decade. One key procedure of fabricating CNTs-based composite is dispersing 

nanotubes into the matrix. Extensive investigations have been done on the processing 

techniques for carbon nanotube-based polymer composites and the development has been 

reviewed and highlighted by Thostenson et al.149. The reinforcement effect depends on how 

well the carbon nanotubes can disperse in the polymer matrix. However, it remains a 

challenge to separate and disperse carbon nanotubes homogenously into the polymer matrix 

since the Van der Waals interactions between small-diameter carbon nanotubes are so strong 

that they are more prone to form bundles and aggregate into bundles. Even though entangled 

carbon nanotubes grown by a CVD method can be dispersed by high energy sonication,150 

high speed mixing151 and surfactant-assisted processing through formation of a colloidal 

intermediate,152 other problems may arise during the processing, such as the break down or 

destruction of carbon nanotubes, reagglomeration and too much surfactant. 
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        The complexity of the conductivity mechanism for carbon nanotube-based composites 

results in difficulty of controlling consistent conductance of the composite. To maintain the 

repeated response of the resistance with strain, the original resistance of the composite must 

be consistent. However, due to the difficulty of manipulating carbon nanotubes, the 

homogeneity of the carbon nanotube dispersion is a big issue. The separation of carbon 

nanotubes bundles is inherently difficult because of the strong Van der Waals interactions 

and those as-separated nanotubes have a great tendency to aggregate again due to the high 

surface energy of carbon nanotubes. Furthermore, it is really hard to determine the 

dispersion degree of carbon nanotubes in the polymer matrix. The extent of contacting 

nanotubes, contact length and contact area may vary for each process because of the 

uncertainty of the dispersion. Especially when the electrical tunneling dominates the 

conductance, the precise control of the thickness of the matrix layer that surrounds the 

carbon nanotubes seems unlikely. The maximum tunneling distance in carbon nanotube-

based polymer composites is about 1.8 nm, which was reported by Li et al.144. Their results 

further demonstrated that the contact resistance plays a dominant role in carbon nanotube-

based composites in contrast to the intrinsic resistance of nanotubes. The insulating film 
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formed in between crossing carbon nanotubes caused the diverse electrical conductivity of 

the composites. Although the weight percent of the CNTs used to fabricate the composites 

can be determined, the orientation of CNTs in the composites is unknown. Based on the 

above analysis, it is doubtful if the behavior of the carbon naontube/polymer composites that 

fabricated by dispersing single carbon nanotubes into the matrix is repeatable. 

        Interface deterioration leads to a resistance-strain hysteresis in cycling tests. The 

interface between CNTs and matrix degrades after several loading-unloading cycles. This 

causes the stress transferred from the matrix to CNTs to be smaller than the real values. 

When the composite is under the first cyclic loading, the strain and resistance change curve 

represents the real sensing properties. However, the bonding between CNTs and matrix is 

degraded to some degree. When the second cyclic loading comes, the strain of the composite 

will be larger than the value of the first loading if the same resistance change is obtained. An 

unrepeatable strain-resistance curve indicates that the sensing ability of the CNTs-based 

composite is limited to a small strain and at this limited strain, no destruction happens at the 

interface. This limitation greatly impedes the application of CNTs-based composites because 

in most situations, the strain people want to monitor may be larger than the limited values.    
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        Another issue that is of concern is the drifting problems when a current is applied. 

Resistance fluctuating has been observed by several groups during the tests.13,15,20 One 

possible reason for the resistance drifting may be the temperature dependence of the 

resistance. The CNT composite sensor itself is a resistor, which means heat will be produced 

when a direct current passes through the CNT network. Increase of the temperature will 

change the conductance of each individual CNT, thus the overall resistances will change.  

        Another reason causing the drifting may be the electrical short happed in the nanotube 

networks. When the carbon naontube-based composites are under voltage, some nanotubes 

may burn themselves because of weak contact between them. The current-carrying capability 

of carbon nanotubes also affect the lifetime of nanodevices fabricated using carbon 

naontubes. An electrical breakdown may occur if the voltage applied exceeds the allowable 

value. Previous research shows that even the metallic nanotubes which can sustain current 

densities up to 109-1010 A/cm2 will fail at sufficiently high currents.153,154 Simulation and 

theoretical calculations have been conducted on the current-carrying ability of carbon 

nanotubes in the past 20 years.155-158 The charge induced failure of nanotubes with different 

types of helix is simulated by gradually increasing the applied electric voltage until the 
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breaking of bonds occurred, which is defined as the critical status.159 Experimental 

investigations on the electric failure of nanotubes roughly are in agreement with the 

theoretical studies. Bonard et al.160 observed the irreversible failure of a multi-walled 

nanotube emitter. The maximum current was around 0.2 mA and sustained for only a few 

seconds before an emission failure occurred. On the other hand, the electrical failure of 

carbon nanotubs can be utilized as self-healing sensing devices.161 If an electric circuit short 

occurs, the nanotubes burn themselves and disconnect the electric loop. As the nantubes are 

embedded in the polymer matrix, the randomly aligned carbon naotubes may be weakly 

connected, which lower the current-carrying ability. These weakly connected CNTs may 

cause a circuit short when a voltage is applied.  

        The above issues have yet to be solved in future works and more mature techniques are 

still under developing and will finally bring this new type of CNT/polymer strain sensors in 

real applications. The CNT sensing elements can be built in composites for in-situ structural 

health monitoring with neglectable weight penalty and little invasiveness to the structure. 

Numerous potential military and industrial applications of the developed strain sensor are 

available, overcoming the limitation of conventional strain gages. The sensor can be bonded 
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to a surface, such as aircraft skin, or embedded in the structure to monitor the microscopic 

strain.  

1.5.4 Durability of CNT/polymer Composite Sensors 

        The target of increase the durability of CNT/polymer composite sensors is the same 

task in CNT reinforced composites since CNT composites have multifunction of reinforcing 

and sensing. The interfacial shear strength of the matrix and CNTs determine the interface 

detachment. To increase the strength reinforcement, strong interfacial bonding is desirable. It 

is well known that the efficiency of load transfer from the matrix to the fiber is controlled by 

the interfacial shear stress. The durability issue of the CNT based composites is relate to the 

interfacial bonding, that is, the strength of the interface created by the matrix and fiber 

reinforcement. The interfacial debonding is determined by the interfacial shear strength. The 

larger the interfacial shear strength, the more difficult the interface to be fractured.  

        It is found that multi-wall CNTs have lower load transfer efficiency than single wall 

CNTs due to the weak bondings between each graphite layers. For multiwall CNTs, carbon 

atoms have covalent bonds within each concentric graphite layer. However, there is only van 

der Waals interaction between each layer. The weak bonding results in the decrease of load 
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transfer.162 The CNT-matrix interface fails when debonding occurs under a critical interfacial 

shear stress followed by the CNT pullout. The energy dissipation by the CNT pullout 

contributes to the improvement in the fracture toughness of the CNT reinforced composites. 

Computational experiments conducted by Chen et al.163 revealed that for a constant volume 

fraction, the energy dissipated by the multiwall CNT is a function of the number of outer 

layers that could carry load.  

        Curved-fiber pull out model was proposed by Chen et al.164 to analyze three types of 

interface microstructure, i.e. matrix with fiber reinforcement is well-bonded, debonding and 

sliding. At the first stage, the matrix and fiber are well-bonded and an external force will 

generally create shear stress at the interface. As this force increases to a critical point at 

which the debonding initialized, part of the fibers start sliding within the interface. Finally, 

the third stage, sliding of the fiber in the whole matrix begins. The geometry of the fiber 

filler played a role that the curving of the fiber increases the pull-out force, hence increasing 

the reinforcing effect.  

        To increase the durability of the CNT nanocomposites, three key rules should be 

obeyed when designing the composites. From a structural point of view, the fiber spacing 
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should be smaller than the characteristic strength limiting flaw, and higher packing density 

of fibers with smaller diameters are preferred to bridge the flaws and cracks. Uniform fiber 

distribution is important to realize an even load transfer throughout the whole composite. If 

fillers are ununiformly dispersed in the matrix, only part of the fibers are taking load and full 

reinforcement could not achieved. Thirdly, the interfacial bonding is a key factor dominating 

the reinforcing effect especially the fibers are extremely stronger than the matrix. Covalent 

bond is the strongest type of the interfacial bonding between the matrix and fiber constitutes. 

Thus, Chen et al.165 functionalized MWNTs with active sites on the outer walls which 

originally do not have strong adhesion with polymer matrix. The treated MWNTs covalently 

bonded with the matrix and the interface bonding is enhanced. Tensile strength tests 

indicated the increase of the strength via adding a certain amount of weight percent of CNTs.  

        Another improvement of interfacial adhesion in polystyrene-carbon nanotube 

composites was achieved via grafting polystyrene chains onto the nanotube surface.166 The 

surface of nanotubes exhibits characteristics close to the neutral graphite causing a weak 

interfacial adhesion between matrix and nanotubes when fabricated into composites. The 

covalent bonds between the grafted polymer chains and CNT surfaces resulting in a stronger 
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fiber/matrix interface and reinforcing effect was increased on both the stiffness and 

elongation-to-failure stress. 

