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Abstract 

While carbon nanotubes have demonstrated efficacy as additives in polymer composites 

due to their superior properties, economic imitations associated with nanotube synthesis have 

hindered any large-scale applications. Recent advancements in carbon nanotube synthesis on 

multilayered catalyst supports have greatly surpassed yields of nanotubes grown on traditionally 

spherical catalysts, potentially removing the need for extra purification processes and thus 

reducing total cost of production. While most commercially available carbon nanotubes possess 

aspect ratios (length to diameter ratios) near 100, nanotubes grown on multilayered supports can 

reach aspect ratios well over 1,000. Hence, this research aimed to enhance the understanding of 

carbon nanotube aspect ratio on polymer-nanotube composites with additional emphasis on the 

effects of nanotube surface chemistry. Planetary ball milling, a simple and industrially relevant 

process, was employed to modify nanotube aspect ratio and surface chemistry. It was found that 

the kinetic length reduction behavior of carbon nanotubes subject to ball milling could be predicted 

by a simple exponential expression regardless of nanotube wall morphology, bulk morphology, or 

initial average length. Additionally, ball milling carbon nanotubes in the presence of species like 

ammonium carbonate, melamine, and sulfur was found to result in a variety of covalently and 

noncovalently bonded oxygen, nitrogen, and sulfur containing groups, respectively. Polycarbonate 

composites containing pristine, ultrahigh aspect ratio carbon nanotubes were found to exhibit high 

melt viscosities during compounding, leading to notable polymer degradation. Additionally, 

nanotube dispersion was found to be less than ideal due to the existing interleaved bundle 

morphology, resulting in higher-than-expected percolation thresholds. Upon ball milling for 

nanotube length reduction, the processability of composites was found to improve substantially; 

however, dispersion worsened due to the formation of small, tightly packed agglomerates. 
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Mechanochemically oxygen-functionalized nanotubes exhibited improved dispersion and lower 

percolation thresholds than plain ball milled nanotubes of similar lengths due to enhanced 

interactions with the polymer via hydrogen bonding interactions. Tire tread rubber compounds 

filled with carbon nanotubes and carbon black/nanotube hybrid filler systems displayed increasing 

degrees of mechanical reinforcement with increasing filler aspect ratio. Mechanochemically 

sulfur-doped nanotubes resulted in further improved mechanical reinforcement and reduced rolling 

resistance, suggesting there may be merit to further study in reducing tire filler content toward 

improving automobile fuel economy. The implications of this research demonstrate potential for 

using ball milling as a scalable procedure for controlling carbon nanotube length and surface 

chemistry for targeted polymer composite properties.
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Chapter 1: Introduction 

1.1 Carbon nanotube properties and applications 

 Formally discovered in 1991 by Iijima [1], carbon nanotubes (CNTs) are novel allotropes 

of elemental carbon best described as two-dimensional graphene sheets (sp2 hybridized carbon) 

rolled into cylinders. The varying morphologies of carbon nanotubes are shown in Figure 1. The 

simplest CNT is the single walled carbon nanotube (SWCNT), containing only one cylindrical 

layer of graphitic carbon. If there are two layers, the CNT is considered a double walled carbon 

nanotube (DWCNT), and for three or more layers, they are considered multiwalled carbon 

nanotubes (MWCNT). The diameters of SCWNTs are typically on the order of 1-5 nm, while 

MWCNTs can have diameters ranging from 5 to 100 nm. The lengths of carbon nanotubes can 

vary widely upwards of millimeters depending on the method of synthesis, yielding a wide variety 

of aspect, i.e. length to diameter, ratios. The length of carbon nanotubes is typically long enough 

that they are effectively considered one-dimensional materials. Most typically, carbon nanotubes 

are parallel walled, meaning their walls are parallel to the axial direction. In other words, they 

contain continuous layers of cylindrical graphene along the length of the nanotube. Alternatively, 

carbon nanotubes can have varying wall morphologies, most notably containing walls slanted 

relative to the axial direction of the nanotube. There are a wide variety of these types of nanotubes, 

often termed cup stacked, cone stacked, herringbone, fishbone, and/or bamboo shaped carbon 

nanotubes [2]. 

 The unique morphology and composition of carbon nanotubes imparts equally unique 

material properties. The mechanical strength of carbon nanotubes is nearly unrivaled in material 

science, second only to other graphene derivatives and diamond [3, 4]. The tensile strength of 

CNTs has been shown to be upwards of 100 GPa for individual nanotube layers, confirmed by 
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both experimental and computational measurements [5, 6]. Additionally, the Young’s modulus of 

CNTs has been measured at over 1,000 GPa for pristine CNTs with few defects [7]. Carbon 

nanotubes are also good electrical conductors due to the conjugated graphitic backbone, allowing 

for electron delocalization and transfer along the length of the nanotube. The electrical 

conductivity of carbon nanotubes can vary widely from semiconducting up to near metallic levels 

(~104 S/cm) and largely depends on nanotube chirality and graphitic purity [8-10]. Due similarly 

to the conjugated structure, carbon nanotubes also exhibit high thermal conductivity upwards of 

6000 W/m∙K [11]. 

  

 

Figure 1: Atomic structure of various carbon nanotubes. 

  

 Due to these superior material properties, carbon nanotubes have been targeted in many 

applications. Due to their high aspect ratio and high electrical conductivity, yarns spun from carbon 

nanotubes have been shown to have high tensile strengths (> 1 GPa) and high electrical 
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conductivities (> 102 S/cm) [12], making CNT yarns interesting suitors for applications in 

lightweighting aerospace/automotive components [13] and flexible, wearable electronics [14]. 

Electrical applications of CNTs are vast with demonstrated efficacy in energy storage [15, 16], 

and fuel cells [17]. The tunable chemistry and diameter of CNTs has yielded applications in 

membrane technology for water treatment [18] and bioseparations [19]. Other unique applications 

for CNTs such as carriers for targeted drug delivery and tissue engineering scaffolds have been of 

interest to the biomedical field [20, 21]. 

 

1.2 Polymer-nanotube composites 

 Perhaps the largest and most intriguing application for carbon nanotubes is in polymer 

composites. Figure 2 shows the percentage of published nanotube-relevant articles including 

content regarding polymer-related applications, with present day approaching 25%. Polymers are 

important materials in everyday life as they are typically lighter and less expensive compared to 

comparable materials like metals (stainless steel, aluminum, etc.) and ceramics (porcelain, metal 

oxides, etc.). While most polymers lack the heat and wear resistance of ceramics or the 

conductivity and strength of metals, incorporation of additives to polymers allows for the tuning 

of composite properties to allow for suitable replacement of these two traditional materials. 

 A primary advantage of carbon nanotubes in polymers is their superior degree of 

lightweighting compared to other traditional fillers like carbon black due to two factors: filler 

density and filler content required for adequate reinforcement. SWCNTs typically have a density 

around 1.3-1.4 g/cm3, while MWCNTs typically have a density near 1.7-1.9 g/cm3, though these 

values vary widely depending on nanotube diameter and number of walls [22]. In comparison, 

carbon black, the most common carbon-based filler used for mechanical reinforcement, 
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pigmentation, and UV protection of plastics, has a density of roughly 1.9-2.1 g/cm3. Other common 

non-carbon polymer additives like talc and calcium carbonate have a density of 2.7 g/cm3. These 

factors, combined with their superior individual properties, make them prime candidates for 

replacing traditional additives in a variety of applications. 

 

 

Figure 2: Number of published articles containing "carbon nanotube" and "polymer" by year 

since 1991 according to Web of Science. 

 

 The positive effects of carbon nanotube incorporation on the mechanical reinforcement of 

polymers are well documented, showing improved the strength and stiffness for thermoplastics 

[23, 24], rubbers [25, 26], and rigid thermosets [27, 28]. The electrical conductivity of polymer-

CNT composites has been shown to increase by upwards of ten orders of magnitude into the 

semiconducting range upon addition of 1 wt% (or less) CNTs compared to the neat insulating 

polymer [29, 30]. Additionally, the thermal conductivity of polymer-nanocomposites has been 

shown to increase by multiple orders of magnitude relative to the neat polymer [31]. These 
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composite property enhancements have made polymer-CNT composites suitors in many 

applications such as lightweighting for automotive [32] and aerospace [33] components, 

thermoelectrics [34], and EMI shielding [35, 36]. 

 

1.3 Current limitations and recent advances in carbon nanotube synthesis 

 Despite the proven benefits of carbon nanotubes as additives in polymer composites, 

widespread industrial application of these materials has yet to occur largely due to their currently 

limited economic viability compared to other common polymer additives, stemming from high 

costs associated with carbon nanotube production. Carbon nanotubes can be produced from a 

variety of processes including arc discharge and laser ablation; however, the most common method 

of producing carbon nanotubes at an industrial scale is chemical vapor deposition (CVD) [37]. 

Typical industrial chemical vapor deposition processes for CNT synthesis use roughly spherical 

catalyst supports like silicon oxide and/or aluminum oxide particles [38-40]. While yields vary 

widely depending on reaction conditions and catalysts used, the CNTs produced from these 

processes typically reach yields on the order of 5 gCNT/gcat (~80% carbon purity) for MWCNTs, 

necessitating the removal of catalyst and support material by additional processing steps [41, 42]. 

The cost of industrially available MWCNTs is near $50/kg, although some grades of MWCNTs 

can be found at $10-20/kg [43]. SWCNTs are typically much more expensive at upwards of $100-

1000/g due to the more precise synthesis controls necessary and even lower synthesis yields 

compared to MWCNTs. For comparison, carbon black can be purchased near $1/kg [44]. 

 Alternatively to spherical catalyst supports, flat monolayered supports, such as aluminum 

foil and silicon oxide wafers, have been used to synthesize vertically aligned carbon nanotube 

arrays, often dubbed “forests” due to their appearance of unidirectional growth similar to trees [45, 
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46]. CNT forests grown on monolayered supports can reach lengths upwards of millimeters, which 

is promising for increasing carbon yield relative to catalyst and support material [47, 48]. However, 

CNTs grown on monolayered supports must still be purified by stripping them from the support 

surface. Some studies have extrapolated this idea by using lamellar catalyst supports, such as 

mineral clays like vermiculite, mica, and montmorillonite [49-51]. Exfoliation of individual clay 

layers substantially increases the surface area to mass ratio of the support mateiral, increasing the 

number of sites for catalyst particle deposition for CNT growth. While the CNT growth mechanism 

is effectively the same compared to forest grown on monolayered supports, clay sheets often break 

apart during synthesis, resulting in long, loosely packed bundles. Our collaborators have shown 

that in the case of good clay exfoliation and long CNT growth (~100 µm), carbon yields have 

surpassed 95 wt%, suggesting purification of the carbon nanotubes may not be necessary 

depending on the application [52]. Thus, these grades of carbon nanotubes make a strong economic 

case for application in polymer composites, and the effects of adding these nanotubes to various 

polymers will be studied in this work. 

