


	

	

ABSTRACT 
 

Studies on asphalt bitumen modified with carbon nanotubes 
 

by 
 

Luke Boyer 
 

 This dissertation studies the viscoelastic mechanical response of asphalt bitumen 

modified with carbon nanotubes (CNT), and investigates the response of the the CNT-

modified bitumen on directed microwave radiation. 

 The first part of this dissertation is aimed at developing an understanding of the 

viscoelastic mechanical response of asphalt bitumen-CNT composites. Dynamic 

mechanical analysis experiments were designed to investigate the effect on viscoelastic 

behavior, including shear storage and loss moduli, the damping coefficient, stress 

relaxation moduli, and the multiple stress creep recovery (MSCR) behavior of the 

composites. Frequency scans show that the shear storage modulus, the shear loss 

modulus, and the stress relaxation modulus all increase with CNT loading, and increase 

as the test frequency increases. Additionally, the viscoelastic studies demonstrate 

asphalt bitumen becomes more elastic with an increase in CNT loading. CNTs improve 

mechanical cross-linking and entanglement between the polymeric chains in the 

bitumen system. An industry standard penetration test reveals that the penetration index 

decreases with CNT loading. Multiple stress creep recovery (MSCR) analyses show 

that, with increasing CNT loading, strain recovery increases and the non-recoverable 

compliance decreases. 

 The second part of this dissertation investigates the thermal response of asphalt 



	

	

bitumen-CNT composites to directed microwave radiation. The temperature of the 

composites increases with exposure time. The temperature of the composites also 

increases with CNT loading, and with an increase in the power of the microwaves. 
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Chapter 1 
 

Introduction 

 Asphalt bitumen is a by-product of crude oil refinement. It accounts for 

approximately 1.5 – 2 volume percent of extracted oil (1). Bitumen is used in a variety of 

applications but approximately 85 percent of it is used as a binder in crushed aggregate 

for use in paving applications for roads, highways, airport runways, and parking areas. 

In the U.S. alone, more than 4 million kilometers (2.5 million miles) of roads and 

highways are surfaced with asphalt (2). 

 In paving applications, the mechanical properties of asphalt are critical to the 

performance and longevity. Commercial and private automotive traffic, as well as 

natural and environmental effects deteriorate the pavement, mostly in the form of rutting 

and fatigue. The most recent (2013) U.S. Infrastructure Report Card graded U.S. roads 

a “D,” which is defined as a “Poor” rating (3). The Report Card estimates that to 

maintain the national highway system at the current condition would cost approximately 

$101 billion in annual capital investment. In order to improve the nation’s highways, the 

annual investment climbs to $165 billion per annum. The U.S. taxpayers would save 

billions of dollars a year by implementing technologies that improve the performance 

and decrease deterioration of the roadway system. 

 Modified asphalt systems are finding increasing use in the paving industry as 

asphalt manufacturers become more comfortable with adopting new technologies. 

However, the most innovative development in bitumen engineering is adding tire rubber. 

This dissertation explores a new territory by studying asphalt bitumen modified with 
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carbon nanotubes (CNTs), a novel, carbon-based nanomaterial that has been 

extensively studied by materials scientists and engineers for potential use in numerous 

engineering applications such as reinforcements in composite systems (4) (5) (6) (7) (8) 

(9) (10). 

 Specifically, this dissertation investigates the mechanical response of asphalt 

bitumen modified with CNTs, and the thermal response of microwave exposure on the 

modified asphalt bitumen. Asphalt bitumen is a viscoelastic material used in pavement 

applications to bind aggregate together and provide flex for the matrix composite (11). 

Carbon nanotubes have excellent mechanical, electrical and thermal properties (12). 

Asphalt bitumen modified with CNTs can form a multifunctional system for next-

generation roadways, improving the performance and lifecycle of pavements (13) (14). 

 Following backgrounds on relevant properties of bitumen and experimental 

techniques to study them, the first part of this dissertation is aimed at developing an 

understanding of the mechanical response of asphalt bitumen – carbon nanotube 

composites. Using dynamic mechanical analysis, shear storage, shear loss and stress 

relaxation moduli are studied, as well as the damping coefficient, cross-over points 

(intersection of the storage modulus and complex viscosity plotted against frequency). 

Using an AASHTO study, penetration depths and penetration indices were studied. 

Using a multiple-stress-creep-recovery test, elastic recovery and non-recoverable creep 

compliance were studied. These tests provide valuable information that reflect on the 

rutting and fatigue behaviors of asphalt. The second part of this dissertation investigates 

the thermal response of asphalt bitumen – carbon nanotube composites upon exposure 
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with microwave radiation. This study is relevant to possible future laying or repair 

processes. 

 There is a final section of this dissertation, found in the Appendix, that examines 

two methods of applying a polymer jacket on a high-conductive carbon nanotube wire – 

one using a dissolved polymer solution and one using a melted polymer – and the 

resulting CNT-polymer interface. The polymer jacket serves as a binder and enables the 

manufacturing of a high strength, flexible wire. Furthermore, a polymer jack could also 

serve as a conductivity enhancer by applying inward radial force onto the nanotube 

wire, thereby increasing nanotube-nanotube contact. 

 The research included in this dissertation offers novel scientific understanding on 

the application of carbon nanotechnology on asphalt bitumen systems and conducting 

carbon nanotube wires. More precisely, this research develops a new understanding of 

the effect of CNTs on strength, viscosity, and thermal response to microwaves of 

asphalt bitumen – carbon nanotube composites, as well as interfacial studies using 

different CNT-polymer jacketing methods. 

	

Chapter 2 
 

Properties of Asphalt Bitumen 

2.1 Introduction 

 Asphalt bitumen, or bitumen, as a material is well studied but poorly characterized. 

This is reinforced by the non-specific chemical definition of bitumen: “A class of black or 

dark-colored (solid, semisolid, or viscous) cementitious substances, natural or 

manufactured, composing principally of high molecular weight hydrocarbons, of which 
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asphalts, tar, pitches, and asphaltites are typical” (15). The bitumen is approximately 90 

to 95 weight percent carbon and hydrogen, with the remainder consisting of 

heteroatoms (e.g. nitrogen, oxygen and sulfur) in the molecular structure and metals 

(e.g. arsenic, chromium, lead, mercury, nickel, selenium or vanadium). Bitumen 

chemistry is so unique and varied because the chemistry varies significantly on the 

geographical location of the parent material, crude oil. Consequently, the properties and 

yield of asphalt per crude oil reservoir will also vary widely. Modern bitumen is a by-

product of the fractional distillation of crude oil, per Figure 2.1.  

 
Figure 2.1: Illustration of crude oil distillation (courtesy of University of Chicago). 
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 The properties of the crude oil constrain the manufacturing method, but vacuum 

distillation is the most widely used. Crude oil is extracted sub-surface, then processed 

via fractional distillation.  Various hydrocarbon fractions (natural gas, gasoline, diesel) 

are distilled, with bitumen being the last distillation – the leftovers. 

 Bitumen is modeled as a colloid of asphaltenes and maltenes: asphaltenes as the 

dispersed phase and maltenes as the continuous phase. Maltenes are soluble in n-

alkane solvents (e.g. pentane, heptane) and are brimming with olefins, naphthenes, 

saturates, and naphtene-aromatics. Asphaltenes, like bitumen, also have an ambiguous 

chemical identity that depends on the source of the crude oil, and a broad chemical 

definition: the wax-free organic material insoluble in heptane (C7H16), but soluble in hot 

toluene (C6H5CH3). 

 
2.2 Production of asphalt from crude oil 

 The quality of asphalt is highly dependent on the quality of the type of crude oil 

precursor. As mentioned, the quality of the crude oil, that is, the chemistry and 

composition of the crude oil, is dependent on the geological source. Geologically older 

crude oils tend to have higher concentrations of non-distillates, of which asphalts are 

produced. However, these crudes may also contain higher amounts of paraffin waxes. 

Paraffin waxes are generally a mixture of hydrocarbon molecules that contain between 

twenty and forty carbon atoms, with a general chemical formula CnH2N+2. These paraffin 

waxes lend themselves to lower quality asphalts. 

 In the early twentieth century, the American Petrochemical Institute (API) 

developed a standard for comparing the specific gravity of oils, called the API gravity. If 
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the API gravity is greater than ten, the oil is lighter than and will float on water. If the API 

gravity is less than ten, it will sink in water. 

 As the API gravity of crude oil increases, the yield of asphalt decreases. These 

“heavy” crude oils have an API less than 25. Additionally, if a crude oil has a high sulfur 

content, the crude is labeled as “sour.”  

 The yield of asphalt decreases as the API gravity of the crude oil increases. 

Generally, most refineries are designed to maximize distillate products, and thus are not 

adapted to process heavy crude oil. This will limit the production of asphalts. However, 

asphalt refineries selectively favors heavy crude oils to maximize asphalt production. 

They rely on several manufacturing methods, or a combination of methods, to produce 

asphalt. Table 2.1 (15) lists several of these methods. 

 
Table 2.1: Methods used to produce and process asphalt materials. 

Production Process Base Materials Product 
Atmospheric and Vacuum 
Distillation 

Asphalt-based crude or 
crude mix Asphalt cements 

Blending 
Hard and soft asphalt 
Asphalt cements and 
petroleum distillates 

Asphalt cements of 
intermediate consistency 
Cutback asphalts 

Air-Blowing Asphalt flux 
Asphalt cements, roofing 
asphalts, pipe coatings, 
special membranes 

Solvent Deasphalting Vacuum residuum Hard asphalt 

Solvent Extraction Vacuum residuum Asphalt components 
(asphaltenes, resins, oils) 

Emulsification Asphalt, emulsifying 
agents, water Emulsified asphalts 

Modification Asphalt and modifiers 
(polymers, chemicals, etc.) Modified asphalts 
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 Atmospheric and vacuum distillation (Figure 2.2) are the most common method for 

producing asphalt cements, and involves straight reduction from crude oil to grade 

asphalt. Atmospheric distillation is used to separate various fractions and non-boiling 

components. Crude oil flows continuously through a furnace that heats the oil, stripping 

it of light materials. The heated crude then flows through an atmospheric distillation 

tower, where light components flash to the upper portion of the tower and subsequent 

lower boiling components reach lower sections of the tower. The non-boiling 

atmospheric residue is then introduced into a vacuum distillation unit. Here, several high 

boiling distillate fractions are produced, finally leaving a vacuum residue. This vacuum 

residue, now at an atmospheric equivalent vapor temperature of about 540°C, is the 

base material for the production of asphalt.  

 

  
Figure 2.2: Atmospheric (left) and vacuum distillation (right) of asphalt bitumen. 

 
2.3 Properties of asphalt bitumen 

 As previously stated, asphalt is highly dependent on the crude oil precursor. It is 

no surprise then that the chemical composition of asphalt varies with the chemistry and 
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composition of the original crude oil, as well as any processes used during refining. 

Generally, asphalts are a complex mixture containing a large, varied number of different 

chemicals compounds of relatively high molecular weight. The molecular weight 

distribution is also very wide. The smallest size molecule, around 300, is determined by 

the cut point at the distillation of the crude oil. The largest size molecule is still open to 

debate- while some argue there is evidence of some molecules with molecular weights 

up to 10,000, others argue there are few if any molecules larger than 1,000 (16). 