        CNTs exhibit outstanding properties in nanoscale, attempts to transfer these mechanical, 

thermal and electrical properties to a microscopic scale have been done extensively in recent 

years to multifunctionlize CNTs with sensing, strength reinforcing and other functions. 

Stable and reliable interface adhesion of CNTs with polymer matrix is an urgent task to put 

forward the real application of CNT multifunctional composites. Near-term research should 

focus on change the chemical activity of the CNT surface for strengthening the interface 

bonding. 
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CHAPTER 2: Experimental 

2.1Materials 

        A list of materials used to grow carbon nanotubes and prepare fiber sensors are listed in 

Table 2.1. 

Table 2.1  Materials used for growing nanotubes and building carbon nanotube fiber sensors 
in composites. 

Materials Vendor Description 

Silicon wafer (100) University Wafer Company Thickness: 350 μm 

Al2O3 target Kurt Lesker Company Purity: 99.99% 

Fe target Kurt Lesker Company Purity: 99.99% 

Zr target Kurt Lesker Company Purity: 99.9% 

Al target Kurt Lesker Company Purity: 99.99% 

Argon gas Machine and Welding Supply 
Company 

Purity: 99.999% 

Hydrogen gas Machine and Welding Supply 
Company 

Purity: 99.999% 

Ethylene gas Machine and Welding Supply 
Company 

Purity: 99.999% 

Acetylene gas Machine and Welding Supply 
Company 

Purity: 99.9% 

EPONTM 826 Hexion Specialty Chemicals Bisphenol epoxy resin 

EPIKURETM 9551 Hexion Specialty Chemicals Polyamine curing 
agent 

HeloxyTM 62 Hexion Specialty Chemicals Modifier 

Quartz plate and tube Technical Glass Products  

FeCl2 Fisher Scientific Purity: 99.5% 
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2.2 Catalyst Thin Film Deposition using Magnetron Sputtering 

        Alumina thin films with a thickness of 10 nm were sputtered on the polished side of a 

piece of silicon wafer using a custom-built magnetron sputtering machine. Fe and Fe-Zr thin 

films with thickness of 1.5 nm were deposited separately on the as-sputtered Al2O3 layer. 

Figure 2.1 is a real image of the magnetron sputtering machine. The diameter of the cathode 

is 2.5 cm. The base pressure for each sputtering was 5×10-7 Torr. The sample stage to the 

cathode is about 7 cm. Fe-Zr film was prepared by co-sputtering a Fe target and Zr target. 

Figure 2.2 shows the configuration of the Fe and Zr target. Fe target was cut into turbulent 

blade shape and put underneath of Zr target to increase the uniformity of film composition. 

To further obtain a uniform catalyst film, the sample stage was rotating during sputtering. 

The thickness of the films was monitored by a quartz balance. The quartz balance was 

calibrated by sputtering a thick film and measuring the thickness under SEM. The detailed 

sputtering condition for each film is listed in Table 2.2. 
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Figure 2.1 Image of a custom-built radio frequency magnetron sputtering machine 
consisting of major parts of a radio frequency power supply, a cathode, a 4-way cross 
chamber, a quartz balance, a turbulent pump, a mechanical pump, a mass flow controller, a 
thermocouple gauge, an ion gauge, a rotating stage and a chill water cooling system.    
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Figure 2.2 Image of a Fe target (left) and Zr target (right). Fe target was cut into turbulent 
blade shape.   
 
Table 2.2  Sputtering conditions for Fe, Fe-Zr and Al2O3 films. 

Films Fe Fe-Zr Al2O3 

Sputtering power (watts) 10 10 40 

Sputtering rate (Å/s) 0.4-0.5 0.14 0.03-0.04 

Thickness (nm) 1.5 1.5 10 

Ar flow rate (sccm) 10 10 10 

Sputtering pressure (torr) 1×10-3 1×10-3 1×10-3 

 

2.3 Using Thin Film Catalyst to Grow Carbon Nanotubes 

        As-sputtered catalyst films on silicon substrates were loaded in the middle of a quartz 

tube reactor. CNTs arrays were grown at 750°C using a CVD method in a 2.5 cm tube 

furnace. Figure 2.3 shows the set up of the custom-built CVD system. The total gas flow rate 

was 200 sccm consisting of 40 sccm H2, 30 sccm C2H4 and 130 sccm Ar. The procedure was 
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as follows: (1) The tube was pumped to 25 Torr and then refilled with argon. The furnace 

was then ramped to the growth temperature under a flow of argon at a flow rate of 160 sccm. 

(2) When the furnace reached 735°C the H2 flow (40 sccm) was added to the argon. (3) 

When the furnace reached 750°C ethylene flow (30 sccm) was added to initiate growth. Ar 

flow rate decreased to 130 sccm. Growth time was calculated from this point. All the CVD 

growth parameters for the Fe and Fe-Zr catalysts were constant. .  

 

Figure 2.3 Real image of the CVD system built for CNT array growth. Major parts of the 
CVD system are mass flow controllers for Ar, C2H4, H2 gases, a quartz tube reactor and a 
furnace.  
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2.4 Using FeCl2 Powders to Grow Carbon Nanotubes 

        FeCl2 powders were loaded into a quartz boat and the quartz boat was inserted in the 

middle of a liner quartz tube with diameter of around 1inch.  Figure 2.4 shows the set-up of 

one-step CVD system built for growing CNTs. The tube reactor was pumped down to at 

least 1×10-3 torr in one hour followed by a heating up process. The system was kept in 

vacuum during heating. FeCl2 started to evaporate at round 600°C and fully became vapor at 

the growth temperature of 820°C. The hot zone was about 30 cm. FeCl2 re-deposited at the 

ends of the heated zone. After reached 820°C, acetylene started to flow into the reactor. 

CNTs began to grow. A 2.1mm-tall CNT array was grown in 20 minutes with a growth rate 

of 100 μm/min. A drawable CNT array could be grown in 7 minutes with a height of around 

700 μm. CNTs grew not only on the quartz substrates but also on the inner wall of the tube 

reactor. To protect the main tube from growing CNTs, a liner tube was inserted in the main 

tube. 
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Figure 2.4 Schematic of the one-step CVD system built for CNT array growth. 

2.5 Measuring the Quality of Carbon Nanotube Arrays using Raman Spectra 

        Two types of Ramanscope were used to assess the quality of CNT arrays. Renishaw 

Ramamscope was used to exam samples grown at atmosphere pressure. Wavelength of the 

laser beam was 514 nm. At least 10 cycles of scan were performed on each sample to 

increase the signal. Scans were completed in the Raman shift range of 1200-1700 cm
-1

. 

Raman spectra were collected with a Jobin-Yvon LabRAM HR800 spectrometer for samples 

grown using one-step CVD method. Spectra were excited with the 632.8 nm line of a HeNe 

internal laser and the 90° angle measurement geometry was used to record the data. The 

measurement time is 10 seconds with five accumulations.  
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2.6 Carbon Nanotube Fiber Spinning 

        Figure 2.5 shows a spinning machine built for making CNT fibers. CNT arrays 

vertically grown on silicon substrates were attached on the stage of the spinning machine via 

a piece of double-sided tape. CNT ribbons approximately 3 mm wide were pulled out from 

an CNT array by hand using flat tweezers and then attached on a spindle using a piece of 

tiny double-sided tape. A CNT fiber was spun by a rotating spindle that was pulling away 

from the array at the same time. The rotating speed was 7000rpm and the fibers pulling 

speed was about 2mm s-1. The diameters of the as-spun fibers were 3 to 30μm and can be 

controlled by the width of ribbons initially pulled out from the array. 

 

Figure 2.5 Image of a fiber spinning machine. 
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2.7 Diameter Measurement of Carbon NanotubeFibers Using Laser Beam Diffraction 

        Fibers were mounted on a paper tab with a rectangular slot cut out. The paper tab then 

was clamped with screws to a custom-built stainless steel tab. Figure 2.6 shows the 

configuration of the fiber diameter measurement system. The laser beam has a wavelength of 

543nm. The converged beam passed the sample and produced a diffraction pattern on the 

screen. By measuring the sample to screen distance and spacing of bright spots, the fiber 

diameter could be readily calculated using the following equation.  

 

 

To increase the accuracy of the measurement, at least five different places of the fiber were 

measured. Compared with the measurements under SEM, the accuracy of within 1% error 

was achieved. 

2.8 Tensile Testing of Carbon Nanotube Fibers 

        An EZ-S Shimazu tensile tester with a 2N load cell for pure dry fibers and a 100N load 

cell for composite sensors was used for mechanical testing. Dry fibers were glued to the 

sandpaper tab with a gauge length of 10 mm. The purpose of the sandpaper is to prevent 
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slipping during loading. Samples were first screwed on the clamp. After zero the force, the 

edge of the sandpaper tab was cut. A strain speed of 0.5mm/min was used for mechanical 

tests. To avoid breakage of fibers at the ends, fibers have to be vertically aligned along the 

loading direction. At least five samples made with the same conditions were tested to 

increase the accuracy. 