 

1.4 Implications of aspect ratio on polymer-nanotube composites 

 The effects of filler aspect ratio on the mechanical properties of composites have been 

studied extensively and yield a variety of models. Landmark studies by Halpin and Tsai derived 

relationships between fiber aspect ratio and composite modulus by the general form 

 
𝐸𝑐 = 𝐸𝑚 (

1 + 𝜉𝜂𝜑

1 − 𝜂𝜑
) (1) 

 

𝜂 =
(

𝐸𝑓

𝐸𝑚
− 1)

(
𝐸𝑓

𝐸𝑚
+ 𝜉 )

 (2) 
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𝜉 = 2

𝐿

𝐷
= 2𝛼 (3) 

where Ec is the composite modulus, Em is the matrix modulus, Ef is the fiber modulus, ξ is the 

reinforcement factor, φ is the fiber content, L is the fiber length, and D is the fiber diameter, and 

𝛼 is the aspect ratio [53]. While originally derived for uniaxially aligned fiber composites, the 

equations can be modified to describe the mechanical reinforcement effects of randomly oriented 

fiber composites. According to Equations 1-3, an increased fiber aspect ratio results in an increased 

composite modulus. This phenomenon is generally attributed to the increased surface area over 

which a load can be transferred from the matrix to the filler. Thus, a high degree of mechanical 

reinforcement could be expected for high aspect ratio CNTs; however, it should be noted that 

degree of dispersion, CNT curvature, and polymer-CNT adhesion also play major roles. 

Considering electrically conductivity fillers like carbon nanotubes, filler aspect ratio also 

plays a large role in the electrical conductivity of composites due to the percolation effect. 

Percolation occurs when a filler forms a three-dimensionally connected network within a system. 

For a randomly dispersed system where each nanotube exists individually (i.e., no bundling or 

agglomeration) and is assumed to be a rigid rod, a simple geometric relationship exists between 

filler aspect ratio and theoretical volume percolation threshold, φc,theo [54]. 

 
𝜑𝑐,𝑡ℎ𝑒𝑜 [𝑣𝑜𝑙 𝑓𝑟𝑎𝑐] =

𝐷

2𝐿
=

1

2𝛼
 (4) 

In practice, the formation of a percolated CNT network in polymers has been shown to cause sharp 

divergences in composite electrical and rheological properties upon small changes in CNT content. 

Electrical percolation occurs as the distance between CNTs in the composite decreases sufficiently 

to allow for either direct electron transfer between CNTs in direct contact or electron 

tunneling/hopping between CNTs in close proximity [55, 56]. Efficient electron tunneling/hopping 
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typically requires CNTs to be within ~5 nm of each other [57]. The bulk electrical conductivity, σ, 

of polymer-CNT systems has been shown to exhibit power law behavior with respect to CNT 

content by the following 

 𝜎 = 𝜎𝑜(𝜑 − 𝜑𝑐,𝜎)
𝛽𝜎

 (5) 

where φc,σ is the electrical percolation threshold and σ0 and βσ are fitted parameters [58, 59]. Most 

commercial CNTs have aspect ratios on the order of 100, giving a theoretical percolation threshold 

of 0.5 wt% according to Equation 4, which is roughly equivalent to what has been found 

experimentally for well-dispersed systems [60]. While the effects of CNT aspect ratio on 

composite properties have been studied previously, the upper limits of CNT aspect ratio in these 

studies rarely eclipse ~500 [61-63], suggesting there may be further improvements in percolation 

behavior that could be obtained from higher aspect ratio carbon nanotubes. Additionally, because 

a higher degree of CNT intersection can be expected for higher aspect ratio CNTs above the 

percolation threshold, higher bulk composite conductivities may also be achieved. 

 While the positive implications of high filler aspect ratio on composite mechanical and 

electrical properties are clear, some negative drawbacks exist with respect to composite rheological 

properties. In the context of melt-mixed compounds, melt viscosity is an important consideration 

in composite processing to inhibit polymer degradation; some studies have shown significant 

reductions in thermal stability and molecular weight of polymers upon incorporation of carbon 

nanotubes by melt mixing [64, 65]. The relationship between filler aspect ratio and suspension 

viscosity has been studied previously and has yielded a variety of empirical and theoretical models. 

Douglas and Gorbaczi [66] studied the relationship between suspension intrinsic viscosity, [η], 

and filler aspect ratio, and the following empirical relationship 
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[𝜂] ≈

1012 + 2904𝛼 − 1855𝛼1.5 + 1604𝛼2 + 80.44𝛼3

1497𝛼 + 𝛼2
 

(6) 

was developed by Bicerano et al. to described a large range of filler aspect ratios up 1,000 [67]. 

The intrinsic viscosity describes the effect of a filler on the viscosity of a suspension and is defined 

as follows  

 [𝜂] = lim
𝜑→0

𝜂 − 𝜂𝑜

𝜂𝑜𝜑
 (7) 

and where η is the suspension viscosity and ηo is the unfilled viscosity. While the basic forms of 

intrinsic viscosity evaluation are valid only for Newtonian fluids (i.e., not directly valid for non-

Newtonian polymer melts), it can be deduced that high filler aspect ratios would result in high 

composite melt viscosities relative to a neat polymer melt. 

The rheological properties of polymer-CNT composites under shear stress can also 

elucidate information about CNT percolation. Rheological percolation occurs when CNTs become 

close enough in proximity to affect the bulk rheological properties of the composite. Because the 

presence of CNTs can cause an immobilization of polymer chains near the surface of nanotubes, 

CNTs do not need to be in direct contact to cause changes bulk composite rheological properties. 

This critical nanotube-nanotube distance has been shown previously to be dependent on polymer 

radius of gyration and is on the order of 10-100 nm [68, 69]. The storage modulus, G’, of polymer-

CNT composites measured at low shear rates (e.g., 0.1 rad/s) is particularly sensitive to the 

formation of a percolated CNT network such that a similar power law behavior to Equation 5 is 

typically seen with respect to CNT content by the following 

 𝐺′ = 𝐺𝑜
′ (𝜑 − 𝜑𝑐,𝐺′)

𝛽
𝐺′

 (8) 

where φc,σ is the electrical percolation threshold and 𝐺𝑜
′  and βG’ are fitted parameters [70-72]. The 

sharp increase in storage modulus upon small additions of CNT to a composite indicates a shift 
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from viscous-like behavior to solid-like behavior of the composite. While this percolation 

phenomenon is good for electrical conductivity, the additional effect in increasing composite 

viscosity can make processing difficult for systems with high aspect ratio fillers and for filler 

contents notably above the percolation threshold. Thus, in the context of melt-mixed polymer-

CNT composites with ultralong nanotubes, investigation into carbon nanotube length reduction 

before compounding is likely warranted. 

 

1.5 Carbon nanotube length modification 

 Because the growth of long carbon nanotubes is advantageous for increasing yield during 

synthesis to improve economics of production, the reduction of carbon nanotube length after 

synthesis would likely be desired. Attempts have been made previously to model the kinetics of 

carbon nanotube length reduction based on parameters of the breaking process. Studies on carbon 

nanotube length reduction by ultrasonication discuss the mechanisms of CNT fracture and find a 

power law relationship between cumulative sonication energy and resulting carbon nanotube 

length [73-77]. These studied indicate that a terminal length will eventually be reached, though the 

power law fit was not extended to this limit [75]. However, the dependence of length reduction on 

sonication energy varies in different studies and seems to vary for different nanotube morphologies 

(i.e., parallel walled, cup stacked, bamboo shaped, etc.) [78]. However, implementing sonication 

on an industrial scale would prove difficult as it would require further separation of the carbon 

nanotubes from solvent, effectively eliminating the positive effects of initially removing the 

purification steps during synthesis. 

Ball milling is a well understood process used in particle size reduction and has been 

employed for reducing carbon nanotube length and agglomeration [79, 80]. Ball milling for CNT 
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length reduction is particularly enticing due to its relative simplicity, low cost, and capacity for 

optimization on an industrial scale. Attempts to correlate carbon nanotube length reduction to ball 

milling parameters like milling time have been made previously [81]. However, these empirical 

correlating equations cannot be applied to other systems due to the use of system specific 

parameters. Further, many ball milling studies only model length reduction based on milling time 

without sufficient detail to other important parameters like rotational speeds, grinding media size 

and material, etc., making it difficult to extend these results to different carbon nanotubes. 

Burgio et al. derived an expression that models the impact energy of planetary ball milling 

for use in the mechanical alloying of a Fe-Zr system [82, 83]. Further studies adding detail to the 

mathematical understanding of planetary ball milling validated this energy model based on power 

measurements during mechanical alloying [84, 85] and made corrections to the impact energy 

expression considering factors like collision elasticity [86] and grinding media hindering. This 

energy model was particularly useful in correlating cumulative energy of milling to phase changes 

in the Pd-Si [87], Ti-Al [88], and Mo-Si [89] alloy systems. Kozma et al. were the first to and only 

group (prior to the work described in this thesis) to apply this energy model to planetary ball 

milling of carbon nanotubes and found that, for a single type of carbon nanotube, an impact energy 

barrier exists at 35 mJ for which meaningful length reduction occurs only above that energy barrier 

[90]. Like sonication studies, an apparent terminal length was found at high milling times where 

little to no further length reduction occurred. However, further study of the energy collision model 

for relating milling conditions to CNT length reduction is warranted given that carbon nanotubes 

may fracture differently depending on their initial length, diameter, wall morphology, and bulk 

morphology. 
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1.6 Carbon nanotube functionalization 

 Carbon nanotube functionalization has been studied extensively for a variety of 

applications. Common approaches for functionalizing carbon nanotubes generally involve the use 

of solvents, mechanical stirring/mixing, and heating. Perhaps the most common of these 

approaches is CNT ultrasonication and/or boiling in sulfuric acid, nitric acid, or a mixture of the 

two, resulting in primarily carboxylic acid groups on CNT surfaces and ends [91-93]. However, 

the variety of reported carbon nanotube functionalization methods is extensive and wide-ranging 

in the reported literature. For example, Simmons et al. noncovalently functionalized SWCNTs 

with pyrenecarboxylic acid (PCA) via π-π interactions by conducting a series of ultrasonic bath 

treatments on SWCNT dispersions in methanol containing dissolved PCA [94]. Hsieh et al. 

fluorinated CNTs by impregnation with a solution of perfluoroalkyl methacrylic copolymer for 

applications in water-oil membrane separation technology, improving water-oil separation 

efficiency by 10-20% compared to unfunctionalized CNTs [95]. Knyazev et al. produced 

SWCNTs with functional amine and thiol groups by modification with 4-(2-

aminoethyl)benzenediazonium tetrafluoroborate via diazonium addition followed by N-

hydroxysuccinimide ester and 4-maleimidobutyric acid for the selective adsorption of bovine 

serum albumin protein [96]. These examples represent a miniscule fraction of reported CNT 

functionalization approaches and applications, but while these functionalization approaches have 

proven effective, harsh solvents and exotic chemicals would be likely be a hindrance on an 

industrial scale. 