Asphalts primarily contain aromatic and/or naphthenes cyclic hydrocarbons, as well as 

secondary amounts of chemically stable saturated components. Many of these are 

artifacts originating from the crude oil precursor. Table 2.2 is a representative chemical 

analysis of asphalt, with averages and ranges taken from various crude oil sources (15). 

 
Table 2.2: Elemental analysis of asphalts from various geological sources. 

Element Average Range 
Carbon, wt% 82.2 80.2 – 84.3 
Hydrogen, wt% 10.2 9.8 – 10.8 
Nitrogen, wt% 0.7 0.2 – 1.2 
Sulfur, wt% 3.8 0.9 – 6.6 
Oxygen, wt% 0.7 0.4 – 1.0 
Nickel, ppm 83 10 – 139 
Vanadium, ppm 254 7 – 1590 
Iron, ppm 67 5 – 147 
Manganese, ppm 1.1 0.1 – 3.7 
Calcium, ppm 118 1 – 335 
Magnesium, ppm 26 1 – 134 
Sodium, ppm 63 6 – 159 

 
 Chemical characterization is rooted on the separation of asphalt into four broad 

classes compounds using solvent precipitation and adsorption chromatography. These 
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classes are: asphaltenes, resins, cyclics, and saturates. The relative amount of each 

class will vary on the asphalt. The molecules found in asphalt are combinations of 

alkanes, cycloalkanes, aromatics, and miscellaneous, non-carbon based molecules 

containing sulfur, oxygen, nitrogen, and heavy metals. Sulfur, nitrogen, and oxygen are 

typically found in the asphaltene and resins classes. 

 
Asphaltenes: 

 Chemically, asphaltenes are composed primarily of carbon, hydrogen, nitrogen, 

sulfur and oxygen, with trace elements typically of nickel and vanadium. Physically, 

asphaltenes are black, amorphous solids with a high molecular weight. Asphaltenes are 

widely thought to be highly polar aromatic. Asphalt generally contains 5-25 weight 

percent asphaltenes. As the amount of asphaltene in given asphalt increases, the 

asphalt becomes stiffer. Asphalts that have been oxidized typically have a higher 

asphaltene content than non-oxidized asphalts. This can be witnessed in asphalt that 

has been exposed to ambient conditions for a period of time (i.e. aged asphalt); the 

asphalt deteriorates partially due to a mechanism of oxidation, which causes asphaltene 

formation. 

 
Resins: 

 Resins are polar aromatics, and are dispersing agents for the asphaltenes. The 

resins are very dark, and can be either solid or a semi-solid. They produce the ‘sticky’ 

fraction of high molecular weight molecules present in the maltenes. Due to this 

characteristic, the ratio of resins to asphaltenes directly affects the rheological behavior 
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of asphalt. Resins can have a molecular weight in the range 800 – 2000, and often with 

a broad distribution. Asphalt typically contains 15 – 25 weight percent resins. 

 
Cyclics: 

 Cyclics are naphthene aromatics and are the lowest molecular weight compounds 

in asphalt. They also are the main component in the dispersion phase for the peptized 

asphaltenes. Cyclics have molecular weights in the range of 500 – 900, and often have 

side chain constituents. This gives the dark liquid a viscous property. Asphalt contains 

generally 45 – 60 weight percent cyclics. 

 
Saturates: 

 Saturates are straight and branched chain aliphatic hydrocarbons, and can be 

either waxy or not. The molecular weight of saturates are in the range of 500 – 900. 

Asphalt typically contain 5 – 20 weight percent of saturates. 

 The interactions of the molecules in the asphalt with each other and with the 

surfaces of the aggregate reinforcement affect how the asphalt will functionally behave. 

For example, the nitrogen and oxygen in some of the molecules will make those 

molecules slightly polar, but due to the limited amount of both elements, there is little 

likelihood of producing higher-polarity molecules. The presence of hetero-atoms (i.e. 

atoms not carbon nor hydrogen) enables the ability to form molecular associations, 

which in turn strongly influence the physical properties and performance of the asphalt. 

The asphaltene and resin components containing the hetero-atom compounds vary in 

their characteristics in asphalts derived from different crude oils. The primary sulfur 
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compounds are thiophenes. The primary nitrogen compounds are pyrrole, indole, and 

carbazole group. The majority of oxygen compounds that can be found include furans, 

phenols, and carboxylic/naphthenic acid groups (17). 

 
Polarity: 

 Polarity is an asymmetric distribution of electric charge within a molecule. As a 

molecule is atomically self-assembled, a structure is created that is bound together by 

electrostatic and other non-covalent forces. The covalent bonds are much stronger, 

thus, under sufficient stress and temperature, these secondary bonds will break before 

the covalent bonds. This breaking/reforming of the electrostatic bonds can happen, 

relative to breaking of covalent bonds, relatively easy. When covalent bonds break, the 

atoms will form new molecules. When the electrostatic bonds break a new molecule will 

not be formed, but reorganization can and does occur, and the reorganized structure 

will usually have different properties than before. 

 
Oxidizers: 

 As oxygen, which can be free oxygen or introduced, reacts with asphalt molecules, 

new polar sites are formed on the asphalt. The presence of these polar sites increases 

the tendency to self-assemble, which in turn increases the stiffness of the asphalt. The 

introduction of oxygen to the asphalt can occur during one or more of three stages: 

during the processing of the asphalt at the refinery, during the mixing at the production 

facility, or while in service. As the reaction of oxygen with the asphalt is dependent on 

the chemistry of and molecular distribution within the asphalt, asphalts that come from 
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different crude oils will have different rates of stiffening. Asphalts with a high amount of 

smaller molecules has a higher ability to withstand the development of more polar 

molecules (i.e., oxidation) without changing its physical properties. Asphalts with a high 

amount of larger molecules is dominated by the polar species, and thus oxidation will 

result in a larger number of polar molecules, which will dominate behavior and result in 

an increase in stiffness. In general, the more oxidized an asphalt is, the stiffer it will be. 

 
Polynuclear aromatic hydrocarbons (PAHs): 

 In general, asphalt precursor, crude oil, only contains trace amounts of polynuclear 

aromatic hydrocarbons (PAHs). Once processed, these PAHs are found in asphalt in 

the order of parts per million (ppm). Asphalt is produced in the maximum temperature 

range between (350 – 500)°C, which is not high enough to initial PAH formation. 

Additionally, vacuum distillation (recall a primary refinery process for asphalt 

manufacturing) removes the majority of compounds with lower molecular weight and 

thus lower vapor pressure. Thus, PAHs are generally not a concern when considering 

the chemistry of asphalt. 

 
Viscosity: 

 Asphalts are technically thermoplastic materials. A thermoplastic is a material that 

liquefies when heated and solidifies when cooled, and can sustain indefinite or near 

indefinite thermal cycling. An important characteristic of a thermoplastic is the change in 

viscosity through a given temperature range. For the reader’s information, in asphalt 

terminology, consistency is often used to describe the viscosity or degree of fluidity of 
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asphalt at a given temperature. The viscosity of asphalt changes with temperature. 

Thus, it is necessary to define an equivalent temperature or an equivalent viscosity 

when comparing the temperature-viscosity behavior of a group of asphalts. In some 

specifications, asphalt binders are graded based on their viscosity at a standard 

temperature. In other specifications, asphalt binders are graded based on the 

temperature at which they meet a standard viscosity. The grading systems will be 

discussed deeper in detail. 

 When an asphalt thin film is exposed to air at high temperatures, the asphalt 

hardens. Practically speaking, this translates into the asphalt hardening during the 

mixing with hot aggregate. As the asphalt hardens, the consistency (i.e. viscosity) 

increases. To some extent this stiffening is expected and tolerated. However, if the 

asphalt is over-heated during mixing or processing, the asphalt will experience 

premature cracking during service as a pavement or sealant. Thus, practically and 

experimentally, it is important to control the temperature as well as time at temperature 

to carefully prevent premature or unintended stiffening. 

 
Purity: 

 Purity is discussed in the context of asphalt binder as the weight percent of 

bitumen. Refined petroleum asphalt binders are almost pure bitumen. The purity of a 

binder may be confirmed by dissolving the binder in carbon disulfide. Bitumen, by 

definition, is fully soluble in carbon disulfide. Inorganic and organic impurities are 

generally chemically inert, and thus affected by the carbon disulfide. A simple weight 

experiment can determine the purity of the asphalt binder. In general, refined petroleum 
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asphalts are usually more than 99.5 percent soluble in carbon disulfide and thus quite 

pure. (15) 

 
Safety: 

 At room temperature, asphalt binder is inert. However, if heated to high 

temperature (flash point), the asphalt will release fumes. These fumes are flammable, 

and will flash ignite if exposed to a spark or other ignition source. Additional safety risks 

can occur through dermal contact with heated asphalt, which can cause severe burning. 

Also, if there is moisture in a transport container and hot asphalt is added, the moisture 

will transform to steam. This phase transformation is accompanied by a large and rapid 

increase in volume, and can result in hot asphalt overflow, thus creating both a hazard 

to persons and property. 

 
2.4 Applications of Bitumen 

 Bitumen has several industrial uses but the largest use is for making asphalt 

concrete, which is bitumen mixed with aggregate. The bitumen, depending on the 

application, geography and climate, accounts for about 5 weight percent of the asphalt 

concrete, with the remainder being aggregate (stone, sand and gravel). Asphalt 

concrete accounts for the majority of the asphalt consumed in the United States_. The 

next popular use for bitumen is for roofing and shingling; the bitumen provides both an 

adhesive for the shingles as well as a water-proofing layer. Other uses for bitumen 

include spray-lining and anti-corrosion coatings.  

 There are several types of asphalt concrete, and different categories can be 
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distinguished based on the temperature of the bitumen when the road is laid, the type of 

aggregate in the asphalt concrete, and the size distribution of the aggregate. Using the 

first (and common) metric, the types of asphalt are Hot-Mix Asphalt (HMA), Warm-Mix 

Asphalt (WMA), Cold-Mix Asphalt (CMA), with HMA being the most widely used on 

high-traffic pavements due to industrial familiarity and cost. In order to encourage 

adoption of our research, we focused on working within the HMA space. 

 Hot-mix Asphalt is produced by heating the bitumen to decrease the viscosity and 

aid with mixing. Hot, dry aggregate is added and the mixture is stirred. The asphalt is 

then laid and compacted to according to local state or federal code. 

 In 1987 the U.S. Strategic Highway Research Program (SHRP) embarked on a 

program to develop a new system for specifying asphalt materials. The result, released 

in 1993, was a system referred to as Superpave, which stands for Superior Performing 

Asphalt Pavements. Superpave as a product is a computer program that assists paving 

engineers with materials selection and mix design, but it is also an embodiment of a 

system for specifying aggregate and bitumen materials, asphalt mixture design and 

analysis, and pavement performance prediction modeling (18). 

 The Superpave asphalt binder specification was revolutionary in that it is a 

performance-based specification, as opposed to a material-based specification. 