 

Figure 2.6 Images of the set-up for measuring the diameter of CNT fibers using laser 
diffraction. (a) Set-up of laser generator, sample stage and screen. (b) Screen with scale 
printed out used to collect the diffraction pattern. (c) Image of diffraction pattern in dark 
room.  

(a) 

(b) 

(c) 
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2.9 Electrical Property of Carbon nanotube Fibers  

        CNT fibers were collected on sandpapers with a rectangular slot cut out. Fibers in the 

slot region were covered by a plastic film to protect from deposition and the exposed parts 

were coated with 5μm thick Al layers using magnetron sputtering in pure Ar at a pressure of 

2×10-3 Torr. The sputtering power was 40 watts. Silver paste was used to connect two thin 

copper wires with fibers that were already coated with Al film for the resistance 

measurement. An Agilent 34410A digital multimeter was used to measure the resistance of 

the fibers. The sample gauge length for electromechanical testing was 1cm. The samples 

were loaded under tension and the resistance change was recorded in real time. Figure 2.7 

shows the electric wire connection and mechanical test configuration of CNT fibers. 

 

Figure 2.7 A CNT fiber was electrically wired and mounted for electromechanical 
measurement. 
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2.10 Embedding Carbon Nanotube Fibers in Resin  

        CNT fibers were attached on a piece of release plastic paper that is commonly used to 

peel off composites from the mold. High conductive silver colloid is dropped on the ends of 

the fibers to form electrodes. The resin system (59% EPONTM Resin826, 21% 

EPIKURETM9551 Curing Agent, 20% HeloxyTM Modifier62 in weight percent, all were 

purchased from Hexion) was mixed using magnetic stirrer. Then bubbles trapped in the resin 

were removed in a vacuum oven.  Resin was warmed in the oven at around 60°C to lower 

the viscosity and then was cast on the fibers to form thin films and after curing at 373K for 3 

hours, an integral structure of composites with built-in fiber sensing elements was produced. 

The composite thin films were around 100μm thick which was controlled by the thickness of 

aluminum slot built for molding the resin. The film was cut into coupons using a razor blade. 

Two copper wires were soldered on the silver electrodes for resistance tests. 

2.11 Micro-structure Analyze 

        Micro-structure of CNTs and fibers were investigated using SEM and TEM. Two types 

of SEM were used to study the morphology of CNTs. CNTs arrays grown using Fe and Fe-

Zr catalysts were observed using FE-SEM (Model: Hitachi SU-70). Fibers and CNTs grown 
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using FeCl2 catalyst were observed using a JEOL 6400F at 5kV and a working distance of 

15mm. Wall number, wall spacing and quality of CNTs were investigated using a JEOL 

2010F transmission electron microscopy operating at 200kV. To prepare the TEM samples, 

a small bundle of CNTs was put into ethanol, CNTs were dispersed in the solution under 

sonicating for 30 minutes. A drop of the CNT suspension was placed on TEM copper grid 

with lacy carbon film. 

        Morphology of catalysts was investigated using atomic force microscopy. As-sputtered 

catalysts were cut into 12 pieces from an approximately one-inch square sample. Two key 

morphology evolution stages of both Fe and Fe-Zr catalysts were studied by Veeco Caliber 

atomic force microscope (Vecco Instruments Inc.) using silicon cantilevers operated under 

tapping image mode. As-sputtered catalyst underwent a reduction process by purging H2 gas 

to the reactor starting at 735°C. After for 45 seconds, the temperature raised to about 750°C, 

H2 purging was stopped immediately and furnace was cooled down to room temperature. 

Another process for preparing AFM samples was heating the catalyst to 750°C under Ar 

flow. Then samples were quickly cooled down to room temperature.   
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CHAPTER 3: Growing Long Carbon Nanotube Arrays using Intermetalic Fe-Zr 

Catalyst 

3.1 Background and Motivation 

        Metallic nanoparticles containing single and binary components have been known for 

their catalytic properties to grow carbon nanotube (CNT) arrays. In this paper, an 

intermetallic catalyst consisting of iron and zirconium was used to grow millimeter long, 

well aligned arrays. The catalyst particles have well defined shape and were uniformly 

distributed on the Al2O3 buffer layer. The Fe-Zr particles enabled the growth of 1.7 

millimeter-long carbon nanotube arrays in 45 minutes. Both the uniform catalyst particle 

distribution and the long CNTs growth are attributed to the high thermal stability of Fe-Zr 

catalysts. A comparison with pure iron catalyst indicated that adding Zr to iron can stabilize 

the Fe catalyst at the CNT growth temperature and moderate its reactivity. AFM and SEM 

images showed the different morphology evolutions and growth behaviors for Fe-Zr and Fe 

catalysts. The long, uniform CNT arrays grown here have potential applications in many 

advanced composites.   
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        Carbon nanotubes (CNTs) have garnered extensive attention because of their excellent 

thermal, mechanical and electrical properties.1 CNTs can be grown using various techniques, 

however, the production of ultra long (in the range of millimeters) CNTs is usually 

accomplished by chemical vapor deposition (CVD) on nano-particle catalyst covered 

substrates to produce aligned CNT arrays.2-4 These arrays have been shown to be 

advantageous when extremely large aspect ratio and alignment of CNTs are desirable. 

Arrays have been the precursor for spinning high specific strength fibers,5-8 which are 

promising for future high strength composite materials.6-8 The alignment inherent to the 

arrays has shown the potential for producing composites with vertically aligned CNTs which 

provide through-thickness multifunctionality to the composites.9-11 Arrays have also been 

used as a raw material for making buckypapers that contain much longer CNTs than are 

normally achieved.12 These CNT buckypapers could be used as reinforcement for advanced 

composite materials. Achieving continuous growth of CNTs on a catalytic substrate is the 

ultimate goal of many research groups and will not be realized until all of the issues facing 

continuous growth are addressed. 
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        An important issue hindering the continuous growth of CNT arrays is the thermal 

stability of the catalyst particles. Growth of CNTs at higher temperature produces CNTs 

with smaller diameter and fewer defects,13,14 and defects-free CNTs with small diameters are 

the strongest materials known.15 However, at higher temperatures self-diffusion of metal 

particles will enlarge the sizes of catalyst particles, which is well known as “Ostwald 

Ripening”.  In addition, small particles tend to agglomerate into larger, lower spatial-density 

particles during the CNT growth.16 Atomic-scale in-situ observation of carbon nanotube 

growth reveals that catalysts are very mobile at the CNTs growth temperature.17 For 

example, iron particles are almost quasi-liquid and can change their shape dramatically in 

seconds.17 

        To overcome this challenge, many efforts have been taken to seek more stable 

catalysts.18-22 Numerous catalysts have been successfully used in the growth of carbon 

nanotubes. These catalysts include single element metal and their binary alloys, such as Fe, 

Co, Co-Mo and Ni.18-22 However, none of these catalysts shows a high thermal stability, and 

the CNT growth stops at a relatively short time. Attempts to grow longer nanotube arrays 
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without any other assistance, such as water vapor-assisted growth, have only reached limited 

success thus far.18-22    

        In this work, a new intermetallic catalyst, Fe-Zr, was used to grow 1.7 millimeter-long 

CNTs array without water assistance in 45 minutes. To our best knowledge, pure zirconium 

alone can not catalyze CNT growth. A previous study reported that the use of a Fe-Zr 

catalyst only produced a 5 μm tall CNT array.23 The Fe-Zr catalysts made by magnetron 

sputtering method have very high efficiency in growing CNTs and are very stable. AFM 

images (Figure 3.1(d)) revealed the arrangement of small Fe-Zr particles on each Al2O3 

grain. Multiple motivations exist for making the intermetallic catalyst. First, the non-reactive 

zirconium will decrease the activity of the catalyst, which might help to reduce the 

amorphous carbon formation which usually is the main culprit for quenching carbon 

nanotube growth.24 After a short growth period, a catalyst substrate that supports CNT 

growth will often appear clean when the CNT array is removed. After a long growth period, 

the same substrate will be blackened by the buildup of amorphous carbon. Another function 

of Zr is to form intermetallic bonds with Fe. These strong bonds may stabilize the particle 

and thus reduce the catalysts susceptibility to coarsening. In addition, the formation of ZrC 
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can consume the amorphous carbon nucleated on the surface of iron catalysts.23 

Consequently the catalysts may remain active longer to increase the CNT array growth time 

and ultimate height. 

3.2 Experimental 

        Fe and Fe-Zr thin films were deposited under identical conditions using a custom built 

magnetron sputtering system with a 2.5 cm diameter cathode. A silicon substrate was 

cleaned with acetone for 5 minutes by super-sonication followed by rinsing in methanol. 