 While ball milling was previously discussed in context of carbon nanotube length 

reduction, ball milling has also been used to functionalize graphitic materials. Ball milling has a 

distinct advantage in industry-facing applications in that it is often applied as a dry, solvent-free 
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process. Ball milling can impart functionalization through the spontaneous interaction of broken 

carbon-carbon bonds with other adjacent chemical species. Early investigations by Konya et al. 

into mechanochemical functionalization of carbon nanotubes used milling vessels charged with 

high pressure gases like CO2, NH3, and H2S, among others, resulting in ketone, amine and amide, 

and thiol functionalities, respectively [97]. Other applications have since been studied through 

milling carbon nanomaterials in the presence of solid species like sulfur [98] and methyl-2-

azidoacetate [99]. Co-milling carbon nanotubes with polymers has also been found to encourage 

polymer wrapping around and grafting to CNT surfaces [100]. 

 

1.7 Implications of surface chemistry on polymer-nanotube composites 

 The presence of functional groups of carbon nanotube surfaces is generally advantageous 

in the context of polymer composites, and the mechanism by which functionalization improves 

polymer-CNT adhesion depends on the type of functionalization and the nature of the polymer-

CNT system. The presence of functional groups on CNT surfaces can add a physical layer of 

separation between adjacent nanotubes that would otherwise agglomerate and interact through van 

der Waals forces. Additionally, functional groups on carbon nanotube surfaces can interact with 

functional groups on polymer chains via weak but prevalent non-covalent interactions, like 

hydrogen bonding and π-stacking. Reactive extrusion and in-situ polymerization have also been 

used to fabricate covalently linked polymer-nanotube composites [101, 102], further strengthening 

the interactions between the polymer and filler. 

Due to enhanced polymer-nanotube chemical interactions, functionalization of CNTs often 

leads to improvements in composite properties compared to unfunctionalized CNTs. Yang et al. 

found that the thermal conductivity enhancement of epoxy-CNT composites roughly doubled upon 
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CNT modification with 1,3,5-benzenetricarboxylic acid [103]. Barick et al. showed that the tensile 

strength and elastic modulus of thermoplastic polyurethane composites increased by upwards of  

64% and 15%, respectively, upon carboxylic acid modification of CNT surfaces [104]. The 

electrical and rheological percolation thresholds of functionalized CNTs have often been shown 

to be lower than that of unfunctionalized CNTs due to improved dispersion [105, 106]. However, 

while some studies have shown positive effects of mechanochemical functionalization on the 

mechanical strength and dispersion of polymer composites [107, 108], the coupled effects of filler 

aspect ratio reduction and surface chemistry have been rarely discussed and are thus a focus of this 

work. 

 

1.8 Motive and present study 

 This research aimed to close some critical gaps in knowledge related to carbon nanotubes 

and polymer-CNT composites. Of particular interest was the applicability of ultrahigh aspect ratio 

(α >> 1,000) carbon nanotubes grown on vermiculite supports in polymer composites. Based on 

the previous literature review, notable gaps in the literature that warranted further study included 

(a) effects of CNT morphology on their length reduction behavior when subject ball milling,  (b) 

effects of CNT aspect ratios well over 1,000 on the processing and properties of polymer 

composites, (c) simultaneous effects of CNT aspect ratio and surface chemistry on the properties 

of polymer composites, and (d) potential for ultrahigh aspect ratio CNTs implementation in large 

scale polymer composite applications. Chapter 2 outlines the experimental methods for CNT 

length reduction and mechanochemical functionalization by planetary ball milling as well as 

polymer-CNT compounding and characterization. 
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In Chapter 3, the kinetics of carbon nanotube length reduction by planetary ball milling 

were investigated. The Burgio-Rojac model was employed to translate milling conditions, like 

rotational speed, grinding media size, milling time, etc., to impact energy. First, the length 

reduction of short, commercially available carbon nanotubes was studied to gain a universal 

understanding of how carbon nanotubes fracture when subject to ball milling. The effects of CNT 

diameter, wall morphology, and bulk morphology on the minimum single impact energy for 

fracture were investigated. The kinetics of CNT length reduction with respect to milling time were 

studied, and an exponential expression relating cumulative impact energy to a normalized length 

term was developed. This relationship was then verified by ball milling ultrahigh aspect ratio CNTs 

and tracking their length reduction with respect to cumulative milling energy. Additionally, the 

mechanism of carbon nanotube fracture by ball milling was discussed and compared to other 

nanotube fracture processed like sonication. Previously established power law kinetics of CNT 

length reduction by sonication were compared to length reduction by ball milling. 

 In Chapter 4, facile approaches for mechanochemical functionalization of carbon 

nanotubes using ball milling were investigated. First, CNTs were ball milled in the presence of 

ammonium carbonate in both dry and aqueous environments to target covalently bonded oxygen 

and nitrogen containing functional groups. CNTs were also milled in the presence of melamine to 

target noncovalent functionalization via π-π interactions. Finally, CNTs were ball milled in the 

presence of elemental sulfur to produce sulfur-doped CNTs for applications in vulcanized rubber-

CNT composites. The effects of milling conditions, primarily milling time, on the types and extents 

of functionalization were studied. 

In Chapter 5, the effects of carbon nanotube aspect ratio and surface chemistry on the 

properties of polycarbonate-carbon nanotube composites produced via melt mixing were 
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investigated. Polycarbonate was chosen as a model polymer-CNT system due to its amorphous 

nature (i.e., no crystallization effects) and due to the readily available previous literature for 

comparison. Using planetary ball milling, initially 100 µm long CNTs were milled to desired 

lengths between 50 µm and 5 µm. Additionally, mechanochemically oxygen-functionalized CNTs 

of comparable lengths were obtained by ball milling. Pristine, milled, and mechanochemically 

functionalized CNTs were compounded in polycarbonate by melt mixing in a twin-screw extruder. 

The effects of aspect ratio and surface chemistry on composite processability were evaluated based 

on melt viscosity and thermal properties. The effects of aspect ratio and surface chemistry on CNT 

dispersion were evaluated based on visual observation in a scanning electron microscopy as well 

as measured electrical and rheological percolation behavior. 

 Finally, in Chapter 6, a potential large-scale application of ultrahigh aspect ratio carbon 

nanotubes as fillers for tire tread rubber was considered. A typical passenger tire tread compound 

based on a styrene-butadiene and butadiene rubber blend with carbon black reinforcement was 

identified as a control. The effects of partial and full replacement of carbon black with ultrahigh 

aspect ratio CNTs on the vulcanization, rheological, mechanical, dynamic mechanical, and wear 

properties of tire rubber were investigated. Additionally, the effects of mechanochemical sulfur 

doping of CNTs on rubber compound properties were studied. Finally, this work was concluded 

with an overall summary of the findings and their implications along with future research 

directions.  
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Chapter 2: Experimental 

2.1 Materials 

 Ultrahigh aspect ratio multiwalled carbon nanotubes were synthesized by a collaborator 

(Caleb Bavlnka) using the following procedure [52], and a representative schematic is given in 

Figure 3. Vermiculite (Sigma Z765422) was wet sieved to 150-350 µm and dried at 300 °C for 

one hour. A 0.81 M dodecyltrimethylammonium bromide solution, which is more than 2 orders of 

magnitude above the critical micelle concentration, was introduced to the sieved vermiculite by 

incipient wetness impregnation and allowed to fully absorb for 15 min. Surfactant-loaded 

vermiculite was dried in a muffle oven preheated to 800 °C for 5 mim, resulting in clay layer 

exfoliation. This exfoliation process was conducted twice to maximize clay surface area available 

for metal catalyst particle deposition. Then, a catalyst solution composed of 0.8 wt% Co and 1.6 

wt% Fe in water was prepared from iron (III) nitrate nonahydrate and cobalt (II) nitrate 

hexahydrate. The catalyst solution was introduced to the exfoliated vermiculite dropwise by 

incipient wetness impregnation and allowed to sit overnight for maximal absorption. The 

vermiculite was then dried at 100 °C for one hour, allowing for complete water evaporation and 

metal catalyst particle deposition throughout the entire pore volume of the exfoliated vermiculite. 

Impregnation and drying were repeated once to ensure complete and even metal coverage on the 

treated vermiculite. Finally, the catalyst was calcined at 450 °C for one hour. 

Carbon nanotube synthesis was conducted via chemical vapor deposition in a 1” ID quartz 

tube oriented vertically to create a fluidized bed reactor consisting of 70 mg of catalyst. While the 

temperature ramped to 650 °C at 10 °C/min, the catalyst was reduced via 200 sccm hydrogen. The 

system was maintained at 650 °C for 30 min under hydrogen for the desired reduction. Then, 200 

sccm of nitrogen was flown to purge the reactor during a ramp to 675 °C.  After reaching the 
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reaction temperature of 675 °C, ethylene and nitrogen were co-flown at 200 sccm each for 30 

minutes to complete CNT growth. Pure nitrogen flowed through the reactor during cooling to room 

temperature. The carbon yield was determined to be 25 gCNT/gcat (>95% carbon purity) from the 

weight lost during complete combustion of the CNT sample in air at 600°C. The resulting CNTs 

were ~100 µm in length and 15 ± 6 nm in diameter (α ≈ 6,700) as measured from electron 

micrographs; representative SEM and TEM micrographs are presented in Figure 4. These ultrahigh 

aspect ratio CNTs will hereafter be referred to as VNT or VNT100. 

 

 

Figure 3: Schematic of vermiculite exfoliation and impregnation for preparation as support 

materials for carbon nanotube synthesis by chemical vapor deposition. 
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Figure 4: (a-b) SEM and (c) TEM micrographs of ultrahigh aspect ratio CNTs synthesized on 

vermiculite supports. 

 

A variety of commercially available, short multiwalled carbon nanotubes were used as 

controls and comparisons to the laboratory grown ultrahigh aspect ratio MWCNTs: NanocylTM 

NC7000 (Nanocyl SA, Sambreville, Belgium), Baytubes® C150P (Bayer MaterialScience AG, 

Leverkusen, Germany), SMW200 (SouthWest Nanotechnologies, Norman, OK), and Cheap Tubes 

Short Multi Walled Carbon Nanotubes (Cheap Tubes Inc., Grafton, Vermont; referred to hereafter 

as CSCNT). Figures 5 and 6 display SEM and TEM micrographs of the commercial nanotubes, 

Table 1 presents the morphology of commercial and laboratory CNTs, and Figure 7 presents the 

diameter distributions of the CNTs. 
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Figure 5: SEM and TEM micrographs of (a-b) NC7000, (c-d) C150P, (e-f) SMW200, and (g-h) 

CSCNT. 
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Figure 6: High resolution TEM micrographs of (a) NC7000, (b) C150P, (c) SMW200, and (d) 

CSCNT wall morphology. 