Specifically, Superpave specifies binders based on the expected climate and 

temperatures of the paved area (19). Thus, physical property requirements do not 

change, but the temperature at which the binder achieves the desired properties does 

change (20). 
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 These performance-based, or performance-graded (PG), binders are graded in a 

system of PG #-#. The first number is referred to as the high temperature grade, and 

indicates the maximum guaranteed temperature at which the binder will maintain 

adequate, indicated performance. The second number is referred to as the low 

temperature grade, and indicates the minimum guaranteed temperature at which the 

binder will maintain performance (21). For example, one binder used in this research 

was PG 64-22, with a high temperature grade of 64°C and low temperature grade of -

22°C. In addition to temperature, operating considerations of the binder such as traffic 

flow, type of traffic, etc. are taken into account when choosing binder. Other modifying 

markings for binders can indicate additives to asphalt, such as an S for a polymer 

additive, or TR for tire rubber. 

 Every year, roughly 100 million metric tons of asphalt are used; the majority of 

asphalt is used for paving applications. Indeed, approximately 85 percent of all asphalt 

is used for paving applications, which includes hot mix asphalt, emulsified asphalt, tack 

coats, cold mixtures, chip seals, slurry seals, and cutback asphalts (often used for prime 

coats and/or cold mix asphalts) (15). Figure 2.3 is a pie chart of global asphalt bitumen 

applications by weight.  
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Figure 2.3: Asphalt bitumen applications. 

 
 Globally, North America and the Asia and Pacific account for the majority of 

asphalt use – nearly 63 percent (15). Indeed, asphalt usage is on the rise in many areas 

of the developing world as transportation infrastructure is installed and expanded. 

Figure 2.4 is a pie chart of the global bitumen use. 

Paving

85%

Roofing

10%

Secondary	Uses

5%

Asphalt	Bitumen	Applications

Paving Roofing Secondary	Uses



	

	

18	

 
Figure 2.4: Global asphalt bitumen usage. 

 
 Historically, asphalt usage in the United States was relatively slow with steady 

growth in the first half of the 20th century. However, the development of the interstate 

highway system demanded asphalt, and usage exploded. After the highway system was 

built, asphalt usage has slowed as the transportation focus has turned to maintenance, 

rehabilitation and reconstruction as opposed to adding new capacity.  

 
2.5 Motivation to modify asphalt with nano-constituents 

 Nanotechnology has garnered much excitement since the carbon fullerene (C60) 

was experimentally discovered in 1985. Iijima’s discovery of the carbon nanotube (CNT) 

in 1991 (22) ushered in a new era  of excitement. Researchers and research funds were 

redirected to find solutions to problems that would entail designing, constructing and 
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utilizing functional structures with at least one dimension at the nanometer (10-9 m) 

scale (22). Indeed, The United States National Nanotechnology Initiative states that 

“Nanotechnology involves research and technology development at the atomic, 

molecular, or macromolecular levels, in the length scale of approximately 1 to 100 

nanometer (nm) range in one direction, to provide a fundamental understanding of 

phenomena and materials at the nano-scale and to create and use structures, devices, 

and systems that have novel properties and functions because of their small and/ or 

intermediate size” (23). The small dimensions of nanoparticles directly or indirectly 

result in the ability to design systems with high functional density, special surface 

effects, large surface area, high strain resistance, and catalytic effects (24). Following, 

researchers have extensively investigated nano-additives in many composite systems 

(4) (10) (9). However, limited research has been performed on the behavior of bitumen 

composites, even though the macroscopic mechanical behavior still greatly depends on 

microstructure and physical properties on a micro- and nano-scale (25). In the realm of 

asphalt, there has been limited focus on the effect of nanotubes and other nano-

additives such as nanoclay and nanosilica in asphalt concrete (bitumen with aggregate) 

(13) but less on the effect of the bitumen without the aggregate. 

 
Modifying bitumen with nanoclay 

 Nanoclays are nano-sized particles of layered mineral silicates. Nanoclays are 

usually organized by the chemical composition and nanoparticle morphology. Examples 

include montmorillonite, bentonite, and kaolinite. The nanoclays are often modified for 

compatibility with organic monomers and polymers. A polymer or polymer blend is 
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mixed with the layered silicate, resulting in a structured composite with thickness 

approaching one nm and with a high aspect ratio, as opposed to naturally occurring 

clays which have a large variation in structure. Furthermore, the layers of the clay can 

separate with surface treatment, thus increasing the surface area and resulting in more 

interaction between the nanoclay and matrix, such as bitumen. 

 One study was an experimentation with two varieties of montmorillonite nanoclay 

mixed into bitumen and found that one variety (curlier, more randomly placed silicate 

layers) did not affect the stiffness of viscosity of the bitumen but another variety of the 

montmorillonite (flatter, more aligned silicate layers) did (26). However, the formerly 

described nanoclay additive did improve the aging resistance of the bitumen. Other 

physical properties such as stiffness, tensile strength, tensile modulus, flexural strength 

of bitumen can be enhanced when modified with small amounts of nanoclay, though 

dependent on dispersion of the nanoclay at the nanometer level. For the most part, a 

nanoclay-modified bitumen is much more elastic, and the dissipation of mechanical 

energy is much lower, than an unmodified bitumen (27). 

 In another study, bentonite and organically-modified bentonite were used to modify 

bitumen as an asphalt binder. The composites were manufactured by mix melt 

processing (shear stresses) under sonication. Aggregate was introduced into the binder 

to produce asphalt concrete. The resulting asphalt composite had a higher rutting 

resistance, a high resistance to cracking, and improved low temperature rheological 

properties (28). 
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 Styrene-butadiene-styrene (SBS) block copolymer is also commonly used as an 

asphalt binder modifier (29) (30) (31). Much research has been devoted to enhancing 

the physical properties of the SBS by dispersing small amounts of nanoclay at the 

molecular level. In fact, nanoclays have been exploited as a secondary modifier for 

already SBS-modified asphalts for property, including increase in rutting resistance (32). 

In the same study, the authors also demonstrated that nanoclay can increase the 

compatibility of the polymer and binder, which leads to a better polymer dispersion and 

impact on the rheological properties of the final system. 

 
Modifying bitumen with nanosilica 

 Silicon dioxide (SiO2), also known as silica, is a well-studied mineral found globally 

and used industrially to produce fumed silica, precipitated silica (also known as silica 

gel), colloidal silica and other forms, such as thin films for electronics. Silica at the nano-

level, nanosilica, has already found several uses in the industry, including use as 

reinforcement for elastomers and reinforcement for cement concrete mixtures (33) (34). 

It has also been argued that nanosilica has a benefit too often overlooked in academia- 

nanosilica has a low cost of production, which is important when considering use has a 

bitumen modifier because of the high volume of asphalt used (35). 

 Yao et al. introduced nanosilica into base asphalt binder and witnessed viscosity 

levels of the nanocomposite binder moderately decrease (36). The authors contend a 

lower viscosity indicates the feasibility of using a lower compaction temperature (lower 

temperature equates to lower energy consumption) and thus the asphalt will be cheaper 

to lay. Additionally, the nanosilica-modification improved the recovery ability of the 
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binder, the aging resistance of the binder, the fatigue cracking resistance of the binder, 

the rutting resistance of the binder, and the stripping resistance. However, nanosilica-

modified binder and asphalt did not see improvement of the low-temperature properties. 

However, Goh et al. demonstrated that nanoclay and carbon microfiber addition into 

asphalt binder can improve the moisture susceptibility, de-icing chemical susceptibility 

(for example NaCl, MgCl2, CaCl2), and the freeze-thaw cycles (37). Finally, an asphalt 

mixture modified with 5% SBS rubber and 2% nanosilica demonstrated an increase in 

the mechanical properties (38). 

 
2.6 Modification of asphalt concrete with nano-constituents 

 The process of producing an asphalt concrete pavement (or any asphalt product) 

is generally a step-wise process. While this dissertation is focused on adding carbon 

nanotubes to the bitumen melt, the author notes that CNTs (or any nano-constituent) 

may be added at any processing stage of asphalt concrete. Figure 2.5 is a process map 

of asphalt concrete. 

 
Figure 2.5: Asphalt concrete process map. 

 Furthermore, asphalt concretes are generally layered structures. Carbon 

nanotubes (or any nano-constituent) may be added to one or more (or all) layers to 
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enhance the performance of the whole. Figure 2.6 is an example of asphalt concrete 

layers, with a description of the function of each layer (39). 

 

 
Figure 2.6: Asphalt concrete layering structure. 

 
 
 

Chapter 3 
 

Sample preparation of asphalt bitumen – carbon nanotube composites 
 
3.1 Introduction 

 This chapter introduces and describes the motivation and previous efforts of 

modifying asphalt bitumen with carbon nanotubes. It also describes the method of 

sample preparation used to produce the carbon nanotube-modified asphalt bitumen 

used for the studies reported in this dissertation. 

 
Previous Studies 

 Carbon nanotubes (CNTs) are individual sheets of graphitic carbon (graphene) 

rolled into a cylinder. The diameter of the tubes is on the order of one nanometer. 



	

	

24	

Carbon nanotubes are identified as materials with extremely good mechanical 

properties, and with potential to be used in infrastructure applications usually as a 

modifier (39) (40). For example, the Young’s modulus of an individual CNT can be as 

high as 1 TPa (41), and a tensile strength reaching 150 GPa (12). Carbon nanotubes 

are classified according to their structure: single tubes are classified as single-walled 

nanotubes (SWNTs) while coaxial structures are classified as multi-walled nanotubes 

(MWNTs). MWNTs can be further divided into categories such as double-walled 

(DWNTs), few-walled (3-4 walls), or multi-walled (>5 walls). Multi-walled nanotubes can 

be produced with fewer complexities and less expensive than single-walled nanotubes, 

but they have lower strength and are less stiff than SWNTs (42). 

 There has been limited research in the arena of modifying bitumen with carbon 

nanotubes. When nanotubes are added to bitumen in mass fractions greater than one 

percent, the rheological properties are markedly affected (43) (44) (45). The addition of 

carbon nanotubes in 0.1 weight percent in asphalt mixtures was demonstrated to 

improve asphalt pavement properties, which allowed the under layers to decrease in 

thickness. This decrease in thickness resulted in a reduction of stone materials needed, 

thus saving costs (13). It was also demonstrated that adding SWNTs to an asphalt 

bitumen binder increases the rutting resistance capability (46) (47). Additionally, 

resistance to oxidative aging is reduced (48), which corresponds with an increase in the 

life expectancy of the asphalt mixture. 
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3.2 Sample Preparation 
  
Carbon nanotubes 

 The carbon nanotubes used for this research were obtained from Carbon 

Nanotechnology, Inc. (CNI), now part of Unidym. Nanotubes are characterized by their 

structure: either as single-walled (SWNT), double-walled (DWNT), or multi-walled 

(MWNT). The nanotubes used in this research are referred to as conductivity-grade 

nanotubes (XDNT). These nanotubes are listed by the manufacturer as a mixture of 

SWNTs (1/3), DWNTs (1/3) and MWNTs (1/3). Additionally, the material contains a 5-

weight percent iron (Fe) catalyst – as disclosed by the manufacturer and confirmed via 

thermo-gravimetric analysis (TGA). TGA analysis of the raw nanotubes, performed 

under argon, can be seen in Figure 3.1, confirming the residual metal. 
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Figure 3.1: TGA analysis of raw XDNTs confirming 5 wt% residual metal. 