Sputtering was carried at pressure of 1×10-3 torr under argon gas with a 10 sccm (standard 

cubic centimeter per minute) flow rate. Thickness of the films was monitored by an in-situ 

quartz crystal microbalance. A 10 nm thick Al2O3 buffer layer was first deposited with 40 

watts of power. Sputtering power was 10 watts for Fe and Fe-Zr, producing a catalyst layer 

of 1.5 nm thickness in 107 seconds. Energy dispersive X-ray spectroscopy (EDS) analysis of 

the sputtered Fe-Zr metal films gave a composition of 87 atomic % iron and 13 atomic % 

zirconium. 

        As-sputtered catalysts were cut into 12 pieces from an approximately 2.5 cm2 sample. 

Two key morphology evolution stages of both Fe and Fe-Zr catalysts were studied by Veeco 
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Caliber atomic force microscope (Vecco Instruments Inc.) using silicon cantilevers operated 

under tapping image mode. The power of the tapping amplitude was adjusted to 4.5V with a 

set point of 2.6V~2.8V for the sample engagement.  

        CNTs arrays were grown at 750℃ using a CVD method in a 2.5 cm tube furnace. The 

total gas flow rate was 200 sccm consisting of 40 sccm H2, 30 sccm C2H4 and 130 sccm Ar. 

The procedure was as follows: (1) The tube was pumped to 25 Torr and then refilled with 

argon. The furnace was then ramped to the growth temperature under a flow of argon. (2) 

When the furnace reached 735℃ the H2 flow was added to the argon. (3) When the furnace 

reached 750℃ ethylene flow was added to initiate growth. Growth time was calculated from 

this point. All the CVD growth parameters for the Fe and Fe-Zr catalysts were constant. 

Morphology of the CNTs arrays was observed using FE-SEM (Model: Hitachi SU-70). 

Array height was measured using FE-SEM (Model: JEOL 6400).  

3.3 Results and Discussion 

        Catalyst particle formation, which is critical for the nucleation and growth of CNT 

arrays, occurs after an annealing step in hydrogen atmosphere. For both of the catalyst 

systems, catalyst particle formation ensued even when this step was not used. Figure 3.1(a) 
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and (c) show the particle distribution when the samples were heated to 750℃ under Ar 

atmosphere and with a heating rate of 100℃/min. This result was different than another 

group’s report, where the surface of the catalyst film was quite smooth before the reduction 

of the iron film by H2.25 The iron film should dewet on the aluminum oxide buffer layer and 

separate into nano-particles once hydrogen reduces the catalyst.  The catalyst film has to be 

reduced because the film is thin enough (usually around 1 nm) that it is oxidized 

immediately by the ambient atmosphere once taken out of the sputtering chamber. This was 

confirmed by the presence of iron oxides and no metal signal in the X-ray photoelectron 

spectroscopy (XPS) spectrum. The particles observed in Figure 3.1(a) and Figure 3.1(c) are 

Al2O3 grains, not catalyst particles, because the 1.5 nm catalyst film could not form a 

structure with such a high roughness. The grain size of the Al2O3 buffer layer after annealing 

is larger with the Fe-Zr catalyst layer than the pure Fe layer. The fact that the catalyst film 

became bumpy before the reduction step by hydrogen could be linked to the morphology and 

process for depositing the buffer layer.  

        The unique particle formation observed in this study probably resulted from the method 

used to deposit Al2O3. In this case, the buffer layer was made by sputtering a pure Al2O3 
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target using magnetron sputtering method under pure Ar atmosphere. Magnetron sputtered 

Al2O3 films have shown to be non-stoichometric and rich in aluminum when sputtered in an 

argon environment.26 Metallic aluminum in a non-stoichometric buffer layer could explain 

the Al2O3 morphology change and self reduction of the metal catalyst layer. When heated in 

the inert atmosphere, the buffer layer, which was rich in aluminum, will react with the 

oxidized catalyst layer. This is the common “thermite” reaction and is highly energetically 

favorable. The reaction changed the morphology of the buffer layer from flat to islands and 

self reduced the catalyst into metal for particle formation. 
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Figure 3.1 AFM images show the evolution of catalysts. (a) Al2O3 and Fe films became 

rough and bumpy when Fe catalysts were heated to 750℃. (b) After Fe catalysts were 

annealed under H2 and Ar for 45 seconds, further coarsening resulted in very irregular 

shaped particles and an irregular distribution. (c) Al2O3 islands formed when Fe-Zr catalysts 

were heated to 750℃. (d) Fe-Zr tiny particles appeared on top of the well aligned Al2O3 

grains when Fe-Zr catalysts were annealed under H2 and Ar for 45 seconds. 
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Figure 3.2 Cross section view of CNT arrays grown using catalyst (a) Fe for 15 minutes, (b) 
Fe-Zr with 15 minutes growth (c) Fe, a lower magnification view of A, (d) Fe-Zr, a lower 
magnification view of B, (e) Fe after 15 seconds growth. All the SEM images are taken at 
the roots of the CNT arrays. 
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        The H2 pretreatment before CNTs growth coarsened the Fe samples but refines the Fe-

Zr samples. Figure 3.1(b) and (d) clearly showed the evolution of catalyst particles. For the 

iron sample, the 45 seconds annealing under H2 and Ar yielded irregular grain shapes. 

Compared with Figure 3.1(a), the alumina particles grew much larger, and the shape became 

more irregular. In order to minimize the surface energy, the non-uniform iron particles 

possibly distributed in the “valley” formed by the larger bumpy alumina grains. We assume 

the shape of the Fe particles could be very irregular considering the non-uniformity of the 

alumina grains. In contrast, catalyst distribution on the buffer layer was much more uniform 

for the Fe-Zr samples. In Figure 3.1(C), Fe-Zr particles were not quite visible. The clusters 

were observed sitting on top of Al2O3 grains after 45 seconds annealing under H2 and Ar as 

shown in Figure 3.1(d). The Fe-Zr particles and alumina grains were much more uniformly 

distributed than that of Fe samples. The CNT growth produced by each type of sample will 

be proposed and discussed later in the paper based on the buffer layer and catalyst particle 

morphology seen here.  

        Intermetallic Fe-Zr has a higher melting point than that of pure iron because zirconium 

can form ionic bonds with iron, which will greatly decrease the diffusion rate. The design of 



87 
 

Fe-Zr catalysts is to survive longer at CNTs growth temperature, and at 750℃, the Fe-Zr 

particles exhibit this enhanced stability.  

        Both Fe and Fe-Zr catalysts were used to grow CNTs arrays with the same growth 

conditions for direct comparison. The morphology of CNTs from the side view of the arrays 

is shown in Figure 3.2(a)-(e). Clearly, CNTs grown with the two different catalysts systems 

varied widely in terms of shape and the growth behavior. CNTs grown by Fe were coiled, 

curled, twisted in columns; while CNTs grown by Fe-Zr were straight and well-spaced from 

other growing CNTs. This can be explained by the morphology differences of the catalysts 

particles.  

        As shown in Figure 3.2(a) and (c), CNTs grown using Fe catalysts were kinked, twisted 

and grown in vertical columns. The column spacing was correlated to the spacing of alumina 

grains indicating the Fe catalysts were separated by the bumpy Al2O3 grains. Noticing that 

both the size and the spacing of the CNT columns varied randomly, together with the 

evidence of the irregular shape and non-uniform distribution of the Al2O3 grains, we assume 

that Fe particles have a very inhomogeneous distribution and non-sphere shape. With this 

unique catalyst morphology in mind, some special features can be interpreted. For example, 
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CNTs grown by Fe catalysts had more defects and amorphous carbon, which was confirmed 

by Raman shift spectrum. The outer shells of the CNTs were very rough and non-tubular. All 

of these features are possibly corresponding to the irregular catalyst morphology.   

        Figure 3.2(e) is a sample grown by Fe for only 15 seconds. It clearly showed that the 

CNTs coiled at the very beginning of the growth. This is in contrast to another study where it 

was reported that the curling of the CNTs was time dependent: straight CNTs gradually 

became curving during the growth because the increase of the CNT gravitational weight 

caused the bending the CNTs.18   

        Compared with Fe catalysts, CNTs grown by Fe-Zr were straighter and had fewer 

defects and less amorphous carbon, as indicated by the SEM and Raman data. We propose 

that this was due to more stable catalyst shape and uniform Fe-Zr particle distribution on 

Al2O3 grains. With the same catalyst preparation and CNT growth condition, Fe-Zr produced 

higher quality CNT arrays. The as-sputtered Fe and Fe-Zr films experienced different 

morphology evolution under the same heat treatment, and consequently grew CNT arrays 

with different morphologies. The intermetallic Fe-Zr particles had a higher thermal stability 

in catalyzing CNT growth than pure iron particles. 
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        Fe-Zr catalysts also grew much longer CNT arrays than pure Fe catalysts. An 

approximately 350 μm array was grown by Fe in 15 minutes. Longer growth time only 

yielded an array about 370 μm in height (estimated using an optical microscope with scale 

bar). Thus, the growth was assumed to stop at approximately 15 minutes. The Fe-Zr catalysts 

produced arrays with a height of 0.7mm in 15 minutes, and a 1.7mm in 45 minutes, as shown 

in figure 3. Array height versus growing time was plotted in Figure 3.4 for both Fe and Fe-Zr 

catalysts. Fe-Zr catalysts showed a much longer survival time than pure Fe. The longer 

growth time again confirmed the high thermal stability of the Fe-Zr particles.  