 

Table 1: Morphology of commercial and laboratory synthesized MWCNTs. 

MWCNT Length (µm) Diameter (nm) L/D Walls Wall Morphology 

VNT100 100 15 ± 6 6,667 14 ± 7 Parallel 

NC7000 1.3 11 ± 3 118 9 ± 1 Parallel 

C150P 0.8 14 ± 5 57 13 ± 2 Parallel 

SMW200 2.1 11 ± 4 191 10 ± 1 Parallel 

CSCNT 1.1 19 ± 4 58 17 ± 1 Cup stacked 
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Figure 7: Carbon nanotube diameter distributions measured by TEM. 

 

 Makrolon® 2600 (Mw = 26,200 g/mol), an amorphous, medium viscosity polycarbonate, 

was obtained from Covestro. DuradeneTM 706 SSBR, a polystyrene-butadiene (SBR) rubber, was 

provided by Lion Elastomers (Geismar, LA). Buna® CB 1203, a polybutadiene (BR) rubber, was 

provided by ARLANXEO (The Hague, Netherlands). Raven® 410 Ultra carbon black was obtained 

from Birla Carbon (Marietta, GA). General solvents (ethanol, chloroform, isopropyl alcohol, etc.), 

chemicals for carbon nanotube functionalization (ammonium carbonate, melamine, and sulfur), 

and additional components for rubber compounding (zinc oxide, stearic acid, paraffin oil, etc.) 

were obtained from Sigma Aldrich and Fisher Scientific. 

 

2.2 Planetary ball milling 

 Ball milling was carried out with a Retsch PM100 Planetary Ball Mill. The Burgio-Rojac 

model of planetary ball milling was used to calculate the single impact energy, Eb, by the following 
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where φb is the obstruction factor, ρb is the density of the grinding balls, ωp and ωv are the rotational 

speeds (rad/s) of the sun wheel and grinding jar, respectively, dv and db are the diameters of the 

grinding jar and grinding balls, respectively, and rp is the radius of the sun wheel [82, 83, 109]. 

The extended velocity expression in the single impact energy equation derives from the difference 

between the launched velocity of a grinding ball due to rotation of the sun wheel/grinding jar and 

the velocity after an impact. Thus, Eb corresponds to the energy dissipated to the powder upon a 

single impact. While Equation 9 assumes a perfectly inelastic collision, corrections of collision 

elasticity can be made by multiplying the impact energy by a parameter Ka with a value between 

0 and 1 indicating a perfectly elastic (Ka = 0) or perfectly inelastic (Ka = 1). However, this 

correction was not made in this study as free fall experiments with coated grinding balls have 

shown changes in collision elasticity to be inconsequential in the early stages of milling [86]. 

The obstruction factor is dependent on the degree of filling in the jar and is calculated by 

the following 

 𝜑𝑏 = 1 − 𝑛𝑣
𝜀  (10) 

where nv is the fraction of filled space by grinding balls in the grinding jar and ε is a parameter 

dependent on the geometry of the mill. 
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Nb is the number of grinding balls in the grinding jar and hv is the height of the grinding jar. Nb,v is 

the number of grinding balls in a cubic arrangement that would fill the grinding jar and Nb,s is the 

number of grinding balls in a cubic arrangement that would cover one third of the inner surface 

area of the grinding jar. The value of parameter ε is evaluated from Equation 10 for Nb = Nb,s that 

yields an obstruction factor of 0.95. 

 The cumulative energy of milling, Ecum, is the product of the single impact energy and the 

number of impacts over the milling period and is given by the following 

 𝐸𝑐𝑢𝑚 = 𝐸𝑏𝑣𝑡𝑡 (15) 

where vt is the impact frequency and t is the milling time. The impact frequency is calculated by 

the following 

 𝑣𝑡 = 𝑁𝑏𝐾
𝜔𝑝 − 𝜔𝑣

2𝜋
 (16) 

where K is an instrument parameter dependent on the geometry of the mill. 

 For all milling trials, an 80 mL stainless steel grinding vessel (dv = 60 mm, hv = 36 mm) 

was filled with one of two stainless steel (ρb = 7,760 g/cm3) grinding media configurations (db = 

10 mm and Nb = 25 or db = 20 mm and Nb = 5). The radius of the PM100 sun plate, 𝑟𝑝, is 70.5 mm, 

and the speed ratio, ωv/ωp, is -2. The geometric constant, 𝐾, has been found to be 1.5 for grinding 

balls 8-10 nm in diameter and was assumed to be similar for grinding balls of 20 mm in diameter 

given nearly equivalent obstruction factors of 0.9 [85]. 

The kinetic length reduction behavior of carbon nanotubes was first studied for the four 

short, commercial carbon nanotubes (NC7000, C150P, SMW200, and CSCNT) using only the 10 

mm grinding media configuration. The effects of single impact energy were investigated by 

varying the rotational speed (ωp) between 100 rpm and 600 rpm at a constant milling time of 30 

min. The effects of cumulative impact energy were investigated by varying milling time between 
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5 min and 90 min at a constant rotational speed of 300 rpm. For all short, commercial CNT milling 

trials, sample mass was fixed at 400 mg. For NC7000, the additional effects of sample mass (1.2 

g and 2.0 g) and bulk density (doubled original bulk density by dispersing NC7000s in water and 

evaporating; denoted by NC7000*) were studied. 

 After full investigation of ball milling effects on the short, commercial CNTs, the kinetic 

length reduction behavior of VNT100 were studied. The effects of single impact energy were 

investigated by varying the grinding media configuration (10 mm and 20 mm) and the rotational 

speed at a constant milling time of 30 min. The effects of cumulative impact energy were 

investigated by varying milling time up to 120 min at a constant rotational speed of 300 rpm using 

the 20 mm grinding media configuration. For all VNT100 milling trials, sample mass was fixed at 

500 mg. 

 

2.3 Mechanochemical functionalization  

 Mechanochemical functionalization of carbon nanotubes was carried out in a Retsch 

PM100 planetary ball mill in the presence of various functionalizing species as outlined in Table 

2. First, the effects of milling VNT100 in the presence of ammonium carbonate were investigated. 

Dry mechanochemical functionalization was carried out by co-milling 500 mg VNT100 and 3.2 g 

ammonium carbonate. Aqueous mechanochemical functionalization was carried out by adding 50 

mL water to the grinding vessel containing 500 mg VNT100 and 3.2 g ammonium carbonate, 

yielding a 0.65 M ammonium carbonate solution. In both cases, the carbon nanotube to ammonium 

carbonate ratio was 1:6.4, which is the same as conducted previously in similar studies [110]. The 

effects of rotational speed (300-600 rpm) and milling time (0.5-24 hr) were investigated. The 

grinding media configuration was fixed at five 20 mm grinding balls. After milling, the grinding 
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jar was placed in a fume hood for 1 hr to remove volatiles. Milled CNTs were purified by filtering 

through 0.22 µm filter paper. 

  

Table 2: Mechanochemically functionalized CNT specifications and nomenclature. 

Functional Species CNT 

Milling Conditions 

Nomenclature 

ωp (rpm) t (hr) Nb x db 

Ammonium carbonate VNT100 300-600 0.5-4 5 x 20 mm 

dfVNT 

afVNT 

Melamine NC7000 300 0.5-4 25 x 10 mm melNC 

Sulfur 

VNT100 

NC7000 

300 1 5 x 20 mm 

sVNT 

sNC 

 

Non-covalent mechanochemical functionalization of carbon nanotubes was carried out by 

co-milling 500 mg NC7000s and 500 mg melamine. The effects of milling time at constant 

rotational speed (300 rpm) were investigated. The grinding media configuration was fixed at 25 

10 mm grinding balls. Milled CNTs were dispersed in water by magnetic stirring to dissolve free 

melamine and filtered through 0.22 µm filter paper. 

 Mechanochemical functionalization of carbon nanotubes with sulfur was carried out by co-

milling CNTs (both NC7000 and VNT100) with elemental sulfur (S8). Milling conditions were 

fixed at 300 rpm for 1 hr using the 20 mm grinding media configuration. Initial investigations for 

the characterization of sulfur-functionalized CNT surface chemistry were done on CNTs milled at 

a 1:1 mass ratio with sulfur. Milled CNTs were dispersed in carbon disulfide by magnetic stirring 

for 30 min under slight heating to dissolve free sulfur and filtered through 0.22 µm filter paper. 
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However, for subsequent use of sulfur-functionalized CNTs in rubber compounds, CNTs were 

milled with sulfur at different mass ratios (6:1.75 and 12:1.75; discussed later) at the same previous 

milling conditions, and the composite CNT-powders were left unpurified before compounding 

with rubber. 

 

2.4 Carbon nanotube characterization 

 Scanning electron microscopy (SEM) on carbon nanotubes was carried out using a Thermo 

Scientific Quattro S ESEM. To characterize bulk carbon nanotube morphology, dry CNT powders 

were sprinkled onto carbon tape adhered to a SEM stub. The lengths of very long carbon nanotubes 

(average length much greater than 5 µm) were measured from SEM micrographs of CNT bundles 

in the dry bulk phase. The average lengths of these nanotube samples were taken as the average of 

at least 20 individual bundle length measurements. For more accurate length characterization of 

short nanotubes (average length less than 5 µm), CNT powder was dispersed in a suitable solvent 

at approximately 0.1 g/L and sonicated for 3 minutes. Solvent-CNT compatibility testing was 

conducted by trial and error and assessed qualitatively based on stability of CNT dispersion; 

chloroform was used as a suitable dispersing agent for NC7000, C150P, and SMW200 while 

isopropyl alcohol was used for CSCNT and VNT100. A drop of the resulting dispersion was 

pipetted onto a polished silicon wafer adhered to a SEM stub by carbon tape. The stub was then 

placed in a vacuum to remove excess solvent. The average lengths of these nanotube samples were 

taken as the average of at least 100 individual CNT length measurements. For individual carbon 

nanotubes that were too long to be imaged in one micrograph, multiple micrographs were obtained 

to encompass the entire CNT length, and the micrographs were stitched together using image 

processing software. Transmission electron microscopy on carbon nanotubes was carried out using 
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a JEOL 2010F FE-S/TEM. For CNT diameter measurement and wall morphology characterization, 

powders were ultrasonically dispersed and pipetted onto lacey carbon copper grids. The average 

diameters of nanotube samples were taken as the average of at least 80 individual CNT diameter 

measurements. ImageJ image processing software was used for all quantitative assessment of CNT 

lengths, diameters, and number of walls. 

 Bulk electrical conductivities of carbon nanotubes were measured with a custom-built 

resistivity cell using a four-point measurement to reduce the effects of contact resistance. Two 

brass electrodes were machined to fit into an insulating acrylic cylindrical casing. Carbon nanotube 

powder was packed into the insulating casing, and the top electrode was placed on top with a 2 kg 

weight to compress the powder to a pressure of 200 kPa. Current was supplied and resistance was 

measured by a Keithley 2000 Multimeter. A total of four conductivity measurements were taken 

for each CNT sample. 