 
 Although not widely utilized in the research arena, this type of nanotube was 

chosen for several reasons. First and foremost, XDNTs are comparatively cheap to 

mass-produce. This is essential if the new technology is ever to be embraced by the 

industry in applications requiring large volumes. Second, XDNTs are safer and easier to 

handle than SWNTs, also an advantage for industrial adoption. Third, XDNTs can be 

effectively dispersed using standard melt blending equipment. This not only eliminates 

the necessity of harsh and tightly controlled chemical solvents, but also allows for less 

expensive processing, as it mimics current industrial operations. Finally, previous 

research has demonstrated synergistic effects using nanomaterials of different types 

(49). Thus, by using XDNTs, we can take advantage of the synergism of the three 
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different types of carbon nanotubes. 

 
Asphalt bitumen 

 The asphalt bitumen binders (PG 64-22, PG 70-22S, PG 76-22TR) were obtained 

from Wright Asphalt (Houston, Texas). When identified, modifiers include styrene-

butadiene-styrene (SBS), a co-block polymer, and recycled tire rubber. The modified 

asphalts were obtained pre-mixed from Wright Asphalt. Table 3.1 indicates the percent 

asphalt, SBS rubber, and tire rubber in each of the asphalts. 

 
Table 3.1: Percent modifiers for asphalt binders. 

 PG 64-22 PG 70-22S PG 76-22TR 
Asphalt bitumen (wt%) 100 95 – 98 85 – 92 
SBS (wt%) - 2 – 5 2 – 5 
Tire rubber (wt%) - - 5 – 10 

 
  

Processing of CNT-bitumen composites 

 There are several methods to manufacture a polymeric-CNT composite material, 

but one common characteristic is the problem of carbon nanotube dispersion (50) (51) 

(52) (53) (54). The method chosen for this research was mix-melting. This method is 

considerably cheaper, safer, and more closely mirrors current methods of asphalt binder 

production methods (55). The carbon nanotubes were added to the asphalt bitumen in 

the dry, un-modified state, to simulate how industry would ideally manufacture the 

composites. That is to say, in the cheapest, quickest and most efficient way. Also, the 

industry often does not chemically modify the aggregate, and so the nanotubes were 

not chemically functionalized. Also, the mixing process mirrors current bitumen 
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processing techniques uses to make existing modified asphalts (e.g., PG70-22S and 

PG76-22TR), does not rely on harsh chemicals at high volumes, and promotes even 

dispersion (56). The CNT-bitumen composites were made by shear-mixing the XDNTs 

into molten bitumen using a Haake twin-screw shear mixer. Figure 3.2 is a picture of the 

Haake twin-screw shear mixer. 

 

 
Figure 3.2: Picture of a Haake twin screw shear mixer. 

 
 As little work had been performed on mixing techniques of CNTs and bitumen, the 

mixing speed and temperature needed to be optimized. Figure 3.3 is an SEM 

micrograph revealing aggregate CNT distribution. 
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Figure 3.3: SEM micrograph showing aggregate CNT distribution in the asphalt 

bitumen. 
 
 Thus, in order prepare a dispersed CNT composite, the mixing parameters were 

adjusted. The final setting was mixing the dry nanotubes into the bitumen, at 150°C and 

a mixing speed of 200 r.p.m. for 60 minutes. The mixing time was determined by a 

compromise to promote even CNT distribution and premature bitumen aging, which is a 

degradation of the asphaltic properties. Figure 3.4 is a an SEM micrograph revealing 

excellent CNT distribution. Note that the porosity is a result of outgassing of the volatiles 

in the SEM vacuum chamber. 

 

”Clumped” CNTs 
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Figure 3.4: SEM micrograph showing even CNT dispersion in asphalt bitumen matrix. 

 
 Carbon nanotube-modified asphalt bitumen composites were made in 

compositions of 0.1, 0.5, 1 and 3 weight percentages carbon nanotubes. The 

composites were tested and, in several of the studies, compared to neat PG64-22 

bitumen, PG70-22S, and PG76-22TR. 

 As a note for the civil engineering field, there is extensive work that has been 

performed on the addition of carbon nanotubes to cement-based materials (57) (58) 

(59). In general, in these cases the nanotubes require some sort of chemical surfactant 

treatment and ultrasonic mixing to ensure thorough and even distribution of nanotubes 

through the cement matrix. This ultrasonication has the capability of shortening and 

introducing defects into the carbon nanotubes, thus reducing their mechanical 

effectiveness. 
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Chapter 4 
 

Analysis of asphalt bitumen – carbon nanotube composites 
 
4.1 Introduction 

 Strength modification of asphalt bitumen is a compelling area of subject because 

there is a direct correlation between the behavior of the strength of asphalt binder and 

of rutting and fatigue cracking resistance of asphalt cement (asphalt binder with 

aggregate), which, per Chapter 2, makes up the majority of the usage for asphalt 

bitumen. 

 Rutting is a significant issue for highways and roadways for both developed and 

developing countries alike. One issue of rutting is that it prevents rainwater from 

cascading off the of the road. Standing water on a road surface is a frequent cause of 

hydroplaning accidents. Rutting can also be a problem by constricting a vehicle from 

steering (60). Rutting behavior can be studied by measuring the complex shear 

modulus elastic portion, which will be described in the next section. 

 Fatigue cracking in asphalt concrete is generally defined as failure resulting from 

loads transferred from traffic moving over the highways or roadways. Fatigue cracking is 

an issue because it may result in large crack formations and possible catastrophic 

failure resulting in the loss of structural integrity of the pavement (14) (61). Fatigue 

cracking behavior can be studied by measuring the complex shear modulus elastic 

portion, which will be described in the next section. 

 In this study, samples of carbon nanotube-modified asphalt bitumen were tested 

using dynamic mechanical analysis (DMA) under various frequencies. The behavior of 
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the modified asphalt bitumen was analyzed to understand how both the rutting behavior 

and the fatigue cracking resistance of the asphalt concrete can be improved and 

tailored. Additionally, the results were compared to other conventionally modified 

asphalt bitumens to contrast techniques available to control rutting and fatigue crack 

resistance. These asphalts were 70-22S and 76-22TR, per Table 3.1. 

 
4.2 Mechanical analysis of asphalt bitumen – carbon nanotube composites 

Dynamic mechanical analysis (DMA) is, at its basics, applying an oscillating force 

to a material and evaluating the sample’s response to that force. While the theory 

behind the techniques are not new, one of the first well-known oscillatory experiments to 

measure the elasticity of a material was in 1909, DMA as a commercially available 

technique did not come into its own until the mid-1960s. The 1920s-1970s saw an 

explosion of polymer synthesis_, and characterization techniques and equipment were 

needed to keep up (62). 

 In evaluating a sample’s response to an oscillating force, one can calculate several 

properties, for example, the stiffness, or modulus. These are also described as damping 

(the ability to lose energy as heat) and elasticity (the ability to recover from 

deformation). There are two primary methods to visualize and describe these properties 

from a material’s perspective: the relaxation of the polymer chains, or the changes in 

the free volume of the polymer. 

 The force that is applied to the sample is done so over a specified area, so thus it 

can be referred to as a stress, and is denoted by a Greek sigma (σ). The material, 

under this stress, will demonstrate a deformation, or strain, which is denoted by a Greek 
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epsilon (ε). A stress-strain curve for a typical material can seen in Figure 4.1. 

 
 

 
Figure 4.1: Typical stress-strain curve. 

 
 While this stress-strain relationship under a constant stress is well known in the 

material science community, an oscillatory stress provokes a different response. If, a 

sample is taken at a constant load and a sinusoidally oscillating stress is applied to it, 

the sample will deform sinusoidally (Figure 4.2) (62). 

 
 

 
Figure 4.2: Typical strain response of an oscillatory stress. 
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 The curve will be reproducible if the material is kept within its linear viscoelastic 

region. Thus, the stress applied may be defined per Equation 4.1. 

 
! = !# sin'( Equation 4.1 

 
where ! is the stress at time t, !0 is the maximum stress and ' is the frequency 

of the oscillation. The resulting strain wave shape will depend the viscous behavior and 

the elastic behavior of the sample. To determine the rate of change of the stress with 

time, the derivative can be taken of Equation 4.1, resulting in Equation 4.2. 

)!

)(
= '!# cos'( Equation 4.2 

 
If the material is behaves in a perfectly elastic material, the strain will respond 

directly and with no delay to an applied stress. Thus, the strain, as a function of time, 

may be written per Equation 4.3. 

 
, ( = -!# sin'( Equation 4.3 

 
where ε(t) is the strain at time time, E is Young’s modulus, !0 is the maximum 

stress at maximum strain, and ' is the frequency of the oscillatiaon. As E is the ratio of 

stress over strain, Equation 4.3 may be rewritten per Equation 4.4. 

 
, ( = ,# sin'( Equation 4.4 

 
where ,0 is the maximum strain at maximum stress. 
 
In the scenario per Equation 4.4, there is no time difference (also known as 

phase lag) between the strain of the material and the applied stress. However, if the 

material is not perfectly elastic and there is a delay in the strain from the applied stress, 

Equation 4.4 can be reimagined as: 
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, ( = ,# sin('( + 0) Equation 4.5 

 
where 0 is the angle between the applied stress and resultant strain, also known 

as the phase angle (per Figure 4.2). Equation 4.5 may also be rewritten as: 

 
, ( = ,# sin'( cos 0 + cos'( sin 0  Equation 4.6 

 
 
Equation 4.6 can be separated into Equations 4.7 and 4.8, which correspond to 

the in-phase and out-of-phase strain portions of the curve, respectively. 

 
,′ = ,# sin 0 Equation 4.7 

 
," = ,# cos 0 Equation 4.8 

 
The vector sum of Equations 4.7 and 4.8 results in Equation 4.9. 
 

,∗ = ,5 + 6," Equation 4.9 
 
This equation reveals the overall (or complex) strain on a material, and is a 

useful equation because it allows a mathematical visualization of the division of the 

modulus into two terms: one modulus that is related to the elastic behavior of the 

material, and one modulus that is related to the energy loss (due to internal motion 

[such as polymer chain or filler sliding]) of the material. The DMA equipment used in this 

dissertation measured these two properties. 

The most relevant method of performing DMA on a bitumen material is by 

performing a frequency scan. The technique performed in this dissertation was by 

holding the temperature constant (room temperature) and scanning across a range of 

frequencies. In this study, 0.5 – 5 Hertz was chosen as it is an encompassing range of 
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frequencies that asphalt bitumen experiences when laid on a roadway (63) and also 

provides a great overview of information on the asphalt bitumen composites on a 

logarithmic graph. Additionally, it was found that at higher frequencies, the bitumen – 

nanotube composite would heat and flow out of the apparatus, thus nullifying any 

results and potentially damaging the equipment. 

Dynamic mechanical analysis was performed using the shear sandwich mode. 