 

 
 

Figure 3.3 SEM images clearly show the height of the CNT arrays grown using Fe-Zr 
catalysts in 45 minutes. 



90 
 

 
 

 
 

Figure 3.4 CNT array height for different growth time using Fe and Fe-Zr catalysts. 
 

        Not only did the Fe-Zr particles produce a more aligned CNT array, but they also 

produced cleaner nanotubes. Figure 3.5 showed the Raman spectrum for CNTs grown for 15 

minutes using both iron and iron-zirconium catalysts. The quality of the CNTs can be 

evaluated based on the intensity of D peaks and G peaks. G peak corresponds to the 

stretching of carbon-carbon bonds in the grapheme plane. D peak corresponds to the defects 
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and amorphous carbon. The IG/ID ratio is much larger for the CNTs grown using the inter-

metallic catalyst, indicating less amorphous carbon. The quality of CNTs is closely related to 

the activity of catalysts.27,28  It was observed that Co-Mo bi-metallic catalyst particles with 

higher Mo content grew longer, higher quality CNTs than those with lower Mo content.  Mo 

is a non-reactive element and Co was the active element that catalyzed the dissociation of 

CO carbon source gas to grow CNTs. Higher Mo content leads to lower catalyst reactivity, 

which consequently produced less amorphous carbon.  At lower Mo content, the catalyst was 

so reactive that it produced more free carbon atoms than can be used by the CNT growth.  

The excessive free carbon atoms formed amorphous carbon on the catalyst surface and 

eventually encapsulated the catalyst particle and stopped the CNT growth.27,28  We believe 

that similar situation occurred during the CNT growth in this study. In other words, with the 

addition of Zr to Fe, the catalyst reactivity is reduced, which produced the longer, higher-

quality CNT arrays with less amorphous carbon, as compared with the pure Fe catalyst.   

        The authors acknowledge that the height of CNT arrays grown using pure iron is lower 

than previously reported results.2-4 This is most likely due to the high roughness of the buffer 

layer created by sputtering and annealing. Nevertheless, the improvement in catalyst lifetime 
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provided by the inter-metallic Fe-Zr observed in this study provides a new approach for 

growing long and high-quality CNT arrays, and should be studied further.  

 

 

 
Figure 3.5 Raman shift spectrum for CNT arrays grown using iron and iron-zirconium 
catalysts. 
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3.4 Conclusions 

        In summary, intermetallic Fe-Zr catalysts were co-sputtered using a magnetron 

sputtering method. The Fe-Zr film formed uniformly distributed catalyst particles on Al2O3 

buffer layer. The Fe-Zr particles were more thermally stable than pure iron particles and 

produced 1.7 mm long CNT arrays in 45 minutes. Pure iron catalysts prepared using the 

same method and same experimental conditions had a lower performance in growing CNT 

arrays. In combination with other techniques used to extend the lifetime of CNT growth of 

CNT arrays, such as water assisted growth, new record breaking CNT array lengths might be 

possible. These ultra long CNT arrays will be critical for providing the long nanotubes 

needed in multifunctional, high performance composite materials. 
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CHAPTER 4: Growing Carbon Nanotube Arrays using One-Step Chemical Vapor 

Deposition Method 

4.1 Background and Motivation 

        Vertically aligned CNT arrays are usually grown via CVD method using Fe/Al2O3/Si 

substrates, which requires a pre-deposition of catalysts before transferring the substrates to 

the CVD reactor.1-9 There are basically two steps to complete the CNT growth: catalyst thin 

film preparation and CNT growth. Although materials for catalyst film vary from Fe, to Co, 

Ni, Pt etc10-19 and thin film preparation technique varies from magnetron sputtering to e-

beam evaporation, the process still includes two steps.  

        The vertically grown CNT arrays could be shear-pressed to horizontally aligned CNT 

papers for producing high volume fraction advanced CNT composites.20 With finely 

controlled growth, CNT sheets could be drawn from the vertically array continuously.21 

Ultra-strong, ultra-stiff CNT fibers are spun from the drawable array to use as sensors or 

composite fillers.22 Aligned CNT sheets are also used as composite perform for fabricating 

CNT composites. CNT sheet drawn directly from vertically grown CNT arrays have shown 

to be superior to CNT electrodes fabricated using filtration method because the alignment of 
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CNTs is maintained and transferred from vertical direction to the CNT drawing direction. 

Therefore, the aligned CNT sheet electrodes have better electric conductivities than those 

with randomly-oriented CNTs.23 

        Both non-drawable and drawable CNT arrays show their potential applications. 

However, traditional CNT array growth method requires two steps. The cost to fabricate 

such vertically grown arrays is high because the quantity and size of arrays are restricted by 

the size of silicon wafers where arrays are grown and difficulty in scaling up the high 

vacuum catalyst deposition systems. What is more, there are only several limited groups in 

the world that can produce such spinnable CNT arrays. Therefore, a new method could 

overcome the limitation of the traditional growth method has to come up to meet the 

requirements of mass production of such CNT arrays. 

        One-step chloride-assisted CNT growth was first reported by Dr.Inoue.24 This 

technique does not require the catalyst predeposition step and super spinnable arrays could 

grow on large quartz plates. Several advantages of this method are: (1) The CNT growth is 

simple, only one-step is required; (2) The growth rate is up to 100 μm/min; (3) CNT array 

are super drawable. Sheets are pulled out continuously up to 40 meters. The length is only 
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limited by the size of the sample; (4) This process is easy to be scaled up since it is simple; 

(5) The efficiency in suing acetylene is as high as 25%.   

        However, the CNT growth time is limited by 20 minutes in the previous study.24 CNTs 

stop growing quickly at around 20 minutes. With the QMS data analysis, Dr.Inoue assumes 

the CNT growth process with the following four reactions.24 Firstly, FeCl2 (in gas phase) 

reacts with C2H2 producing FeC2 particles. FeC2 particles colloid with each other and grow 

larger. Finally FeC2 nucleates and deposits on the quartz substrates.  Carbon is saturated in 

Fe and quickly nucleates out from the particles and grown into carbon nanotubes. HCl gas 

trapped in or near the particles could react with Fe producing some FeCl2 again. Reaction (4) 

is repetitive of reaction (1).    

 

        Noticing that the amount of HCl is decreasing during the CVD process since the reactor 

is under pumping. The above cyclic reactions will stop because of insufficient of HCl. 

Hereby, in this paper, hydrogen chlorine gas was used to assist one-step chemical vapor 

deposition to grow super spinnable long CNT arrays from which CNT sheets could be drawn 
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continuously. With the assistance of HCl gas, the ultimate array height was increased from 

2.1mm to 3mm and the height of drawable CNT arrays was increased from 1mm to 2mm. 

4.2 Experimental 

        Quartz tubes and quartz plates were first soaked in sulfuric acid (about 10 m% 

concentration) for at least 24 hours to remove residuals on the surface of tubes and plates. 

After rinsing with water and then ethanol, the quartz tubes and plates dried in air. Anhydrous 

FeCl2 powders directly purchased from chemical suppliers were loaded into a quartz boat 

and the quartz boat was inserted in the middle of a liner quartz tube with diameter of around 

1inch. The tube reactor was pumped down to at least 1×10-3 torr in one hour followed by a 

heating up process. The system was kept in vacuum during heating. FeCl2 powders started to 

evaporate at round 600°C and fully became vapor at the growth temperature of 820°C. The 

hot zone of the quartz tube was about 30 cm. Part of FeCl2 re-deposited at the ends of the 

heated zone. After reached 820°C, acetylene started to flow into the reactor. CNTs began to 

grow. A 2.1mm-tall CNT array was grown in 20 minutes with a growth rate of 100 μm/min. 

A drawable CNT array could be grown in 7 minutes with a height of around 700 μm. CNTs 
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grew not only on the quartz substrates but also on the inner wall of the tube reactor. To 

protect the main tube from growing CNTs, a liner tube was inserted in the main tube. 

        HCl solution with concentration of 30% was put in a bubbler. A flow of carrying gas 

produced some bubbles in the bubbler and pick up some HCl vapor to the reactor. A 

Quadruple Mass Spectrometer was used to analyze the gas in-situ during CNT growth. 

Quality of the array was examined using Raman spectra. Microstructure and morphology of 

the CNTs were analyzed using SEM and TEM. 

4.3 Results and Discussion 

        Figure 4.1 shows the CNT array height at different growth time. CNT stops growth at 

around 20 minutes if no extra HCl gas flows into the CVD system. While with bubbling 

additional HCl into the reactor, the growth time extends to about 60 minutes. At the first 

twenty minutes growth, the growth rate of HCl gas assisted method is around 100 μm/min, 

which is pretty close to the growth rate without HCl. After 20 minutes, CNT grows slower 

than before and finally stops after 1 hour.   
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Figure 4.1 Array height at different growth time using HCl assisted growth. 