Thermogravimetric analysis (TGA) was carried out using a TA Instruments TGA 550. 

Approximately 5 mg CNTs were placed in an aluminum pan and heated from 30 °C to 800 °C at 

10 °C/min under nitrogen atmosphere. Degradation temperatures, Td, associated with surface 

group desorption and/or decomposition and CNT backbone decomposition were taken as the peak 

of the derivative curve (inflection point of the weight loss curve). 

Fourier transmission infrared spectroscopy (FTIR) was carried out using a Nicolet iS50R 

FT-IR with a diamond crystal. Approximately 2 mg CNTs were pressed into the crystal under light 

pressure from a flat tip, ensuring full sample-crystal contact. Spectra were acquired over 400-4000 

cm-1 wavenumbers and scans were averaged over 64 accumulations. Peaks were identified and 

analyzed using OMNICTM software. 
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 Raman spectroscopy was carried out using a Renishaw inViaTM Confocal Raman 

Microscope with a 532 nm laser. The Raman peaks of interest for this study were the G band 

centered around 1565-1585 cm-1 and the D band centered around 1330-1350 cm-1. The G band is 

indicative of graphitic sp2 hybridization, while the D band is related to defects in graphitic 

structures. The ratio of the D band to G band peak areas, notated as ID/IG, was used as a measure 

of the defect density in the carbon nanotube sample. ID/IG values approaching infinity indicate a 

high defect density, while ID/IG values approaching zero indicate a low defect density. Peak areas 

were obtained from the integrated WiRETM software after performing baseline subtraction, 

normalization, and curve fitting on each individual spectrum. At least four spectra were taken from 

different locations on each sample, and ID/IG was taken as an average of the individual spectra. 

 X-ray photoelectron spectroscopy (XPS) was carried out by Dr. Mourad Benamara (Data 

acquisition only) at the University of Arkansas Nano & Bio Materials Characterization Facility 

using a PHI Versaprobe II Hybrid with a Al Kα beam. Full spectral scans (0-1100 eV) were carried 

out at 1 eV resolution, and 0.2 eV resolution scans were carried out for C1s, O1s, N1s, and S2p 

core levels. Peak deconvolution and area analysis was carried out using OriginPro software; all 

peaks were assumed to be Gaussian and a Shirley background was applied in all cases. 

 

2.5 Polycarbonate compounding 

 A DSM Xplore 5 cm3 conical twin screw micro compounder was used to prepare 

polycarbonate-carbon nanotube (PC-CNT) composites with CNT contents between 0.1 wt% and 

5.0 wt%. The screw torque and melt viscosity were recorded during compounding using 

proprietary Xplore Micro Compounder software. Before compounding, PC beads and CNT 

powders were premixed so that the latter was well distributed in the former and dried overnight in 
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a vacuum oven at 80 °C. PC beads and CNT powder were simultaneously fed to the mixer in small 

amounts over a one-minute period, and the mixing time was started after all material had been 

injected. All composites were compounded at 200 rpm (shear rate of 53 s-1) for 4 min at 280 °C. 

This temperature has been used previously for compounding CNTs in PC and is thought to 

represent the best tradeoff between viscosity and degradation [60, 65]. Similar mixing conditions, 

particularly the high-end rotational speed, have been shown to result in good CNT dispersion, 

resulting in low percolation thresholds [111]. The mixing time was chosen as the shortest time 

where the torque was roughly constant; the first 5-10 sec of mixing time was removed from 

recorded compounding data due to torque/viscosity readout instability. Extruded strands were 

pelletized by hand and compression molded at 280 °C for 5 min under ~5 MPa followed by cooling 

under pressure to near room temperature using a Carver Laboratory press. Polyimide film sprayed 

with Easy ReleaseTM 200 general purpose release agent was applied above and below the sample 

to prevent the sample from sticking to the molding equipment. Air bubbles were removed from 

compression molded specimens by applying and releasing pressure multiple times before starting 

the 5 min molding process. 

Table 3 presents composite nomenclature and CNT specifications. The number next to 

each VNT label corresponds to the average length of the sample in µm. Due to feed hopper volume 

constraints and the low bulk density of VNT100, the maximum VNT100 content in PC was limited 

to 2 wt%. Thus, a very low milling single impact energy, 3.5 mJ/impact (100 rpm with 10 mm 

grinding balls), was used to modify the bulk density of pristine VNT100 while retaining nanotube 

length to allow for greater than 2 wt% nanotube incorporation; these nanotubes are hereafter 

referred to as VNT100*. All other plain milling of VNT nanotubes were carried out using the 20 

mm grinding media configuration. Dry mechanochemically functionalized (dfVNT5) and aqueous 
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mechanochemically functionalized (afVNT20) were subject to the same milling conditions (300 

rpm for 36 min with 20 mm grinding balls) as mVNT5. Theoretical percolation thresholds were 

calculated by Equation 4 assuming PC and CNT specific gravities of 1.2 and 1.8, respectively. It 

should be noted that milling conditions were determined after full analysis of length reduction 

kinetics and mechanochemical functionalization effects. NC7000 CNTs were used as a low aspect 

ratio, commercial comparison to the laboratory synthesized CNTs. 

 

Table 3: PC composite nomenclature and CNT specifications. 

Composite 

Milling Conditions 

L/D φc,theo (wt%) 

ωp (rpm) t (min) Nb x db 

PC-VNT100 - - - 6,667 0.01 

PC-VNT100* 100 30 25 x 10 mm 6,667 0.01 

PC-mVNT50 300 8 5 x 20 mm 3,333 0.02 

PC-mVNT20 300 20 5 x 20 mm 1,333 0.06 

PC-afVNT20 300 36 5 x 20 mm 1,333 0.06 

PC-mVNT5 300 36 5 x 20 mm 333 0.24 

PC-dfVNT5 300 36 5 x 20 mm 333 0.24 

PC-NC7000 - - - 118 0.66 

 

2.6 Polycarbonate composite characterization 

CNT agglomeration in PC composites was characterized by optical microscopy. Thin (0.3 

mm) compression molded discs were imaged with a Leica SP8 Confocal Laser Scanning 

Microscope using a 532 nm laser in transmission mode. To ensure optical transparency of samples, 
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only composites with 0.1 wt% CNTs were imaged. ImageJ image processing software was used 

to quantify CNT agglomerate size, and average agglomerate sizes for each sample were taken as 

the average of at least 50 individual CNT agglomerate diameter measurements. The dispersion of 

individual CNTs in the PC composites was characterized by SEM. Thin (0.3 mm) compression 

molded discs were lightly scored with a razor blade, submerged in liquid nitrogen for ~5 min, and 

fractured manually to obtain clean cross-sectional surfaces for imaging. The cross-sectional 

surfaces were sputter coated with a thin layer of iridium and placed in a Thermo Scientific Quattro 

S ESEM for imaging. 

Bulk electrical conductivities of PC-CNT composites were characterized by two different 

methods. For composites with bulk electrical resistivities less than 107 Ω∙cm, a four-point probe 

method was used. Four copper wire leads were attached equidistantly along compression molded 

composites (30 mm L x 10 mm W x 0.3 mm H) using conductive silver epoxy. Current and voltage 

were supplied to the outer and inner leads, respectively, using a Keithley 2000 Multimeter, and the 

resistance was measured. Resistance measurements were repeated for four different samples. The 

resistivity was calculated as 

 
𝜌 =

𝑅𝐻𝑊

𝐷
 (17) 

where R is the measured resistance, H is the sample thickness, W is the sample width, and D is the 

distance between the inner leads. For composites with bulk electrical resistivities greater than 107 

Ω∙cm, a two-point sandwich method was used. Compression molded discs (63 mm D x 1.5 mm 

H) were placed in a Keithley 6105 Resistivity Adapter between two stainless steel electrodes. 

Voltage was supplied by an ISCO Model 495 Power Supply and current was measured by a 

Keithley 6485 Picoammeter. For each sample, the current measurement was carried out twice on 

each side (four times total). The composite resistivity was calculated as 
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𝜌 =

22.9𝑉

𝐻𝐼
 (18) 

where V is the supplied voltage, I is the measured current, and H is the sample thickness. 

 Rheological properties of PC-CNT composites were measured using a TA Instruments 

Ares-G2 Rheometer. Compression molded discs (25 mm diameter x 1 mm thickness) were placed 

between two parallel plate fixtures and soaked at 280 °C for two minutes to allow the sample to 

reach testing temperature. Oscillation frequency sweeps from 600 to 0.1 rad/s at 5% angular strain 

were carried out isothermally at 280 °C. 

 Thermal properties of PC-CNT composites were characterized by TGA and differential 

scanning calorimetry (DSC). A TA Instruments TGA 550 was used to determine the thermal 

stability of PC-CNT composites. For a given sample, a ~5 mg pellet was placed in an aluminum 

pan and heated from 40 °C to 800 °C at 10 °C/min in nitrogen atmosphere, and the degradation 

temperature, Td, was taken as the peak of the derivative of the weight loss curve. The glass 

transition temperature, Tg, and change in heat capacity at the glass transition, ΔCp, were 

characterized by a TA Instruments DSC2500.  Temperature calibration was via indium, tin and 

biphenyl while heat capacity calibration was via sapphire. After melting samples in the DSC pan 

and cooling at 80 °C/min, composites were heated from 40 °C to 250 °C at 10 °C/min, and the 

glass transition was taken as the fictive temperature, following the procedure described previously 

[112], to eliminate the effect of enthalpy relaxation. Five different measurements were made on 

five different processed PC samples to calculate the reproducibility of the various quantities (Td, 

Tg, and ΔCp); no dependence of reproducibility on sample identity was assumed.  

 Tensile mechanical properties of PC-CNT composites were characterized using a United 

Testing Systems SSTM tensile testing machine. Compression molded composites (0.3 mm 

thickness) were cut into microtensile dogbone specimens according to ASTM D1708 using a 
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Dewes Gumbs Die Co. Model 1.5T Expulsion Press. Specimens were fixed using pneumatic grips 

under no preload and extended at 0.5 in/min until break. For each composite, tensile tests were 

conducted on five different specimens, and the tensile strength, Young’s modulus, and failure 

strain were taken as the average of the five tests. 

 

2.7 Rubber compounding 

 Rubber composites were compounded using a Brabender Type 6 Mixer (60 cm3) with roller 

blades connected to an Intelli-Torque Plasti-Corder® drive. Compounding temperature was 60 °C 

and blade rotational speed was 40 rpm. While the Type 6 mixer cannot be directly equated to a 

internal mixer used in industrial rubber compounding due to the absence of a ram, these mixing 

conditions (temperature and blade rpm) are in the typical range for similar compounds [113-115]. 