The shear sandwich mode is relevant to asphalt because it measures the shear elastic 

moduli, which, as discussed, are indications of asphalt performance. Figure 4.3 is the 

experimental setup for the DMA in shear sandwich mode operation. 

 

 
Figure 4.3: Experimental setup of DMA in shear sandwich mode. 

 
 

4.2.1 Moduli analysis of asphalt bitumen – carbon nanotube composites 
 
 If we are interested in calculating the two moduli per Section 4.2, we can begin by 

examining the storage, or elastic, modulus (E’). This is a measure of of how elastic a 

material is, but is not equivalent to Young’s modulus. Young’s modulus is generally 

calculated using a range of stresses and strains and thus is a line made of several 

points - the storage modulus may be thought of as a point on the line. Additionally, 
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Young’s modulus is obtained through a constant tensile stretching, not an oscillating 

stress. Equation 4.10 provides a relationship expressing the storage modulus as it is 

related to the amount of energy recovered at peak strain (64). 

 
-5 =

!#
,#

cos 0 =
7#
89

cos 0 Equation 4.10 
 
 where 0 is the phase angle, f0 is the applied force at the peak of the sine wave, k is 

the sample displacement at the peak of the sine wave, and b is a geometrical term. 

 There is also an associated amount of energy that is lost, which can be expressed 

as the loss, or viscous, modulus (E”). The loss modulus can be calculated from the 

phase lag between the stress and strain sine waves. 

  
-" =

!#
,#

sin 0 =
7#
89

sin 0 Equation 4.11 
 
 where 0 is the phase angle, f0 is the applied force at the peak of the sine wave, k is 

the sample displacement at the peak of the sine wave, and b is a geometrical term. 

The shear modulus (G) may also be considered as two terms also representing 

the elastic behavior and energy loss of the material. By utilizing a DMA using a sliding 

shear setup, it is possible to measure the storage modulus (G’), which is the ability of 

the material to return or store energy and the loss modulus (G”), which is the ability of 

the material to lose energy. 

These shear moduli G’ and G” are important to the study of asphalt bitumens 

because these two values are fundamental to two very important properties touched on 

in the Introduction section of this chapter: rutting resistance and fatigue crack 



	

	

38	

resistance. If an asphalt bitumen has a large value of G’, then the resistance to rutting 

increases. If an asphalt bitumen has a small value of G”, then the resistance to fatigue 

cracking increases (61). Thus, these two values were investigated. 

Additionally, the shear stress relaxation modulus for each composite was 

calculated. Stress relaxation is the observable decrease in stress as a reaction to the 

same amount of strain generated. This is due to maintaining the structure in a strained 

condition for a period of time and consequently causing plastic strain. This is 

sometimes, but should not be, confused with creep, which is a constraint state of stress 

with an increasing amount of strain. Stress relaxation describes how polymers relieve 

stress under constant strain. In this dissertation, the stress relaxation modulus was 

approximated using Ferry and Ninomiya’s method (65), per Equation 4.11. 

 
- ( = -5 ' − 0.4(-)(0.4ω)+0.014(E")(10') Equation 4.12 

 
where E(t) is the stress relaxation modulus, E’ is the experimental storage 

modulus, ω is the dynamic test frequency, and E” is the experimental loss modulus. As 

before, the moduli and shear moduli are equivalent due to the experimental method. 

Thus, G(t) was calculated using the experimental results. 

 
Results and Discussion 
 
  Dynamic mechanical analysis (DMA) in shear sandwhich mode was carried out on 

five different asphalt bitumen – carbon nanotube composites, with varying loading of 

nanotubes, at Rice University. The composites were prepared per Section 3.5.2, using 

conductivity grade carbon nanotubes and PG64-22 grade asphalt bitumen. The results 
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were also compared to the other two common modified asphalt bitumens. 

 Figure 4.4 is a graphical representation of the log of the shear storage modulus, 

G’, of the modified asphalt as a function of the oscillating frequency. 

 

 
Figure 4.4: Log of shear storage modulus of CNT-modified asphalt bitumen as a 
function of test frequency. 
 
 It can first be observed that, with all of the composites, an increase in the test 

frequency leads to an increase in the tested storage modulus. This leads to an increase 

in the elasticity of the composites. 

 It can also be observed that, with an increase in the percent loading of the 

nanotubes, there is an associated increase in the storage modulus. Thus, with an 

increase in nanotubes, the composite becomes more elastic.  

 The increase in elasticity can be explained by an increase in mechanical cross-
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linking density created by the interactions of the polymeric chains in the asphalt and the 

carbon nanotube filler, which has been described in previous studies (66) (67). 

 Another interesting observation is that an 0.1 weight percent loaded asphalt 

bitumen has similar behavior as the 70-22S polymer modified bitumen. 

 Thus, we can conclude that because G’ increases with loading of nanotubes, the 

rutting resistance of the asphalt bitumen will also increase. 

 Figure 4.5 is a graphical representation of the log of the shear loss modulus, G”, of 

the modified asphalt as a function of the oscillating frequency. 

 

 
Figure 4.5: Log of shear loss modulus of CNT-modified asphalt bitumen as a function of 
test frequency. 
 
 It can first be observed that, with all of the composites, an increase in the test 

frequency leads to an increase in the tested shear loss modulus. This leads to an 

increase in the amount of energy dissipated as heat. 
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 It can also be observed that, with an increase in the percent loading of the 

nanotubes, there is an associated increase in the loss modulus. Thus, with an increase 

in nanotubes, there is more energy that is dissipated as heat.  

 The increase in the loss modulus can be explained due to frictional energy 

dissipation during sliding at the nanotube-nanotube interface, which has been described 

in previous studies (68). However, as we will see in the next section, dispersion of the 

nanotubes decreases that effect. More likely, the nanotubes act as mechanical cross-

linking elements for the bitumen polymeric chains and the resulting increase in friction 

from said chains are responsible for the energy generation. 

 Another interesting observation is that an 0.1 weight percent loaded asphalt 

bitumen has similar behavior as the 70-22S polymer modified bitumen. 

 Thus, we can conclude that because G” increases with loading of nanotubes, the 

fatigue resistance of the asphalt bitumen will decrease. 

 Figure 4.6 is a graph of the shear storage modulus as a function of nanotube 

loading. Figure 4.7 is a graph of the shear loss modulus as a function of nanotube 

loading. 
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Figure 4.6: Shear storage modulus of CNT-modified asphalt bitumen as a function of 
nanotube loading. 
 

 
Figure 4.7: Shear loss modulus of CNT-modified asphalt bitumen as a function of 
nanotube loading. 
 
 A clear trend is discernable for both moduli. At low frequencies, the behavior of the 

moduli begins to logarithmically stabilize at loadings above 1 weight percent nanotubes. 

However, at higher frequencies, the value of the moduli continues to noticeably 
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increase. Thus, for use in low (< 1 Hertz) frequency stress applications, it would not be 

additionally beneficial to use higher nanotube loading. This would help control material 

cost. 

 Table 4.1 is a table of shear relaxation shear stress moduli, calculated per 

Equation 4.12.  

 
Table 4.1: Stress relaxation shear moduli calculated per Ferry and Ninomiya’s method. 

Wt% CNT Frequency Stress relaxation shear 
modulus, G(t) [Pa] 

0 

0.5 4238 
1 7027 
2 11353 
5 20657 

   

0.1 

0.5 22169 
1 37611 
2 61834 
5 112759 

   

0.5 

0.5 70609 
1 114029 
2 181935 
5 326664 

   

1 

0.5 54206 
1 73752 
2 102416 
5 159301 

   

3 

0.5 94978 
1 149361 
2 235079 
5 415083 
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 When we graph these values (Figure 4.8), we can see that at higher loadings of 

nanotubes, the stress relaxation shear modulus increases. Additionally, the modulus 

also increases with an increase in test frequency. We can also see that the behavior of 

CNT-modified asphalt bitumen is very dependent on the loading of the nanotubes, and 

also on the test frequency. 

 

 
Figure 4.8: Stress relaxation shear modulus of CNT-modified bitumen. 

 
4.2.2 Viscoelasticity analysis of asphalt bitumen – carbon nanotube composites 

 As discussed earlier, Dynamic Mechanical Analysis can be used to calculate 

several mechanical properties. Besides stiffness, other properties it can reveal are the 

damping coefficient (tanδ) and viscosity (resistance to flow). The damping is critical for 

roadways to issues ranging from ambient noise while driving to passenger transport in 

medical ambulances (69). The damping coefficient may also be used as an indicator of 

viscosity. The viscosity is a critical property of an asphalt bitumen because it is directly 
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related lay-ability, or which is the ability of the asphalt to be poured and laid on a 

roadway.  The viscosity is also an indicator of the relative difference in molecular 

weights and molecular weight distribution in viscoelastic polymers. 

 As defined in section 4.2.1, the time lag between the peak applied stress and 

resultant strain in a viscoelastic material that has been subjected to sinusoidal stress is 

defined as δ. Mathematically, that time lag may be expressed as an angle that defines 

the lag between the stress sine wave and strain sine wave. This angle may be 

measured using DMA. The tangent of the phase angle is called the damping coefficient, 

and is an indicator of how efficiently the material loses energy to internal friction (e.g. 

CNT-CNT sliding) and molecular rearrangements. It is independent of geometry effects, 

and is defined as the ratio between the loss modulus and the storage modulus. The 

equation for tangent delta can be seen in Equation 4.13. 

 

tan 0 =
-"

-′
 Equation 4.13 

 
 The damping coefficient (tan delta) is a measure of the decrease in the amplitude 

of an oscillation lost from the sample. One such reason could be internal friction. Thus, 

while it was observed that the shear loss modulus increases with increasing weight 

percent nanotubes, we should expect an increase of the damping coefficient with an 

increase in weight percent nanotubes if slippage between nanotubes or nanotube 

bundles was a central cause. Also, as tan delta is proportional to delta, the phase lag, a 

decrease in tan delta would indicate a decrease in phase lag, and thus the material 

would behave more elastically. 
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 Figure 4.9 is an example of a frequency scan on a viscoelastic material (62). In 

this example, the storage modulus (E’) is plotted, along with the complex viscosity (η*) 

on the secondary Y-axis, against frequency (ω). 

 

 
Figure 4.9: Example curve of a frequency scan showing the change in a 

material’s behavior with frequency. 
 
It should be noted that storage modulus and frequency are provided by and input 

into the DMA, respectively; complex viscosity may be calculated via Equation 4.14 (62). 

 

C∗ =
D∗

'
 Equation 4.14 

 
 When analyzing these curves, the reader is advised focus on differences and 

trends in the data rather than specific peaks or transitions. 

 Per Figure 4.9, at low frequencies of the complex viscosity (η*) versus frequency 

(ω) curve there is a moderately flat region. This region of the curve is called the zero 

shear plateau (70) and it indicates the frequency range where the polymer 
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demonstrates Newtonian behavior and the viscosity is dependent on the molecular 

weight (as opposed to the strain rate). For a Newtonian fluid, the viscosity in this plateau 

region has been shown to be related to the molecular weight per Equation 4.15 (71).  

 
C ∝ FGH Equation 4.15 

 
 where Mv is the molecular weight and less than the entanglement molecular weight 

and c is a material constant. 