        Figure 4.2 shows a 3.0 mm tall CNT array grown in 60 minutes using HCl assisted one-

step CVD method. The previous record using one-step CVD method is 2.1 mm. Figure 4.3 

shows CNT ribbons being pulled out using a tweezer by hand. The spinnable array grown 

with the assistance of HCl gas is about 2 mm tall, which is grown in 20 minutes. The 

previous record of the length of spinnable array using one-step CVD method is 1 mm.  
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Figure 4.2 A SEM image of CNT arrays with length of 3.0 mm. 

 

 

Figure 4.3 Picture of 2 mm tall spinnable CNT array showing that CNT ribbons are drawn 
continuously using a tweezer. 
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        It is interesting that spinnable arrays have to be grown at a certain time window. For 

example, spinnable CNT array could be achieved if grown between 5 minutes and 10 

minutes using one- step CVD method without extra HCl assistance. While the time window 

could be expanded from 5 minutes to 20 minutes with HCl gas assisted growth. Why only 

CNTs grown at certain time can be drawn from the forests?  

        Here we assume that entanglement, van der Waals force and amount of amorphous 

carbon together attribute to the spinnability of CNT arrays. Several theories about the 

spinnability of CNT arrays have been developed since the discovery of the continuous 

drawing of ribbons. Zhang et al.25 Claims that CNTs are bundled together similarly to the 

connected loops due to the bundling in the disordered region at the top and bottom of the 

forests. The entanglement allows the continuous pulling of CNTs. However, this explanation 

seems to be weak in elucidating the spinnability of super-aligned arrays where CNTs are 

highly ordered at the bottom.26 The evidence that such arrays have clean surface may support 

the idea that the interactions of neighboring CNTs due to the strong van der Waals force 

connect the CNTs when pulled out from the array.26 However, even there is no entanglement 

at the top or bottom of the array, overall, CNTs still migrate between neighbors as they grow. 
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Thousands of SEM images show that CNTs do not grow in a perfect straight line. The 

moderate entanglement helps CNT connect with each other when they are pulled out. 

        CNTs grown in a short time have a length of a few hundred micrometers. As van der 

Waals force is a function of contact area, CNTs with very short length have a small van der 

Waals force between them that is not strong enough to allow one CNT takes away its 

neighbors when pulled out. As CNTs grow longer, contact surface between CNTs is larger. 

As a consequence, van der Waals force is large enough to allow CNTs stick to each other. 

However, if CNTs grow too long, a large CNT chunk is pulled out when trying to pull out 

CNT ribbons probably because the amorphous carbon decreases the interaction between 

CNTs. As CNT grows, more and more amorphous carbon deposits on the CNTs and 

catalysts, which is also one of the factors that CNTs stop growing. Amorphous carbon 

deposition causes the increase of roughness of CNT surface. Therefore interaction between 

CNTs decreases. 

        Here we assume that less amorphous carbon is produced during the growth when HCl is 

added to the system. According to the analysis in the previous paragraph, less amorphous 

carbon accumulation is beneficial for growing long spinnable arrays. Figure 4.4 clearly 
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shows CNTs grown using HCl have a cleaner surface that the ones grown without HCl. 

CNTs grown with HCl have a smooth surface. The diameters of the CNTs are around 45 nm. 

Without HCl assistance, more amorphous carbon is accumulated on the CNT walls. The 

diameters of the CNTs are much larger. A previous study also discovered that diameters of 

CNTs increased as the growth time increased.27 The author stopped CNT synthesis after 25 

minutes growth by briefly introducing a flow of pure C2H4 in the tube to smother the catalyst 

with amorphous carbon and then cooling the furnace to room temperature under a flow of 

pure argon. High resolution TEM revealed that additional graphitic layers grew in the tubes 

after they stopped growing longer.  In our study, CNTs stop growing vertically after 20 

minutes if no HCl gas is used. Additional growth time only increases the CNT diameters. 

        CNTs grown in 60 minutes under HCl gas flow also have higher quality than without 

HCl, which is revealed by the Raman spectra in Figure 4.5. G-peak/D-peak ratio of CNTs 

grown with HCl is greater than 1 while the ratio reversed for CNTs grown without HCl 

indicating more defects and amorphous carbon are in the tubes. 
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Figure 4.4 SEM images of CNTs grown in 60 minutes (a) with HCl assistance; (b) without 
HCl assistance. 

(a) 

(b) 
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Figure 4.5 Comparison of CNT arrays growing with HCl assistance and without HCl 
assistance in 60 minutes growth. 

        To explore the mechanism of HCl assisted CNT growth, partial pressure of H2 and HCl 

were monitored in situ during growth. As shown in Figure 4.6, there is an increase of H2 

produced in the CVD reactor when the supplying of HCl gas increases. The product of H2 

probably comes from the following reaction.  

(1+z) FeCy + 2HCl→FeCl2 + FezCy+z + H2 

        HCl gas probably reacts with the part of the Fe catalysts producing the initial catalyst 

loaded in the chamber (FeCl2). FeCl2 will vaporize at the growth temperature. We assume 

that the vapor will quickly reacts with acetylene again around the Fe catalysts and redeposit 
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on the Fe catalysts. This unique growth process probably keeps the catalyst active longer and 

produced less amorphous carbon. There are more than 10 ingredients in the CVD reactor that 

could react with each other. It is difficult to clearly understand how HCl gas helps CNTs to 

grow longer. The mechanism needs to be further studied. 

 

Figure 4.6 In-situ monitoring of partial pressure change of H2 and HCl during CNT growth 
using QMS. 

4.4 Conclusions 

One-step CVD method is superior to traditional two-step CVD method to grow CNT arrays. 

It is economically preferable to grow CNTs using one-step CVD method. To further improve 
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this method, HCl gas is used to assist the one-step CVD method to grow long carbon 

nanotube arrays. 3 mm tall CNT forests are grown in 60 minutes and 2 mm tall spinnable 

arrays are grown in 20 minutes. HCl gas could reduce the amorphous carbon during the CNT 

growth which extended the growth time.  
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CHAPTER 5: Carbon Nanotube Fiber Strain Sensors 

5.1 Background and Motivation 

        Carbon nanotubes (CNT) based sensors are often fabricated by dispersing CNTs into 

different types of polymer. In this paper, a prototype carbon nanotube (CNT) fiber strain 

sensor with excellent repeatability and stability for in-situ structural health monitoring was 

developed. The CNT fiber was spun directly from CNT arrays, and its electrical resistance 

increased linearly with tensile strain, making it an ideal strain sensor. It showed consistent 

piezoresistive behavior under repetitive straining and unloading, and good resistance 

stability at temperatures ranging from 77K to 373K. The sensors can be easily embedded 

into composite structures with minimal invasiveness and weight penalty. We have also 

demonstrated their ability to monitor crack initiation and propagation. 

        The excellent piezoresistive property of individual carbon nanotubes (CNT) has been 

demonstrated by several groups.1-5 These studies generally involved measuring the 

conductivity of individual CNTs under loading using an AFM tip or a micro-

electromechanical device. Although individual CNTs exhibit exciting properties for potential 

application as sensors, in reality, integrated CNT-based nano-sensors have not been realized 
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due to the challenges associated with their integration into bulk structures. Assembling these 

nano-sensors into microscopic sensors for easy integration into bulk structures is important 

for practical applications. Some success has been reported on scaling up these nano-sensors 

by dispersing them into polymers via different approaches .6-12 These methods have at least 

one feature in common: the sensor fabrication involves dispersing a small amount of CNTs 

into a polymer matrix to form a 3-D CNT network for electron conduction. The addition of 

CNTs dramatically increases the conductivity by forming electric pathways in the otherwise 

insulating polymer.13 As such, the composite itself can sense strain under loads by 

monitoring the resistance change.  

        Recent research in developing CNT-based strain sensors has generated some 

excitement, because CNTs, as compared to traditional strain sensors, offer the potential of 

being embedded within composite structures for in-situ measurement.  Due to their high 

strength, small diameter and light weight, CNT based-sensors can overcome several 

limitations of the existing conventional sensors, including limited monitoring locations, 

fixed directions and separation from the structure that is being monitored. However, several 

challenges still remain before CNT-based sensors are fully implemented into real structures.  
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        Two significant issues that need to be addressed are repeatability and stability. 