Batch size was kept constant at 42 g (~70% degree of filling). The rubber base was first added to 

the mixer and masticated for 1 min. Then, the fillers, processing aid, activators, antiozonant, and 

antioxidant were added to the mixer and compounded for 6 min. Due to feeding zone constraints, 

the total feeding time for these components took approximately 1 min, and the 6 min compounding 

time started after all components had been added. Finally, sulfur and accelerator were added to the 

mixer and compounded for 2 min before ending the compounding process. Thus, the total 

compounding time was 10 min for all rubber compounds, which is comparable to most commercial 

rubber compounding processes. For compounds containing sulfur functionalized CNTs, the 

unpurified milled composite CNT-sulfur powders were added with the rest of the components after 

mastication, and only the accelerator was added for the last 2 min of mixing. 

 Table 4 presents a typical passenger tire tread compound with carbon black filler and serves 

as the basis for which all rubber compounds in this study are derived [116]. To determine the effect 
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of filler content and type, the total filler content was varied between 12 and 72 phr. Carbon black 

(CB), NC7000 (NC), and VNT100 (VNT) were used as different filler types, primarily to 

determine the effects of filler aspect ratio. The effect of dual filler systems with varying ratios of 

CB to CNT (for example, notated as 48CB:6NC for 48 phr carbon black and 6 phr NC7000) was 

also investigated. Additionally, sulfur functionalized CNTs (sNC and sVNT) were compared to 

their unfunctionalized counterparts in select compounds (48CB:6sNC, 48CB:6sVNT, and 12sNC). 

As mentioned previously, these milled composite CNT-sulfur powders were left unpurified after 

milling, and the CNT-sulfur milling ratio was chosen such that the total sulfur content was the 

same in each compound (6:1.75 for 6 phr CNT and 12:1.75 for 12 phr CNT). In all cases, the 

content of all other components was kept constant. 

 

Table 4: Control passenger tire tread rubber compound. 

Component Purpose phr 

Poly(styrene-butadiene) (SBR) Rubber 60 

Polybutadiene (BR) Rubber 40 

Carbon black (CB) Filler 72 

Paraffin oil Processing aid 37 

Zinc oxide Activator 3 

Stearic acid Activator 2 

N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine Antiozonant 2 

Polymerized 1,2-dihydro-2,2,4-trimethylquinoline Antioxidant 2 

Sulfur Vulcanizing agent 1.75 

N-oxydiethylene-2-benzothiazole sulfonamide Accelerator 0.75 
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2.8 Rubber compound characterization 

 The curing kinetics of rubber composites was studied using an Alpha Technologies ATD 

1000 Rheometer. Approximately 4.5 g uncured rubber compound was compressed between 

grooved platens and held isothermally at 160 °C. The torque was measured as the sample was 

subject to oscillation by the bottom platen grooves (0.5° shear angle at 1.67 Hz). The vulcanization 

time for a sample was taken as t97, which is the time required to reach 97% of the maximum torque. 

For subsequent characterization of cured rubber, compounds were vulcanized isothermally at 160 

°C under ~10 MPa for the designated t97 time with a Carver Laboratory press. Polyimide film 

sprayed with Easy ReleaseTM 200 general purpose release agent was applied above and below the 

sample to prevent the sample from sticking to the molding equipment. 

Tensile mechanical properties of rubber composites were characterized using a United 

Testing Systems SSTM tensile testing machine. Vulcanized rubber sheets (10 cm x 6 cm x 1 mm) 

were cut into microtensile dogbones according to ASTM D1708 using a die cutter. Samples were 

fixed using pneumatic grips under no preload and extended at 0.5 in/min until break. For each 

compound, tensile tests were conducted on five different specimens, and the tensile strength, 

Young’s modulus, and failure strain were taken as the average of the five tests. 

 Dynamic mechanical analysis was carried out on rubber specimens using a TA Instruments 

Ares-G2 Rheometer with a linear tension fixture. Strip specimens (40 mm x 5.2 mm x 1 mm) were 

cut from vulcanized rubber sheets using a die cutter. The sample was stretched from an initial 5 

mm gap to an initial force of 2 N and cooled to -80 °C. The sample was then heated from -80 °C 

to 100 °C while subject to linear tension oscillation (0.1% strain at 10 Hz). Data was recorded in 

3 °C temperature steps. 
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Abrasion resistance of rubber composites was characterized using a homemade wear tester. 

A GardCO D12V Linear Washability and Wear Tester was retrofitted with a 100-grit sandpaper 

base and a rubber specimen (20 mm diameter x 10 mm thickness) holder. The test piece was 

pressed against the abrasion medium at a force of 10 N. The speed setting was selected such that 

the average velocity throughout testing was nearly 1 ft/s (~0.3 m/s), and the number of cycles was 

set to give a total abrasion path of 40 m. Test conditions were best selected to adhere to ASTM 

D5963. Specimen mass was measured before and after testing to determine mass loss from 

abrasion, and an average of four tests was used for each sample.  
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Chapter 3: Carbon nanotube aspect ratio modification by planetary ball milling 

3.1 Low aspect ratio carbon nanotubes 

3.1.1 Minimum single impact energy 

The length reduction of four short, commercially available nanotube samples with respect 

to increasing rotational speed, and consequently increasing single impact energy, at constant 

milling time is shown in Figure 8. Length reduction behavior of NC7000 shows no significant 

differences among different sample masses and different initial bulk densities. The invariance of 

length differences with powder mass is not surprising. Magini et al. [86] stated that milling powder 

forms a coating on all surfaces of grinding balls and walls during the early stages of milling, and 

collisions between these balls entrap all the powder within the collision radius. Varying the sample 

mass effectively changes the coating thickness of the surfaces inside the grinding jar, and the 

results show that the breaking efficiency of these impacts is sufficient to break the nanotubes 

trapped in the collisions for even the thickest coating in this study. Another critical assumption is 

that the entire powder sample is coating a surface, and there is no unfixed powder in the jar during 

milling. Deviations on this assumption would likely result in less nanotube breakage as this free 

moving powder does not participate in the collisions. However, visual observations of the nanotube 

powder in the grinding jar after milling validates the assumption that little to no free moving 

powder exists under the conditions used in our experiments. 

 Length reduction behavior of NC7000, SMW200, and C150P are all very similar. A 

distinct horizontal step at low impact energies is followed by an exponential-type length decrease. 

Clearly, these nanotubes possess a minimum single impact energy, Eb,min, for which under that 

impact energy, no significant length reduction has occurred, and above that impact energy, fracture 

does occur. For NC7000 and SMW200, the minimum impact energy appears to be 10 mJ/impact, 
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Figure 8: Carbon nanotube length reduction with respect to single impact energy. 

 

while the minimum impact energy for C150P is 15 mJ/impact. This result suggests that the 

minimum energy for breakage of carbon nanotube is dependent on the diameter or number of 

walls. NC7000 and SMW200 both have very similar average diameters and number of walls and 

show similar minimum impact energies, while C150P has a larger diameter and number of walls 

and has a larger minimum impact energy. This increase is likely consistent with the findings of 
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Kozma et al. [90], who found that nanotubes of 30 nm in diameter possess a minimum single 

impact energy of 35 mJ/impact. The linear relationship between parallel walled nanotube diameter 

and is presented in Figure 9. TEM micrographs confirm that ball milling did not reduce carbon 

nanotube diameter for any of the nanotubes. This result is consistent with most studies [81], but 

others have shown high energy ball milling can result in partial wall damage or complete 

destruction of nanotubes [117]. 

 The length reduction behavior of CSCNT has a somewhat different form than the other 

three commercial nanotubes. While there does appear to be a notable drop in length near 15 

mJ/impact for CSCNT, data points under 15 mJ/impact display a linear type length reduction from 

1.1 µm to 800 nm. This extent of length reduction at low single impact energies is greater than the 

other three CNTs studies, suggesting CSCNT likely possesses a minimum single impact energy 

below the 3.5 mJ/impact (lowest impact energy applied). This phenomenon could be explained by 

TEM micrographs of the virgin tubes shown previously in Figures 5 and 6 in which wall damage 

and alternative nanotube morphologies were seen. CSCNT nanotubes possess a high concentration 

of wall damage and dislocations compared to the other three nanotube samples. The presence of 

wall damage likely weakens the structural integrity of the nanotubes, leading to a reduced 

minimum impact energy. These defects could be a byproduct of the industrial synthesis process or 

of milling performed by the manufacturer to separate the nanotubes from the catalyst and support 

materials. Also, many nanotubes within the TEM micrographs appeared to have a cup-stacked or 

bamboo-like morphology. These layers could be more easily sheared apart due to open ends on 

the nanotube surface, also leading to lower ball impact energies required to fracture the nanotube. 

Linear length reduction with respect to increasing impact energy as found with CSCNT was 

consistent with the findings of Kozma et al. [90]. However, they identified the minimum with 
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Raman spectroscopy rather than with length measurements. The initial carbon nanotube product 

possessed a low concentration of defects, and there was a marked increase in ID/IG at 35 mJ, 

indicating an increase in sp3 hybridized carbons. This observation was used as justification for 

identifying the minimum energy despite the length having already been reduced by nearly 50%. 

 

  

Figure 9: Relationship between CNT diameter and minimum single impact energy for the four, 

short commercial carbon nanotubes and another parallel-walled CNT sample previously studied 

by Kozma et al. [90]. 

 

Raman spectra and ID/IG values corresponding to the milled CNT samples in Figure 8 are 

given in Figure 10. Variations in the peak ratio have no clear correlation with average nanotube 

length considering the measured standard deviation of was generally around ± 0.1. For this peak 

ratio to be a proper measure of minimum impact energy determination, it would be expected that 

a distinct increase in ID/IG occurs when the average length of the CNTs reduces significantly. A 

primary concern was that nanotube healing may have occurred after ball milling of the nanotubes 
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and before Raman spectra acquisition (ball milling and spectra acquisition occurred months apart). 

To eliminate the possible effect of nanotube healing, Raman spectra of freshly milled NC7000s 

under the same conditions as stated for Figure 8 were acquired, and no appreciable changes in the 

spectra or peak ratios were observed. 

 

 

Figure 10: Raman spectra of 0.4 g milled (a) NC7000, (b) C150P, (c) SMW200, and (d) CSCNT. 

Lengths correspond to data points in Figure 8 and ID/IG values are an average of five spectra. 
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It is assumed that defect dense nanotube ends account for a large portion of the D band 

detected by Raman spectroscopy. Assuming the defect dense length of a nanotube accounts for 5 

nm on each nanotube end, then for unmilled NC7000 (~1330 nm) approximately 0.8% percent of 

the nanotube length is defect dense. For NC7000 milled to their terminal length (~410 nm), the 

defect dense length fraction increases to approximately 2.4%. A marginal increase in defect dense 

length is not likely to produce notable changes in the Raman shift, so the peak ratio values obtained 

in this study are likely within the margin of error. However, we recognize that nanotube samples 

may experience wall damage and amorphization contributing further to D band amplification. 