 The region of low frequency (i.e. regions of being stressed over longer periods of 

time) is the region where viscous behavior is predominant, and some flow will occur. 

Likewise, in regions of high frequency (i.e. regions of being stressed over shorter 

periods of time), the material will begin to behave more elastically. This is often called 

the power law region and is modeled using Equation 4.16. 

 
C∗ ≅ CJ = FJKLM Equation 4.16 

 
 where γ is the shear rate and n is determined by data fitting. 
 
 After the power law region the graph will eventually again flatten as it enters the 

infinite shear plateau. This region corresponds to an area where the shear rate is high 

enough that the polymer chains are no longer entangled and thus no longer 

demonstrates a response to an increase in the shear rate. For commercial polymers this 

region is avoided due to polymer degradation; for asphalts it is not of interest due to the 

excessive shear rate likely required for the elongated polymer chain lengths. 
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 Per Figure 4.6, the storage modulus (E’) is also a function of frequency (ω). As the 

testing frequency increases, the material behaves more elastically and the storage 

modulus curve will tend to slope upward. For example, above the glass transition 

temperature (Tg) the material is in a region called the rubbery plateau and thus the 

storage modulus tends to be flat with a slight increase in the frequency. 

 Thus, as frequency increases and shear thinning occurs, the viscosity decreases. 

Simultaneously, increasing the frequency increases the elasticity. The exponential 

relationship allows researchers to find the cross-over point between the η* and E’ curve. 

This point is sometimes used as a method of approximating the molecular weight of a 

polymer (72). In the case of bitumens, it can be used as a qualitative approach to be 

used as an indicator of the relative difference in molecular weight and molecular weight 

distribution in polymers (73). Rahalkar developed this from the Doi-Edwards theory (74). 

The cross-over point moves upward (towards higher viscosity) as the molecular weight, 

and/or molecular weight distribution, in a polymer system increases (75). 

 
Results and Discussion 

 Dynamic mechanical analysis (DMA) was carried out on five different asphalt 

bitumen – carbon nanotube composites, under various nanotube loading, at Rice 

University. The composites were prepared per Section 3.5.2, using conductivity grade 

carbon nanotubes and PG64-22 grade asphalt bitumen. The results were also 

compared to the other two common modified asphalt bitumens. 

 Tan delta was analyzed as function of frequency under varying loading of carbon 

nanotubes. Figure 4.7 is a graph of the damping coefficient versus frequency for all 
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asphalt bitumen – carbon nanotube composites. 

 
Figure 4.10: Damping coefficient as a function of frequency. 

 
 As previously mentioned, it was observed that the shear loss modulus increased 

with increasing loading of carbon nanotubes. Therefore, one may reasonably expect to 

see a corresponding increase in the damping coefficient with an increased loading of 

nanotubes. However, per Figure 4.10, a decrease in the damping coefficient is actually 

observed with an increasing in the nanotube loading. This could be hypothetically 

explained that the nanotubes were well dispersed (as opposed to being present in 

bundles) throughout the bitumen system, and thus there was limited slippage between 

the nanotubes. This was confirmed through scanning electron microscopy (SEM). 

Figure 4.11 is another SEM images of bitumen – CNT composites revealing thorough 

nanotube dispersion. 
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Figure 4.11: SEM micrograph showing thorough nanotube dispersion. 

 
 It was also discussed that, as a material would tend to behave more elastically, the 

phase lag between the applied stress and corresponding strain should observationally 

decrease. Tan delta, which is proportional to the phase lag, delta, does experimentally 

decrease with increasing with increased loading in nanotubes, and thus the material 

does tend towards more elastic behavior. Tan delta is a ratio between the storage 

modulus and loss modulus, and as both moduli increase with an increase in CNT 

loading, and tan delta also increases with increased CNT loading, we can confidently 

say that the material “becomes” elastic faster than it loses its stored energy. This also 

corresponds well with the SEM images of the CNT dispersion; thorough dispersion 

reduces the amount of friction and thus the amount of energy lost. 

 When we calculate and analyze the cross-over points between the storage 

modulus and complex viscosity plotted against frequency, we can see a general trend in 
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the intersection points with an increase in carbon nanotube loading per Figure 4.12. To 

clarify the trend, the intersections have been marked and the trend emphasized with an 

arrow. 

 

 
Figure 4.12: Trend in cross-over point indicating increase in effective molecular weight 

of polymeric chains in the asphalt bitumen. 
 
 The trend of the intersection points moves up with carbon nanotube loading. The 

viscosity is increasing, which is an indicator that the chain size is increasing. It is yet 

another indicator that the carbon nanotubes are interacting and aid cross-linking of the 

polymeric chains in the asphalt bitumen. 

 
4.2.2.1 AASHTO T-49 study on the consistency of asphalt bitumen – carbon 

nanotube composites 

 The American Association of State Highway and Transportation Officials 

(AASHTO) is a U.S.-based entity founded in 1914 in order for Department of 
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Transportation officials in each state to be able to coordinate, share best practices, and 

publish specification and test protocols which are used on highway design and 

construction. One of the protocols that AASHTO still supports is AASHTO T 49, 

Standard Method of Test for Penetration of Bituminous Materials (76). 

 AASHTO T 49 is a penetration test for measuring the consistency of an asphalt 

bitumen. The consistency of an asphalt is an empirical property that dates back to a 

time when bitumen was graded on its “chew-ability”. The penetration test was originally 

created in 1888 (no doubt as a preferred alternative to chewing) and soon became very 

popular as a means of classifying bitumen. The consistency of a bitumen is a function of 

the chemical constituency - the relative proportions of asphaltenes (high molecular 

weight, stiff), resins (adhesive) and oils (fluid). As mentioned in Chapter 2, the type and 

amount of said constituents is determined by the source of the petroleum as well as the 

method of processing at the refinery.  

 The method of conducting the penetration is straightforward. An asphalt binder 

sample is heated to a flowing temperature and poured into a 3-ounce tin test container. 

After cooling to a standard test temperature of 25°C (77°F) the sample container is 

placed in the penetrometer equipment. Figure 4.13 is a picture of a penetrometer.  
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Figure 4.13: Penetrometer with dial settings to the nearest 0.1 mm. 

 
 As this is an empirical test and not based on a fundamental property, the result is 

dependent on sample size and test conditions and dimensions. For example, it is 

imperative that the penetration needle is a standard size and shape to ensure the 

measured values of penetration are comparable.  

 The penetrometer (100 gram total loading) is lowered until the needle tip makes 

contact (but not penetration) with the bitumen sample. The load is then released and the 

weighted needle is allowed to penetrate the asphalt binder for 5 seconds. The distance 

the needle penetrates is reported as the penetration value, in units of 0.1 millimeters. 

Additionally, AASHTO M 20 provides a table listing Penetration Grades with comments 

regarding usage. That table is reproduced below in Table 4.2. 

 
Table 4.2: AASHTO M 20 penetration grades. 

Penetration Grade [mm] Mean annual air temperature conditions 
40 – 50 > 24°C (75.2°F) 
60 – 70 (7 – 24)°C (44.6 – 75.2)°F 

80 – 100 <  7°C (44.6°F) 
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 If the penetration is measured over a range of two temperatures, the temperature 

susceptibility of the bitumen may also be determined. The consistency of bitumen may 

be related to temperature changes per Equation 4.17. 

 
NOPQ = RS + T Equation 4.17 

  

where P is the penetration depth [10-4 m] at temperature T, A is the temperature 

susceptibility, and K is a constant. 

 The Penetration Index (PI) (different from Penetration Grade) is a measure used 

by the United Kingdom to measure the change of consistency of a binder with 

temperature. It is defined by the standard BS EN 1426 and is given per Equation 4.18. 

 
QU = 20

(1 − 25R)

(1 + 50R)
 Equation 4.18 

 
 The values of A can be derived from penetration measurements at two 

temperatures, T1 and T2, using Equation 4.19. 

 

R =
log QZ[ − log QZ\

(SM − S])
 Equation 4.19 

 
 Following calculation of PI from Equation 4.18, the value can be used to determine 

the penetration (indicating stiffness) of a bitumen at any temperature. It should be used 

judiciously though, as extrapolations to extreme temperature will be deceiving. In this 

study, the two temperatures tested were 25°C and 40°C. 
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Results and Discussion 

 Figure 4.14 is a bar graph of the penetration depth of the asphalt bitumen – carbon 

nanotube composites. 

 

 
Figure 4.14: Bar graph of penetration values as a function of CNT loading. 

 
 A clear trend is visible from the neat asphalt to the most loaded (3 wt% CNT). The 

decrease in penetration depth is indicative of the increase in viscosity, and agrees with 

our prior studies. 

 If we compare the penetration depths (or penetration grades) to the values in 

Table 4.1, the values are lower than recommended. However, a lower penetration 

number is preferred in hotter climates because the bitumen is less likely to flow out of 

the aggregate and it helps reduce rutting. 

 If we compare the Penetration Index (PI) values of the bitumen – nanotube 
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composites, we can see a small trend in decreasing PI values. Table 4.3 lists the 

results. 

Table 4.3: Comparison of penetration indices. 
Wt% CNT T1 [°C] P1 [m-4] T2 [°C] P2 [m-4] A [°C-1] PI 

0 25 224 40 233 -2.05E-04 20.31 
0.1 25 192 40 199 -1.98E-04 20.30 
0.5 25 182 40 188 -1.83E-04 20.28 
1 25 176 40 180 -1.28E-04 20.19 
3 25 154 40 155 -3.91E-05 20.06 

 
 
 
4.2.3 Multiple-stress-creep-recovery (MSCR) analysis of asphalt bitumen – carbon 
nanotube composites 
 
 Creep testing is, at the most basic level, loading a sample with a set weight and 

measuring the strain change over time. The sample should be applied with a low stress 

very quickly and allowed to stabilize until it reaches equilibrium. Figure 4.15 is a generic 

curve of the creep test and the strain recovery of a generic polymer. 

 

 
Figure 4.15: Creep-recovery curve. 
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 For bitumen systems, a different test was developed. As mentioned in Chapter 2, 

classification and testing of asphalt binders (asphalt bitumen) is moving from a property-

based system to a system based on performance-related criteria related to climate and 

traffic loading. Research indicated that past test protocols needed to be refined for 

pavements that had slow speed loading and high traffic volume. In particular, previous 

testing was unable to capture the benefits of bitumen modification. In the past, G*/sinδ 

was the parameter used to analyze creep behavior. However, both G* and δ are 

measured in the linear visco-elastic range. For modified asphalt, the response is not 

linear and is sensitive to the stress levels of the test. Indeed, the polymer chains, can be 

rearranged substantially as the stress increases.  

 A new test method was devised: the multiple-stress-creep-recovery (MSCR) test 

(AASHTO TP 70), which was developed based on creep and recovery to evaluate the 

potential of the bitumen for permanent deformation. The MSCR test can also uncover 

behavior indicative of further cross-linking (for example, if carbon nanotubes were 

increasing the number of cross-links). Additionally, the MSRC test also captures not 

only the stiffening effects of the polymer, but also the delayed elastic effects (77). Figure 

4.16 is example of an MSCR curve. 
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Figure 4.16: Example of modified asphalt binder response to repeated loading. 