Repeatability refers to repeatable resistance-strain behaviors under cyclic service conditions 

and stability refers to stable resistance. The resistance of CNT/polymer film sensors have 

been observed to change over time even without an applied mechanical load,8,9 which poses 

a serious problem in practical applications. Resistance drifting may result from defects and 

breakdown of the shell structure of CNTs,14 as well as heating from electric current passing 

through the CNT sensors.8 In addition, CNT-composite strain sensors were found to exhibit 

resistance hysteresis in a cyclic strain loading,6,11,12 which indicates irreversible deterioration 

of CNT/polymer interfaces. CNT buckypapers have also been used as strain gauges.14-16 

However, due to their very low strength and permanent deformation after a strain of 

approximately 0.04%, they are not ideal for applications that require multi-functionality or 

repeatability. CNT fibers have been reported as actuators and sensors when they were 

immersed in electrolyte and charged at high voltage.17 However, it is not convenient to 

embed fiber sensors with electrolyte in composites. Here we report using neat CNT fibers 

directly as peizoresistive strain sensors which could be readily incorporated in composites 

for in-situ health monitoring. The fiberss do not require any chemical grafting or charging to 
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work as sensors. To our knowledge, this is the first report of using the piezoresistive 

properties of pure CNT fibers to make strain sensors.  

5.2 Experimental 

        CNT arrays were grown using a CVD method described before.18 CNT ribbons 

approximately 3 mm wide were pulled out from an CNT array, grown on silicon substrates, 

by hand using flat tweezers and then attached on a spindle using a piece of double-side tape. 

A CNT fiber was spun by a rotating spindle that was moved away from the array at the same 

time. The rotating speed was 7000 rpm and the fibers take-up speed was about 2 mm s-1. The 

diameters of the as-spun fibers were 3 to 30μm and were controlled by the width of ribbons 

initially pulled out from the array. The fiber diameters were measured using laser diffraction 

method, whose accuracy was verified by diameter measurements in a SEM.  

        CNT fibers were collected on sandpapers with a rectangular slot cut out, as shown in 

Figure 5.1c. Fibers in the slot region were covered by a plastic film to protect from 

deposition and the exposed parts were coated with a 5μm thick aluminum layer using 

magnetron sputtering in pure Ar at a pressure of 2×10-3 Torr. The sputtering power was 40 

watts. Silver paste was used to connect two thin copper wires with fibers that were covered 
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by the sputtered aluminum contacts. The gauge length of the fibers was 10 mm for in-situ 

resistance measurement during mechanical testing. 

        CNT fibers were attached on a piece of release film that is commonly used for vacuum 

bagging of composites. High conductive silver colloid was dropped on the ends of the fibers 

to form electrodes. The resin system (59% EPONTM Resin826, 21% EPIKURETM9551 

Curing Agent, 20% HeloxyTM Modifier62 in weight percent, purchased from Hexion) was 

mixed using magnetic stirrer. Bubbles trapped in the resin were removed by degassing in a 

vacuum oven.  Resin was cast on the fibers to form thin films and after curing at 373K for 3 

hours, an integral structure of composites with built-in fiber sensing elements was produced. 

The composite thin films were around 100μm thick and were cut into coupons using a razor 

blade. Two copper wires were soldered on the silver electrodes for resistance tests. 

        SEM images of the CNT fibers were taken using a JEOL 6400F at 5 kV and a working 

distance of 15 mm. An EZ-S tensile tester with a 2N load cell for neat fibers and a 100 N 

load cell for composite sensors was used for mechanical testing. An Agilent 34410A digital 

multimeter was used to measure the resistance across the fiber sensors. The sample gauge 
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length for electromechanical testing was 1cm. The samples were loaded under tension and 

the resistance change was recorded in real time. 

5.3 Results and Discussion 

        Neat CNT fibers can be utilized as a superior novel peizoresistive sensor with excellent 

repeatability and stability for structural health monitoring. The electrical resistance as a 

function of elastic strain of CNT fibers was measured in-situ during mechanical testing. Both 

the resistance and the stress of the fiber have a linear behavior with strains up to 1%. The 

resistance-strain behavior is repeatable with no hysteresis, as shown in Figure 5.1. The CNT 

fiber itself is a macroscopic CNT assembly that offers an electric pathway along its 

longitudinal direction, as shown in Figure 5.2. Carbon nanotubes within a fiber have good 

contact with their neighbors due to the twisting process during the fiber spinning. Radial 

inward forces provides close contact and load transfer between CNTs during tensile loading 

of the fiber. 
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Figure 5.1 Repeatitive testing of neat CNT fibers showing repeatable stress-strain and 
resistance-strain behaviors up to 1% strain: a) tensile stress-strain curve, b) in-situ resistance 
measuring during the tensile loading. Neat fibers underwent loading and unloading 
sequentially to strains of 0.5%, 0.8%, 1% and break, respectively and the resistance was 
measured in-situ. After each loading, the fibers were completely unloaded before the next 
laoding. 

a) 

b) 
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Figure 5.2 CNT fiber spinning and deposition of Al electrodes on CNT fibers. a) SEM of 
directly spinning CNT fibers from as-grown CNT array. b) low magnification SEM of an as-
spun fiber. c) schematic drawing of Al electrodes deposition on dry CNT fibers using 
magnetron sputtering. d) low magnification SEM of a fiber end coated with Al. 
 

        The resistance of the fibers monotonically increased with increasing strain. There are 

two factors that affect the resistance of a fiber during the tensile strain: one is the strained 

individual CNTs; the other is the improved contact between CNTs and their neighbors due to 

the contracting radial force produced in fibers. The latter is obviously not the reason for the 

resistance increase since improved contact should decrease the resistance. Due to this fact, it 

appeared that the resistance increase with strain was caused by the strained individual CNTs.   
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        It has been established by several pioneering experiments that the resistance of CNTs 

changes when subjected to strain.1-5 A generic equation provides useful insights for 

understanding of resistivity of individual CNTs. Specifically, the total resistance (Rtot) is: 

2 2

1 1 exp
8

gap
tot s

EhR R
e kTt

  
= + +  

  
                                                   (1) 

where Rs is the contact resistance between the electrodes and CNTs, which is negligible since 

the electrodes have good contact with the fibers, |t|2 is the transmission probability of 

electrons across the band gap barrier, T is the temperature, h, k, e are constants and Egap is 

the band energy gap. The validity of Equation 1 has been verified experimentally for 

individual CNTs under loading.1-5 The CNT fiber sample contains hundreds of thousands of 

individual CNTs. Therefore, the resistance increase shown in Figure 5.1 is a collective 

behavior of all CNTs in the sample. In other words, Figure 5.1 and equation (1) indicate that 

the band gap energy of most individual CNTs in fibers increased under tensile strain, which 

led to collective resistance increase across the fiber.  

        As discussed earlier, it appears that the improved contact between individual CNTs in 

the fiber with strain had only a minor impact on the fiber resistance. Unlike dispersed CNT 

composites where each CNT may have only a few contact points with other CNTs for 
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electric conduction, the CNTs in the fibers are packed closely and have thousands of contact 

points with their neighbors along their whole length, which provides a large total contact 

area for electron hopping between CNTs. Therefore, the increase in contact area within a 

fiber under tensile loading will not provide much further improvement in electric conduction 

because the contact area is already large.  

        The excellent repeatability of resistance-strain behavior under cyclic loading (see 

Figure 5.1) was also related to the large contact area between CNTs. The close contact with 

large contact area along the whole CNT length, the large van der Waals force between CNTs 

and the radial inward force produced during loading provide good structural stability for the 

fibers during the loading and unloading in the elastic region, which renders the fibers 

excellent resistance-strain repeatability.  

        The sensitivity of the strain gauge is termed as gauge factor (GF), which is described by 

equation (2): 

 / /
/

R R R RGF
L L ε

∆ ∆
= =
∆

                                                                                    (2) 

The gauge factor of pure fibers was around 0.5. Single nanotubes have a gauge factor of 

hundreds depending on the structure of the nanotube.2 Why was the gauge factor of fibers 
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made of individual nanotubes much lower than single nanotubes? Fibers are made of billions 

of short individual CNTs with length of around several hundred micrometers. Contact 

resistances between nanotubes are much larger than resistance of nanotubes themselves. 

Detailed discussion is given in the following paragraphs. 

Total resistance across a fiber is described by equation (3).  

 

                                                                                                    (3) 

The total resistance is derived from two parts, R1 and R2. R1 is the actual total electron 

conducting resistance along the length of each nanotube. R2 is the total resistance of electron 

hopping from nanotubes to nanotubes. This is a result of the finite length of CNTs within the 

CNT fibers. Usually, the conductivity of the CNT assembly is two orders of magnitude 

smaller than individual CNTs.19,20 With the above discussion, we are ready to further assess 

the nature of the sensitivity of CNT fibers. 

        In the studied fibers, the resistance change is from R1. As discussed previously, no 

improvement of electric conduction was observed during the loading since CNTs in the fiber 

already have a large contact area. During loading, R1 changes, while R2 remains constant. 

From equation (4), a combination of equations (2) and (3), it is clear that the fibers will have 

21 RRR +=
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a smaller gauge factor than that of the single CNTs since R2 accounts for the majority of the 

resistance measured in fibers.  

 

ε
21

21
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RR
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RRGF +

+∆

=
∆
∆

=                                                                                   (4) 

        The resistance of the fiber sensors showed good stability during 100 minutes of 

measurements at -196℃, 25℃ and 110℃, as shown in figure 3. Samples were immersed in 

liquid nitrogen, kept in the oven and held at room temperature respectively for continuous 

real-time resistance testing under zero load conditions. The observed stability holds the 

promise for the sensors to function at a large range of temperatures.         