Thus, we believe that length measurements should be the primary method of identifying the 

minimum single impact energy since Eb,min has been defined as the energy required to fracture a 

nanotube into shorter segments. 

 

3.1.2 Length reduction kinetics 

To obtain a range of cumulative impact energies, the rotational speed of the mill was kept 

constant at 300 rpm, corresponding to a single impact energy of 31 mJ/impact, and the milling 

time was varied. The length reduction of NC7000 (0.4g trials) is evident based on the SEM 

micrographs given in Figure 11 and the corresponding length distributions, along with log-normal 

fit and distribution parameters 𝜇 and 𝜎, given in Figure 12. Unmilled NC7000 nanotubes are 

clearly the longest upon visual observation and have the widest distribution of lengths. Some 

nanotubes on the order of 4-5 μm in length span a large portion of the field of view, and in many 

cases image stitching was necessary to measure full nanotube lengths. At 20 minutes of milling, 

all nanotubes appear to be at or below 2 μm in comparison to the scale bar shown, and this 

observation is reinforced by the length distribution given in Figure 12c. At 30 minutes of milling, 



44 

 

the distribution becomes very narrow and no further significant length reduction was seen. The 

goodness of the log-normal fit is most evident at higher milling times. Although the fits are not 

shown here, this same log-normal function type was able to fit the length distribution of all 

nanotubes well at higher milling times. Length reduction upon milling of all nanotubes tested in 

this study follow this same qualitative pattern with time. The tendency for ball milled carbon 

nanotubes to converge to a log-normal distribution has been shown previously [118], but other fits 

such as the Weibull distribution have been observed [119]. 

 

 

Figure 11: SEM micrographs of (a) pristine NC7000 and 0.4 g trial milling times of (b) 10 min, 

(c) 20 min, and (d) 30 min. 
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Figure 12: Length distributions of (a) pristine NC7000 and 0.4 g trial milling times of (b) 10 min, 

(c) 20 min, and (d) 30 min with corresponding log-normal distribution parameters. 

 

Length reduction behavior of the four commercial carbon nanotube samples with respect 

to increasing cumulative impact energy is shown in Figure 13. The length reduction behavior of 

NC7000 shows no variance among the different sample masses and initial bulk densities. The 

appearance of a terminal length around 400 nm is consistent with the results of the curve shown in 

Figure 8. Also, the fact that changes in sample mass do not change the length reduction behavior 

with respect to cumulative energy validates the use of the non-mass averaged cumulative energy 
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expression given in Equation 15 as opposed to a mass averaged cumulative energy expression most 

often used elsewhere [90, 109]. 

 

 

Figure 13: Carbon nanotube length reduction with respect to cumulative impact energy. 

 

Each carbon nanotube sample undergoes exponential length reduction to a terminal length 

unique to each nanotube sample. For NC7000, C150P, and SMW200, the experimental terminal 
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length is nearly 400 nm, while CSCNT converge to approximately 200 nm. The shorter terminal 

length of the CSCNT indicates that cup-stacked wall morphologies may make nanotubes more 

susceptible to further length reduction to smaller aspect ratios. The terminal length for each 

nanotube is achieved by a cumulative impact energy of 350 kJ. The asymptotic behavior of carbon 

nanotube length reduction at high cumulative energies is consistent with what has been found in 

the literature for ball milling [118], although other high energy ball milling studies have shown 

carbon nanotubes can be further reduced to nanoparticles and amorphous carbon [120, 121]. 

An exponential equation relating carbon nanotube length to cumulative energy of milling 

was derived as shown 

 
𝐿 = (𝐿𝑜 − 𝐿𝑓)𝑒

−𝐸𝑐𝑢𝑚
𝐸𝑠𝑐𝑎𝑙𝑒 + 𝐿𝑓 (19) 

where Lo is the measured initial length of the raw commercial carbon nanotubes, Lf is the terminal 

length, and Escale is a fitted parameter (termed “scaling energy”) found by nonlinear regression (Lf 

also fitted in the regression). The limits were set so that at zero cumulative impact energy, the 

function is equivalent to the initial average length, and at sufficiently high cumulative energies, 

the function converges to the terminal length. Rearrangement of the Equation 11 yields a 

dimensionless length term which we will call the normalized length difference. 

 𝐿 − 𝐿𝑓

𝐿𝑜 − 𝐿𝑓
= 𝑒

−𝐸𝑐𝑢𝑚
𝐸𝑠𝑐𝑎𝑙𝑒  (20) 

At zero cumulative energy, the normalized length difference is 1, and at sufficiently high 

cumulative energy, the normalized length difference converges to 0.  

 Length reduction data given in Figure 13 for increasing cumulative energy was converted 

to the normalized length difference, and the four curves representing each commercial nanotube 

collapsed to a single master curve shown in Figure 14. The globally fitted scaling energy 
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parameter, Escale, was found to be 13.9 ± 0.5 kJ. Visual observation of Figure 14 shows good 

agreement among the four commercial nanotube length reduction behaviors, and the exponential 

fit based on the cumulative energy of milling appears to describe the data well. While there is some 

clear discrepancy in the terminal behavior, the individually fitted terminal lengths fall well within 

the experimental error of the measured terminal lengths. In fact, fitting the individual data sets 

from Figure 13 for each nanotube resulted in scaling energy values all within three standard 

deviations of the globally fitted scaling energy. 

 

 

Figure 14: Normalized length difference collapsed to a single curve with respect to total 

cumulative impact energy fitted by Equation 20. 

 

 Instead of CNT length reduction being a function of the total single impact energy used 

during milling, another possibility is that the minimum single impact energy should be subtracted 

from the total single impact energy for a single collision. Hence, we then define the excess single 
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impact energy, Eb,ex, to be the difference between the total single impact energy, Eb, and the 

minimum single impact energy, Eb,min, as follows. 

 𝐸𝑏,𝑒𝑥 = 𝐸𝑏 − 𝐸𝑏,𝑚𝑖𝑛 (21) 

The excess cumulative impact energy, Ecum,ex, can then be calculated by substituting Eb,ex for Eb in 

Equation 15. 

 𝐸𝑐𝑢𝑚,𝑒𝑥 = 𝐸𝑏,𝑒𝑥𝑣𝑡𝑡 (22) 

An additional form of Equation 20 relating the normalized length difference to an exponential term 

was derived 

 𝐿 − 𝐿𝑓

𝐿𝑜 − 𝐿𝑓
= 𝑒

−𝐸𝑐𝑢𝑚,𝑒𝑥
𝐸𝑠𝑐𝑎𝑙𝑒,𝑒𝑥  (23) 

for CNT length reduction scaling with the excess cumulative impact energy with associated excess 

scaling energy, Escale,ex. Figure 15 presents the normalized length difference with respect to excess 

cumulative impact energy, and Escale,ex was found to be 9.7 ± 0.3 kJ. The goodness of fit to the 

excess cumulative energy is statistically similar to that of Figure 14. If the single impact energy is 

sufficiently large, then subtracting Eb,min from Eb appears to make no difference; Table 5 shows 

that Eb was significant compared to Eb,min except for CSCNT. For CSCNT, the minimum impact 

energy is considered to be zero (under 3.5 mJ/impact detectable by our testing conditions). 

Consequently, the excess single impact energy is noticeably greater for CSCNT than for the other 

three nanotube samples. Visual observation of Figure 15 shows that CSCNT has slightly less 

agreement with the exponential model than the other three nanotube samples, especially at higher 

cumulative energies. To determine which model is more appropriate, impact energies closer to the 

minimum impact energy could be tested. 
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Figure 15: Normalized length difference collapsed to a single curve with respect to excess 

cumulative impact energy fitted by Equation 23. 

 

Table 5: Single impact energies associated with Figures 14 and 15. 

CNT Eb Eb,min Eb,ex 

NC7000 31 mJ 10 mJ 21 mJ 

C150P 31 mJ 15 mJ 16 mJ 

SMW200 31 mJ 10 mJ 21 mJ 

CSCNT 31 mJ < 3.5 mJ 31 mJ 

 

3.2 Ultrahigh aspect ratio carbon nanotubes 

3.2.1 Minimum single impact energy 

The minimum single impact energy required to fracture a carbon nanotube was previously 

shown to dependent on CNT wall morphology and diameter. Because the VNT100 nanotubes are 

parallel walled and have an average diameter of 15 nm, the expected energy threshold for length 
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reduction is approximately 16 mJ/impact (see linear fit in Figure 9). To determine Eb,min for 

VNT100, the ultrahigh aspect ratio nanotubes were milled at varying single impact energies, and 

SEM micrographs of milled CNTs are given in Figure 16. Milling at 3.5 mJ/impact, the lowest 

achievable single impact energy with 10 mm grinding balls at 100 rpm, shows the initial length 

was retained as expected (Figure 16a). However, even up to 125 mJ/impact, the highest achievable 

impact energy with 10 mm grinding balls at 600 rpm, significant length reduction cannot be 

detected by SEM micrographs (Figure 16b). Rather, the only major morphological change was the 

flattening of the large bundles to ribbon-like structures. Only when the grinding ball size was 

increased to 20 mm, subsequently increasing the impact energy to 175 mJ/impact at 300 rpm, is 

length reduction evident (Figure 16c), suggesting the minimum single impact energy for fracture 

is between 125 and 175 mJ/impact. Thus, we approximate Eb,min of VNT100 to be 125 mJ/impact 

for subsequent analysis. 

The order of magnitude larger energy threshold for fracture of these ultrahigh aspect ratio 

VNT100s suggests that powder morphology and/or agglomeration contribute to the milling 

characteristics of carbon nanotubes. The commercial carbon nanotubes studied previously were 

supplied in the form of roughly spherical agglomerates with small-bundled nanotubes randomly 

aligned and loosely packed within the agglomerates, while the ultrahigh aspect ratio VNT100 

nanotubes synthesized in this study are almost exclusively aligned in loosely bundled arrays. 

According to impact induced CNT fracture simulations, fracture most readily occurs at the 

junctions of separate overlapping nanotubes [122]. Compared to randomly oriented commercial 

nanotubes, these ultrahigh aspect ratio CNTs have a much lower proportion of nanotube 

intersections, which could explain why length reduction occurs less readily. Or rather, their aligned 

nature distributes the force transferred from nanotube to nanotube along a greater distance, 
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reducing local force and breakage rates. Additionally, instead of correlating Eb,min to the average 

individual nanotube diameter, perhaps it is more appropriate to correlate Eb,min to the average 

bundle size. Based on SEM micrographs, the average bundle diameter for the VNT100 is 

approximately 10 µm, whereas most commercial CNTs, like NC7000, contain bundles up to 1 µm 

in diameter. This factor of ten increase in bulk diameter is comparable to the order of magnitude 

increase in energy threshold. So, for an industrially applied ball milling process for carbon 

nanotube length reduction, the bulk powder morphology must be considered in determining the 

minimum single impact energy necessary for nanotube fracture. 