 
 The test procedure used in this research uses a modified protocol and involved 

three creep/recovery cycles using a ~2.5 kPa stress. The MSCR test was used to 

determine two parameters: the percentage of recovery at each shear stress level and 

the non-recoverable creep compliance. 

 Percentage recovery at each shear stress level is calculated using Equation 4.21, 

also with experimental data. 

 

Q^_F^`(	b^FOc^_d =
Jefegh − JKi
Jefegh

×100 Equation 4.21 

 
 Percent recovery is indicative of the elasticity of the material. In the case of this 

dissertation, it will also serve as an indication of the degree of cross-linking. 
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 Non-recoverable creep compliance, Jnr, is calculated using Equation 4.20 using 

experimental data, and has been shown to have excellent correlation with rutting 

resistance (76). 

 
kKi =

l`_^FOc^_^)	mℎ^o_	m(_o6`

RppN6^)	mℎ^o_	m(_^mm
 Equation 4.20 

 
 
Results and Discussion 
 
 Figure 4.17 is a multiple stress creep recovery (MSCR) curve of neat and CNT-

modified bitumen.   

 

 
Figure 4.17: MSCR curve of neat and CNT-modified asphalt bitumen. 

 
 By examining the curve, deductions can be made. The neat asphalt is highly more 

affected by, and responsive to, the stress cycles. Additionally, there is very little 

recovery by the neat asphalt during periods of relaxation (i.e. no stress). It is difficult to 

judge other curve behavior due to the resolution of the graph, therefore, Figure 4.18 is a 
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multiple stress creep recovery (MSCR) curve of only the CNT-modified bitumen.   

 
 

 
Figure 4.18: MSCR curve of CNT-modified asphalt bitumen. 

 
 We can clearly see that lower percentages of nanotube loading results in a 

bitumen that is more responsive to the stress. Additionally, we can also see more 

recovery during the relaxed state. Table 4.4 is a list of the values of percent elastic 

recovery and the experimental values used to calculate it, and verifies and quantifies 

the observations from the graph. 
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Table 4.4: Percent elastic recovery of CNT-modified bitumen. 

 Wt% CNT Total Strain Unrecovered 
Strain 

Percent 
Elastic 

Recovery [%] 

Cycle 1 

Neat 1.95754 1.937680 1.01 
0.1 0.707504 0.687591 2.81 
0.5 0.739353 0.689438 6.75 
1 0.567130 0.527210 7.04 
3 0.430219 0.371868 13.56 

     

Cycle 2 

Neat 2.828680 2.795670 1.17 
0.1 1.276255 1.248201 2.20 
0.5 1.022562 0.990063 3.18 
1 0.76686 0.734020 4.28 
3 0.561394 0.511979 8.80 

     

Cycle 3 

Neat 3.583670 3.540060 1.22 
0.1 1.836605 1.792999 2.37 
0.5 1.284214 1.243358 3.18 
1 0.943905 0.900299 4.62 
3 0.706708 0.660922 6.48 

 
 We can conclude that the higher CNT-loaded bitumen samples have more cross-

linking in the polymer chain. The carbon nanotubes are acting as cross-linking agents. 

 Table 4.5 lists the non-recoverable creep compliance value of each polymer during 

each cycle. 
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Table 4.5: Non-recoverable creep compliance. 

 Wt% CNT Non-recoverable creep 
compliance (Jnr) 

Cycle 1 

Neat 0.81 
0.1 0.29 
0.5 0.29 
1 0.22 
3 0.16 

  	 

Cycle 2 

Neat 1.17 
0.1 0.52 
0.5 0.42 
1 0.31 
3 0.22 

   

Cycle 3 

Neat 1.49 
0.1 0.75 
0.5 0.52 
1 0.38 
3 0.28 

 
 The non-recoverable creep compliance is an indication of elasticity and of ability to 

resist rutting. The lower values indicate less compliance, or willingness to yield. This 

result is in agreement with the results from the shear storage modulus experiment. 

 
4.3 Effect of microwave exposure on asphalt bitumen – carbon nanotube 

composites 

 It is a well known phenomenon that carbon nanotubes heat upon exposure to 

microwave radiation. While patents have been filed and papers published for using 

microwaves to repair carbon nanotube – epoxy composites (78), purifying carbon 

nanotubes (79), and even as use as road maintenance technique (80), there has been 

no exploration of the effect of exposing CNT-bitumen composites with microwaves. This 
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study was implemented with an expectation that this would be a first step into 

investigating novel repair techniques for future generations of CNT-bitumen asphalt 

concretes. 

 Early studies (81) (82) (83) (84) have shown that carbon nanotubes are responsive 

to microwave radiation (i.e. there is plasma excitation, visible as sparking). Thus began 

an argument whether the nanotubes themselves were reacting to the microwaves, or if 

it was the residual metal (particularly iron) from CNT production processes which was 

responsible for the bulk response. It is well known that metals, when exposed to 

microwaves under certain conditions, will produce a plasma. Plasmas produced from a 

metal are extremely exothermic, existing in the 104 °C range.  

 It was experimentally demonstrated that under microwave exposure, there is no 

correlation between the temperature of nanotubes and the amount of residual metal in 

the nanotubes (85). The argument was that if the residual metal was the cause for 

microwave absorption, there should not be a difference between two samples having 

same weight percentages of single-walled nanotubes (SWNTs) and SWNTs and 

residual metals. This is vital because while the amount of residual metal is minimal    

(~5 wt%) for the XDNTs in this study, other CNTs can have as high as 30 wt% residual 

metal and are often purified prior to use. Thus, un-purified nanotubes can be used. 

 For this dissertation, the fact that nanotubes thermally respond to microwave 

radiation is a sufficient starting point. However, there are further conclusions that could 

be considered for future work in this arena. 
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• As the heating of the CNTs via microwave is repeatable, the mechanism must be a 

reversible dynamics process, as opposed to an irreversible process such as a 

chemical reaction. 

• All CNTs exhibit some intrinsic electron-phonon interaction which allow the 

microwave energy to transferred from the source of the microwave to the 

nanotubes (84). This is reassuring that not one specific type of nanotube needs 

to be used (e.g. metallic nanotubes) because separation methods are intensive 

and still in early-stage development. 

• Experiments demonstrate that carbon nanotubes can sustain very large current 

densities (107 – 108 A/cm2) at room temperature without suffering current-

induced physical damage (86) (87). This is imperative if the bitumen-CNT 

composite where to be used in an application where the CNTs were designed to 

be load supporting agents. 

• Electron-phonon interaction in a SWNT is significantly increased if the nanotube is 

oriented transversely to the microwave radiation (84). Consequently, if the 

nanotubes in the bitumen-CNT composite were all oriented transverse to the 

microwave, a lower power microwave could theoretically still be used. 

• This study was performed under ambient conditions in a laboratory. Microwave-

gas/vapor interactions were not a focus because the low pressure in a vacuum 

environment will extract and evaporate the distillates in the bitumen, thus 

artificially aging it (46). 
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 In our study focused on future repair processes, 2.5mm thick films of carbon 

nanotube-bitumen composites were cast in a mold. The composites were made with 

0.1, 0.5, 1 and 3 weight percent nanotube loading. The composites were mixed per 

Chapter 3. Directed microwaves were used to excite the carbon nanotubes in the 

bitumen composite. Both a 50-watt and an 80-watt microwave beam was used. For 

reference, a typical, household microwave oven is 900 – 1100 watt, non-directed. 

Figure 4.19 is an illustration of the experimental setup. 

 

 
Figure 4.19: Experimental setup of microwave emitter directed at CNT-modified 

bitumen. 
 
 Per Figure 4.19, microwaves were directed towards a CNT-bitumen composite 

cast film. The microwaves interacted with and heated the nanotubes, and consequently, 

the localized bitumen. 

 
Results and Discussion 
 
 Figure 4.20 and 4.21 are graphs of temperature versus microwave exposure time 

for the CNT-modified bitumen composites using 50-watt, and 80-watt, power 

microwave, respectively. 
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Figure 4.20: Temperature versus exposure time for CNT-modified bitumen, 50 W 

power. 
 
 

 
Figure 4.21: Temperature versus exposure time for CNT-modified bitumen, 80 W 

power. 
 

 The upward trend of the graphs indicates that there is a higher temperature 

associated with an increase in the loading of nanotubes. This could be because there 

are more nanotubes that are exposed to the microwave rays, but also because there 

are more nanotube-nanotube interfaces in the bulk of the material. These nanotube-
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nanotube interfaces facilitate heat transfer through the material. 

 Furthermore, the temperature also increases with an increase in exposure time. 

This indicates that the nanotubes continue to interact with the microwaves during 

exposure, and do not decompose. The 0.1 weight percent modified composites do not 

react as strongly as the 0.5 weight percent and higher CNT loaded composites. This 

could be because the particular loading was not high enough or the processing 

thorough enough to ensure that the percolation limit was reached. 

 Figure 4.22 is a graph comparing the temperature against the CNT loading.  
  

 
Figure 4.22: Temperature versus CNT loading at different powers. 

 
 Again, the trend in the data is an increase in the temperature of the composites 

with an increase in the weight percent loading of nanotubes. Also, the temperature 

increases with a higher power exposure for the same amount of time. Interestingly, the 

thermal behavior of a CNT-bitumen composite is similar for a higher power (80-Watt) 

exposure at a shorter time (5 seconds) and a lower power (50-Watt) exposure at a 

longer time (10 seconds).  
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Chapter 5 
 

Conclusions and suggestions for future work 
  

 This dissertation experimentally develops an understanding of the effect of adding 

carbon nanotubes on an asphalt bitumen system. Dynamic mechanical analysis and 

industrial experiments were performed to analyze the complex interaction between the 

CNTs and the polymeric chains of the bitumen. The results demonstrate that the 

bitumen becomes stronger, more elastic, and less dampened. Using dynamic 

mechanical analysis, shear storage, shear loss and stress relaxation moduli were 

studied, as well as the damping coefficient and cross-over points (intersection of the 

storage modulus and complex viscosity plotted against frequency). Using an AASHTO 

study, penetration depths and penetration indices were studied. Using a multiple stress 

creep recovery test, elastic recovery and non-recoverable creep compliance were 

studied. The shear storage modulus and shear loss modulus both increase with an 

increase in test frequency and an increase in CNT loading. The stress relaxation 

modulus also increases with test frequency and with CNT loading. The damping 

coefficient decreases with test frequency and decreases with CNT loading. The cross-

over point increases with CNT loading. Penetration depth and Penetration Index both 

decrease with CNT loading. Elastic recovery increases with the addition of CNTs. The 

non-recoverable creep compliance decreases with CNT loading. 

 This dissertation also researches the thermal response of directed microwaves 

onto CNT-modified bitumen composites. A neat bitumen sample was non-responsive to 

microwave power. However, the modified composites responded to microwave radiation 
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with an increase in the temperature with exposure time, microwave power and percent 

loading of the nanotubes. The temperature of bitumen-CNT composites increase with 

microwave exposure time, and increase with microwave power.   