        The good stability of fibers sensors was a result of the ultra low heat producing power, 

relatively large surface area for heat dissipation and steady contact and large contact area 

between CNTs in the fiber. In the present experiments, the test current was 100μA for the 

10kΩ range. As a result, the power of heat producing of the fiber resistor was around 10-5W. 

Thermal stability of CNT fibers heated by electric current was shown in a recent paper and 

no temperature increase was detected in the CNT fiber when a current of 30mA was used.21 
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Figure 5.3 Stability testing of fiber sensors under zero-load conditions showing that the 
resistances were very stable at three different working temperatures: immersed in liquid 
nitrogen, at room temperature and annealed at 393k in an oven. The measurement was made 
in a continuous mode. 
 

Stable resistance shown by CNT fibers at a wide range of temperatures, is critical in the real 

application as strain sensors. As shown in equation 1, resistance of CNT-based sensor can 

change exponentially with the temperature. Unstable resistance under static testing was 

reported in a CNT/polymer strain sensor fabricated using the dispersing method and 

resistance was found to decay exponentially during testing.8 The fibers not only have a stable 

temperature when a testing voltage is applied, but also have a stable electric current 
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conducting path. The large contact area between CNTs prevents charge-induced contact 

deterioration. Sensors fabricated by dispersing CNTs in polymer have few contact points, 

where large current concentration may cause localized heating that may damage the contact 

points. In contrast, CNTs in the fiber have large contact areas, which have less localized 

heating and thus better long term resistance stability.  

        To demonstrate the concept of integral composite sensors, CNT fibers were embedded 

into epoxy resin. The electric conduction mechanism in fiber composites was different from 

traditional CNT composites fabricated by dispersing CNTs into polymers. Traditional CNT 

composite strain sensors require adding a certain amount of CNTs to reach the electrical 

percolation threshold. Electrons conducts through the 3-D CNT networks formed through 

the whole composites. In contrast, in fiber composite sensors, electric current only passes 

through the CNT fibers and the surrounding matrix remains electrically insulating. This is 

analogous to inserting an electric wire in the composites that has a diameter of one tenth of a 

human hair. Carbon nanotube fibers can be used in composite structures seamlessly since 

they are minimally invasive to the composite structure and have negligible added weight due 

to their low density.22  
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        As shown in Figure 5.4a, the resistance change was linear with strain as the composite 

sample was loaded in the longitudinal direction, while very little resistance change was 

observed when loaded in the transverse direction. The applied load was transferred to the 

CNT fiber, which changed the conductivity of the fiber. The overall increase in resistance 

under transverse loading of the fiber was attributed to the off axis CNT twist angle in the 

fibers. The twist in the fibers ensured that the individual CNTs were subjected to some 

tensile strain even in the transverse loading case.  

        The longitudinal GF of the strain sensor was about 0.38 and remained constant over the 

whole strain range. The transverse GF ranged from 0.02 to 0.04. Compared to longitudinal 

resistance change, the transverse resistance change could be neglected. The composite sensor 

has a unidirectional sensing property in the fiber alignment direction. This observation could 

help engineers to not only detect the load that the structure is undergoing but also determine 

the direction of the external force applied by utilizing multiple CNT fiber sensors oriented in 

different directions. 

                The initiation of micro-cracks and the crack propagation in the composites were 

detected by aligning multiple fibers in the composites. As shown in Figure 5.4b, an initial 
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sharp crack was deliberately cut at the edge of the composite sample. The crack propagated 

across the sample under loading. Tremendous resistance changes were observed when the 

crack approached the fiber sensing elements. As the crack continued propagating, fibers 

were broken sequentially. The breakage of the fibers caused a sharp increase in the total 

resistance. The results provided here hold promise for the application of detecting cracks in 

traditional composite structures using embedded CNT fiber sensors. The early detection of 

small internal cracks could allow for early maintenance to prevent potential catastrophic 

failure. 

        Figure 5.5 shows the total resistance change of fiber sensors when the crack is 

propagating across the first fiber and breaks the first fiber. The initial resistance R0 is around 

1×103 Ohm. The resistance starts increasing obviously at the strain of 0.0185. The first CNT 

fiber fails and there is a resistance jump from 1×103 Ohm to 1.5×103 Ohm. The strain 

window of noticing the initiation of the failure of the first fiber is around 0.009.  
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Figure 5.4 In-situ monitoring of strain and crack propagation in a composite structure. a) 
Linear increase of resistance when the composite structure was under longitudinal tension 
and neglectable increase under transverse tension; b) crack propagation was easily monitored 
by building multiple CNT fibers in the composite structure. 

a) 

b) 
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Figure 5.5 Zoom-in view of the crack propagation causing the failure of the first CNT fiber. 

        Figure 5.6 shows the total resistance change of fiber sensors when the crack is 

propagating across the second fiber and breaks the second fiber. The resistance starts 

increasing obviously at the strain of 0.026. The second CNT fiber fails and there is a 

resistance jump from 1.5×103 Ohm to 2.8×103 Ohm. The strain window of noticing the 

initiation of the failure of the second fiber is around 0.007.  
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Figure 5.6 Zoom-in view of the crack propagation causing the failure of the second CNT 
fiber. 
 
5.4 Conclusions 

        In conclusion, it has been demonstrated that CNT fibers, made by twisting individual 

CNTs together, have outstanding repeatable and stable resistance-strain behaviors. Fiber 

arrays can be permanently integrated within a composite structure conveniently during 

fabrication with minimal invasiveness and weight punishment. The embedded fiber sensors 

can be used to monitor the initiation and propagation of cracks in composite structures in 

real time, as well as to work as a general strain gauge if top-mounted on the structural 

components. 
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CHAPTER 6: Conclusions and Future Work 

6.1 Conclusions  

        Carbon nanotubes have many potential applications in future. New strategy of growing 

CNTs has yet to be done to reduce the cost and produce long CNT arrays for thermal, 

electrical and mechanical applications. The objectives of the research conducted in this 

thesis were to grow tall and spinnable CNT arrays, spin fibers and apply the fibers as sensors. 

The following are a collection of outcomes and conclusions made over the course of this 

work: 

        A novel intermetallic Fe-Zr catalyst were designed and co-sputtered using a magnetron 

sputtering method. Partial chemical bonding between Fe and Zr renders the good thermal 

stability of this new catalyst allowing a uniform catalyst particles distribution on Al2O3 

buffer layer. 1.7 mm long CNT arrays were grown in 45 minutes using Fe-Zr catalyst. Pure 

iron catalysts prepared using the same method and same experimental conditions had a lower 

performance in growing CNT arrays. In combination with other techniques used to extend 

the lifetime of CNT growth of CNT arrays, such as water assisted growth, new record 

breaking CNT array lengths might be possible. These ultra long CNT arrays will be critical 
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for providing the long nanotubes needed in multifunctional, high performance composite 

materials. 

        FeCl2 powders were directly used as catalyst precursors for growing long carbon 

nanotube arrays. With unique pressure control, CNT arrays grown could be spun into fibers 

and winded into tethers. The characteristic of this method is that only one step is required for 

CNT growth, which is superior to traditional two-step CVD method. HCl gas was used to 

assist the one-step CVD method to grow long carbon nanotube arrays. 3 mm tall CNT 

forests were grown in 60 minutes and 2 mm tall spinnable arrays were grown in 20 minutes. 

HCl gas could reduce the amorphous carbon during the CNT growth which extended the 

growth time.  

        CNT fibers composed of only individual CNTs were made by twisting CNTs ribbons 

together. The neat fiber has outstanding repeatable and stable resistance-strain behaviors due 

to the stable structure. Resistance of fibers increased linearly with strain indicating a reliable 

strain sensor. Fiber arrays can be permanently integrated within a composite structure 

conveniently during fabrication with minimal invasiveness and weight punishment. The 

embedded fiber sensors can be used to monitor the initiation and propagation of cracks in 
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composite structures in real time, as well as to work as a general strain gauge if top-mounted 

on the structural components. 

6.2 Future Work 

        One-step CVD method has many advantages in growing carbon nanotubes, such as 

simple, fast, reproducible, low cost et al. However, the post cleaning process is tedious since 

CNTs not only grow on quartz substrates but also on the walls of quartz tubes. If some 

techniques could be applied to prevent the growth on the walls, it will be very helpful to 

shorten the trial time. Techniques such as coating a thin film on the quartz tube worthy 

trying in future works. 

        Pressure control is critical for one step CVD method. Pressure keeps increasing during 

the reaction. Therefore automatic pressure control valve could be installed in the system to 

realize computer controlled pressure. 

        CNT fibers show very promising sensing properties especially for the structural health 

monitoring of composite structure. Further study could be focused on two aspects: one is to 

improve the sensitivity of CNT fiber sensors by functionalizing the CNTs; the other is to 

step forward on the real application of these nano sensors in composite.  

 