 Broadly, the research of this dissertation offers novel scientific understanding on 

the application of carbon nanotechnology on asphalt bitumen systems. More precisely, 

this research develops a new understanding of the effect of CNTs on strength, viscosity, 

and thermal response to microwaves of asphalt bitumen – carbon nanotube 

composites. 

 
Suggestions for future work 
 
• Performing a temperature sweep of the CNT-modified asphalt bitumen to gauge 

change in crystallization temperature. 

• Building full scale model with the CNT-modified bitumen and aggregate to perform 

compression and rutting tests. 

• Performing an experiment to check on the recoverability of carbon nanotubes from 

reclaimed asphalt with aggregate. In particular, the percent recoverability of the 

CNTs, the quality of recovered CNTs, and the mechanical performance of asphalt 

bitumen using recovered CNTs. 

• Chemically functionalizing stone aggregate to gauge performance increases. 

• Use the microwave repair technique to repair a full scale model with CNT-modified 

bitumen and aggregate after compression and/or rutting test. This would entail 

heating the sample with the microwave, remolding, then retesting the specimen. 
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Appendix 
 
A.1 Polymer Nanotube Umbilical Jacketing 

 There is extensive research on developing a high conductivity conductor based 

on carbon nanotubes (88) (89). A project at Rice University, in collaboration with 

NanoRidge Materials, was to develop Ultra-High Conductivity Umbilicals: Polymer 

Nanotube Umbilicals (PNUs) with a conductivity rivaling that of copper but at much 

lower weight, suitable for power transmission. Figure A.1 is an illustration of a bundled 

umbilical with PNUs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A.1: Illustration of a bundled umbilical with PNUs. 
 
 Development of a PNU is focused on a CNT/polymer composite wire. The power 

transmission is enabled by the high conductivity of the CNTs and the high current 

carrying capability of the CNTs (current density) (90). CNTs are considered to have 

conductivity ten times better than copper (91) and do not require the cooling systems of 

superconducting wires. The polymer jacket serves as a binder and enables the 

manufacturing of a high strength, flexible wire. Furthermore, a polymer jack could also 
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serve as a conductivity enhancer by applying inward radial force onto the nanotube 

wire, thereby increasing nanotube-nanotube contact. Li, et. al. (92) studied the issues 

with polymer-CNT junctions and indicated that electrical resistance was reduced when 

the distance between CNTs was 1.8 nanometers, or less. 

In this Appendix, two methods of applying a polymer jacket were investigated. 

The first is a process where a polymer was dissolved in a solvent and applied to the 

conductor. When the solvent evaporated, the polymer jacket would remain. The second 

method was an investigation into applying a melted polymer jacket via dipping and via 

an extrusion process. 

Solvent method: 

A technique to coat carbon nanotube wires with polystyrene (PS) was developed 

and verified. Polystyrene was chosen as the coating polymer due to its characteristic of 

shrinking when transition from a dissolved (in toluene) state to a polymerized state. Said 

shrinking could improve nanotube-nanotube contact and/or induce residual stresses on 

the wire, thereby increasing conductivity. 

The carbon nanotube wires were coated in a PS-toluene solution (15 g/cL). This 

concentration was chosen because it is relatively heavily loaded with PS but still of low-

viscosity to allow manual dipping of the nanotube wire. 

Microscopy was performed post-coating to analyze both the shape (and evidence of 

residual stresses) and the interface of the carbon nanotubes and polymer. Scanning 

electron microscopy was also used to analyze the wires- both as-delivered and coated. 

As seen in Figure A.2, the image on the left is of an uncoated carbon nanotube wire. 
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The reader is invited to note the straightness and evenness. The image on the right is of 

a PS-coated nanotube wire. The wire has experienced twisting and folding as a result of 

the polystyrene coating polymerizing from solution.  

 

  
Figure A.2: Uncoated CNT wire (left, scale bar is 200um) and PS-coated CNT wire 
(right, scale bar is 500um). 

 
 As the magnification increases it was evident that the coating has some stress 

fracturing, likely from residual stress of the polystyrene. Also, the coating of the 

polystyrene lays fairly superficial on the nanotube wire. Unfortunately, higher 

magnification to further explore the interface was unavailable due to resolution issues 

but this is something to explore in the future. Figure A.3 illustrates both the cracking of 

the PS coating and the CNT-polymer interface. 
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Figure A.3: Micrograph of PS-coating cracks (left, scale bar is 5um) and of CNT/PS 
interface (right, scale bar is 3um). 

 
As stated earlier, it was confirmed through SEM that the solvent was evaporating 

too quickly and leaving porous gaps. Figure A.4 is a micrograph of a CNT wire coated 

with polystyrene dissolved in toluene. 

 

 
Figure A.4: Micrograph of CNT wire dip-coated into polystyrene dissolved in toluene 
once. 

 
Indeed, even when the same sample was recoated two and three times, the PS 

coating on the wire is inconsistent and porous. Figure A.5 is a micrograph of a CNT wire 

coated with polystyrene dissolved in toluene with two coats (left) and three coats (right). 
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Figure A.5: Micrograph of CNT wire dip-coated into polystyrene dissolved in toluene 
twice (left) and thrice (right). 

 
Literature research into solvent-dissolved coatings revealed that industrial 

coatings usually involve more than one solvent to control evaporation rates. Indeed, a 

formulation of six solvents was suggested by Wicks (93) for practical consideration, 

including cost per volume, health concerns and solvent type for the polymer 

polystyrene. Table A.1 is a table of the solvent blend. 

Table A.1 Example of industrial solvent blend 
Component Weight percent (%) 

MEK 14.7 
MIBK 19.7 

Xylene 24.3 
Toluene 18.2 

n-Butyl alcohol 17.3 
1-Methoxy-2-propyl acetate 5.7 

 
The investigation of the bulk carbon nanotube (CNT) wire-polymer interface was 

refocused to a buckypaper-polymer interface to conserve CNT wire material. 

Buckypaper is a thin film of interwoven carbon nanotubes; whereas the CNT wire is a 1-

dimensional construction of interwoven CNTs, a buckypaper is a 2-dimensional 

construction. The buckypaper was composed of single-wall carbon nanotubes 
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(SWNTs), and a 60 μm thick buckypaper was manufactured by sonicating 20 mg of 

down-packed SWNTs with 70 mL ethanol for 15 minutes. The mixture was then vacuum 

filtered over 0.2 μm porous Teflon filter. Figure A.6 are SEM micrographs of 

buckypaper; the CNT network is clearly visible, even at low magnifications. 

 

  
Figure A.6: SEM micrograph of uncoated buckypaper surface (left) and edge (right). 

 
PS was dissolved in the solvent blend (Table A.1) in two concentrations, 5 and 

15 g/cL. The buckpaper was then dipped into the dissolved solution once, twice and 

three times to compare coating coverage. 

 
Dissolved PS/solvent blend at 5 g/mL concentration 

 
When coated with the PS/solvent blend at 5 g/mL concentration, the polymer 

coating did not suffer from the porosity effects, as expected. However, it is evident that 

one coat does not provide sufficient coverage. Figure A.7 is an SEM micrograph of 

buckypaper coated one time with a 5 g/mL dissolved solution- the lighter areas are 

exposed buckypaper, as evidenced by the higher magnification image on the right. 
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Figure A.7: SEM micrograph of buckypaper coated one time with 5 g/cL dissolved PS 
solution in low mag (left) and higher mag (right). 

 
When the buckypaper was coated twice (and three times) the paper was fully 

coated and no nanotubes were exposed (Figure A.8). This is indicated by the smooth, 

feature-free surface. 

 

  
Figure A.8: SEM micrograph of buckypaper coated twice (left) and three times (right) 
with 5 g/cL dissolved PS solution. 

 
While there have been many studies on individual CNT-polymer interface, we are 

most interested in the bulk CNT-polymer interface. SEM micrographs of the edges of 
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the coated polymer were taken to infer the interface. The interface was prepared for 

imaging by sectioning after coating, to expose the CNTs of the buckypaper. 

As seen in the two images in Figure A.9, the interface between the bulk CNT of 

the buckypaper and the polymer is distinct. Indeed, in the image on the right, the reader 

can make out the polymer (foreground) – CNT (midplane) – polymer (background) 

layering. Clearly, as indicated by the stretching of the nanotubes, there is some 

interaction between the nanotubes and the polymer. 

 

  
Figure A.9: SEM micrograph of buckypaper/PS interface. Dissolved PS was a 5 g/cL 
concentration coated once (left) and three times (right). 

 
Dissolved PS/solvent blend at 15 g/mL concentration 
 

Again, the surface coverage did not experience the porosity effects with the new 

solvent blend (Table A.1), and indeed one coat of the dissolved polymer sufficiently 

covered the surface of the buckypaper. Figure A.10 is a micrograph of one, two and 

three coats. The reader will notice lack of surface porosity in all three. 
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Figure A.10: SEM micrographs of buckypaper coated with 15 g/cL dissolved PS, 
coated once (left), twice (middle) and three times (right). 

 
When the edge is examined, there is evidence that the thickness of the polymer 

coating affects the examining cut. Figure A.11 is a micrograph of a prepared cut, where 

the reader can see an interaction between the nanotubes of the buckypaper and the 

polystyrene, but the layering is nonetheless distinct. 

 

  
Figure A.11: SEM micrograph of a prepared edge of buckypaper coated twice with 15 
g/cL dissolved PS. 

 
Thermal method: 

Additionally, we also studied the interface of thermally processed polystyrene 

and buckypaper. In this study, buckypaper was driven into molten polystyrene (260°C), 

and excess molten polystyrene was folded over the paper. The sample was then placed 
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back into the oven to allow the polystyrene to flow & relax into a non-stressed state. The 

result was buckypaper emerged in crystal polystyrene. The sample was cut using a 

diamond saw and the cross-section was prepared for imaging. 

Figure A.12 demonstrates the buckypaper having little to no interaction with the 

polystyrene. Indeed, when looking at the interface there is a very discrete gap between 

the two. 

 

  
Figure A.12: SEM micrograph of buckypaper sandwiched between thermally 
processed polystyrene. 

 
 At this point in the project the emphasis moved into onboarding the extrusion-

coating mechanism of the industrial partner. Figure A.13 is a picture of the extruding 

equipment. 

 

PS 

PS 

Buckypaper 

PS 

Buckypaper 
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Figure A.13: Picture of the Lab Tech extruding equipment. 

 
 Several months was spent troubleshooting the extruder and achieving an even 

flow of material from the machine. As the CNT wire was a valuable commodity at this 

point, the decision was made to first work on trying to apply a jacket to a different 

material. In this case, a monofilament ultra-high molecular weight polyethylene 

(UHMWPE) was chosen, colored green for visibility. Figure A.14 is picture of the system 

of the wire filament going through the jacketing mechanism. 
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Figure A.14: System of the wire filament going through the jacketing mechanism 

 
 Figure A.15 is a close-up picture of a jacketed wire filament. 

 
Figure A.15: Close-up of a jacketed wire filament. 

 

Succeeding jacketing, the now-jacketed filament is guided into a cooling water 

bath then collected on an end spool. Following this success, the project continued 

without the assistance of the author. 
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