 

 

Figure 16: SEM micrographs of VNT100 milled for 30 min at (a) 3.5 mJ/impact, (b) 125 

mJ/impact, and (e) 175 mJ/impact. 
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3.2.2 Length reduction kinetics 

 To evaluate the length reduction kinetics of ultrahigh aspect ratio CNTs, VNT100 

nanotubes were milling at a fixed Eb of 175 mJ/impact for varying milling times (Eb,ex of 50 

mJ/impact according to Equation 21 assuming an Eb,min of 125 mJ/impact). Figure 17 shows SEM 

micrographs of CNTs milled for varying durations, and Figure 18 displays measured VNT100 

lengths compared to the kinetics predicted by Equations 20 and 23 considering the total and excess  

 

 

Figure 17: SEM micrographs of CNTs milled at 175 mJ/impact for (a) 8 min, (b) 20 min, (c) 36 

min, and (d) 60 min corresponding to the data points in Figure 18. 

 

cumulative impact energy, respectively. Clearly, the length reduction kinetics predicted by the 

total cumulative impact energy much better describe the measured lengths of the milled ultrahigh 

aspect ratio CNTs as compared to the excess cumulative impact energy. While the red curve 
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appears to slightly overestimate CNT length for the initial stages of milling, the measurements are 

well within the margin of error encompassing the predicted length reduction kinetics. 

 

 

Figure 18: Milling-induced length reduction of ultrahigh aspect ratio CNTs compared to length 

reduction kinetics predicted by Equations 20 or 23. 

 

While Eb,min is an important consideration in the practical application of ball milling for 

CNT length reduction, Figure 18 suggests that the extent to which Eb exceeds Eb,min is irrelevant 

as long as Eb > Eb,min. However, there are two considerations that could modify this assertion. First, 

because there is often a distribution of nanotube diameters, bundle sizes, and defect characteristics 

in a bulk CNT sample, there exists a theoretical distribution for Eb,min on an individual CNT basis. 

For example, if an Eb is chosen that exceeds Eb,min for some CNTs but is below Eb,min for other 

CNTs, the length reduction kinetics would certainly change. Second, there logically exists a 

maximum single impact energy for which continuing to increase Eb results in no further CNT 

fractures within the impact area. Despite these possible deviations from the predicted behavior, 
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typical milling conditions used in laboratory and industrial settings are likely to fall within an 

acceptable range that adheres to the length reduction kinetics predicted by Equation 20 with the 

total cumulative impact energy. These results are promising for controlling length reduction of 

CNTs with widely varying initial lengths, diameters, wall morphologies, and bulk powder 

morphologies. 

 

3.2.3 Defect density and electrical conductivity 

 The effects of ball milling on the electrical conductivity and defect density of VNT100 are 

shown in Figure 19. A notable observation is the increase in electrical conductivity and decrease 

in defect density upon short durations of milling. Initial rationale would suggest that any amount 

of impact induced change in CNT morphology would result in an increase in defect density due to 

the breakage of covalent carbon-carbon bonds, which would lead to a reduction in the electrical 

conductivity of the CNTs. While previously discussed results with short, commercial CNTs 

showed no notable variance in defect density upon milling, the decreases in defect density upon 

milling show here are initially unexpected. This phenomenon could be explained by a combination 

of different effects. First, the vermiculite sheets between CNT bundles effectively form an electron 

barrier, limiting the electrical conductivity of the CNTs in the bulk powder morphology. Upon 

short times of ball milling, vermiculite sheets break apart and could allow individualized nanotubes 

or nanotube bundles to form a conducting network or act as conductive bridges between larger 

vermiculite-capped bundles. Second, as carbon nanotube ends are dislodged from the catalyst sites 

upon vermiculite breakage, carbon radicals may undergo healing to a lower energy state (i.e., 

reforming closed or partially closed CNT ends) [123, 124]. Finally, and most probably, milling 

could strip CNT surfaces of amorphous carbon. Upon closer inspection of high-resolution TEM 
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Figure 19: Effects of planetary ball milling on CNT electrical conductivity and defect density. 

 

 

Figure 20: Milling-induced stripping of surface impurities as evidenced by high resolutions TEM 

micrographs of (a-b) pristine C150P and (c-d) milled C150P. 



57 

 

micrographs, a layer of amorphous carbon can be found on the outer surfaces of pristine, as-

synthesized CNTs. The thickness of this amorphous carbon layer varied widely (between 0.5-5 

nm) but was most pronounced for C150Ps. Figure 20 shows C150P nanotubes before and after 

milling, clearly demonstrating the elimination of the amorphous layer upon ball milling. However, 

as milling duration increased, the defect density slightly increased along with a decrease in 

electrical conductivity. 

 

3.3. Comparison to length reduction by ultrasonication 

3.3.1 Fracture mechanism 

To our knowledge, sonication has been the only mode of carbon nanotube fracture other 

than ball milling in which the kinetics of length reduction have been studied. Initial studies on 

nanotube cleavage by sonication assumed a purely tensile mechanism by which the nanotubes 

orient radially as bubbles nucleate, grow, and collapse [75]. The critical force, Fc, for nanotube 

breakage derived by Hennrich et al. [73] and restated by Pagani et al. [76] based on the tensile 

strength, σbreak, of the nanotube is given by the following 

 𝐹𝑐 = 𝜎𝑏𝑟𝑒𝑎𝑘𝜋
(2𝐷𝑤 − 𝑤2)

4
 (24) 

where D is the CNT diameter and w is the thickness of the wall. The discussions surrounding this 

equation involved only SWCNTs, and the critical force was estimated to be 20 nN. Later studies 

utilizing Brownian dynamics simulations found that long nanotubes can experience axial 

compression [77] or align tangentially to bubbles and experience radial buckling [76]. As the 

nanotubes shorten to approximately 1 μm, the fracture mechanism can shift from buckling to 

tensile, which is shown in Figure 21. 
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Figure 21: Sonication of carbon nanotubes imparts (a-b) radial buckling on long carbon 

nanotubes and (c-d) axial tension for short nanotubes. Red arrows indicate the force experienced 

by the nanotubes, and red dots indicate points of fracture. 

 

Ball milling carbon nanotubes likely employs a buckling fracture mechanism. Because the 

carbon nanotube powder morphology consists of aggregates with randomly oriented and curved 

nanotubes, molecular dynamics simulations indicate that impact-induced fracture tends to occur at 

the intersections of adjacent nanotubes [122]. Attempts to relate the minimum single impact energy 

for CNT fracture to some physical characteristic of the nanotubes, as proposed in Equation 24 for 

sonication, were unsuccessful due to uncertainty in the characteristic length by which to translate 

energy into force and vice versa. As illustrated in Figure 22, for very long nanotubes, there are 

initially many nanotube intersections at which impact induced fracture can occur. As nanotubes 

shorten, the frequency of nanotube intersections decreases substantially, consistent with 
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exponential length reduction behavior with increasing cumulative impact energy. While the 

discovered scaling energy, Escale, effectively represents the rate at which carbon nanotubes fracture 

from ball milling, attempts to translate the meaning of this term to some physical attribute of CNTs 

or the ball milling system proved unsuccessful. 

 

 

Figure 22: Representative schematic of impact induced fracture of (a) long and (b) short carbon 

nanotubes. Red dots indicate points of fracture. Most CNTs fracture points occur at CNT-CNT 

intersections, but isolated CNTs may fracture as well. 

 

 Figure 23 shows characteristic capped and open nanotube tip morphologies as observed by 

HRTEM. Pristine NC7000 appeared to have a relatively even distribution of capped and open ends 

as in Figure 13a and 13c, while pristine CSCNT had a much higher concentration of open ends. 

The wide cone end of the cup stacked nanotubes was observed to always be open as in Figure 23d, 

while the narrow cone end occasionally had a capped tip as in Figure 23b. Milled nanotubes that 

had been reduced to their terminal length contained a much higher concentration of open ends 

compared to the unmilled nanotubes. Regardless of wall morphology, the most common end 

morphology of milled nanotubes involved a notable collapsed restriction in CNT diameter at the  
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Figure 23: Representative TEM micrographs of (a-b) capped, (c-d) open, and (e-f) collapsed CNT 

ends of parallel walled (NC7000) and cup-stacked (CSCNT) CNTs. 

 

tip as in Figures 23e-f. This smaller diameter could be evidence of the proposed mechanism by 

which fracture occurs by buckling at nanotube intersections. It should be noted that observation of 

this end morphology in TEM is sensitive to the nanotube orientation relative to the electron beam. 
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Also, caps on nanotube ends can reform after fracture due to being more configurationally 

favorable, so visual observation by TEM alone cannot validate the fracture mechanism. Capped 

nanotube ends present in milled samples could either be initially capped and undisturbed by 

milling or could be reformed after milling. 

Many analogs exist between sonication of long nanotubes and ball milling. The increasing 

energy required for length reduction with increasing diameter appears to be consistent between the 

two processes. Also, both sonication and ball milling result in a terminal length, as experimental 

data from Lucas et al. [75] showed length reduction convergence to an apparent terminal length at 

high cumulative ultrasonic energies. A potential difference between the two processes is the 

possibility of diameter reduction or complete wall stripping. While ball milling can induce defects 

on nanotube surfaces and ends, we and most others have found that carbon nanotube diameters 

remain constant during milling [81]. However, wall stripping and slight diameter reduction has 

been reported for ultrasonication [125]. 

 

3.3.2 Power law length reduction kinetics 

Previous sonication studies used a power law to describe the kinetics of carbon nanotube 

length reduction. To compare our data with previous studies, a power law was fit to the length 

reduction data given in Figures 13 and 18. As was done previously, experimental data points at 

high cumulative impact energies that show a very small change in length reduction compared to 

points at lower energies were eliminated. The power law fit for the four commercial nanotube 

samples and ultrahigh aspect ratio VNT100 is shown in Figure 24. 
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Figure 24: Length reduction behavior of carbon nanotubes with respect to cumulative impact 

energy fit to a power law. 

 

The power law exponents that describe the length reduction kinetics of the nanotubes 

studied in this work are presented in Table 6 with comparisons to previous studies on sonication 

and ball milling. While the power law relationship in sonication studies was explicitly given, it 

was necessary to extract ball milling data from graphs in milling studies (minimum of four data 

points) and fit the data to a power law to obtain the power law exponent. To our knowledge, Table 

6 encompasses all the kinetic length reduction data for sonication and milling in the current 

literature provided with sufficient detail with respect to sonication/milling time. The SMW200 

power law exponent compares to the findings of Hennrich et al. [73] for sonication and Pierard et 

al. [126] for ball milling, while the C150P power law exponent is akin to the findings of Lucas et 

al. [75], Jang et al. [78], and other ball milling studies [81, 90, 127]. 
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Table 6: Power law relationships between sonication/milling Ecum and CNT length. 

Source Power Law Relationship* 

This Work (MWCNTs) 

𝐿 ∝ 𝐸𝑐𝑢𝑚
−1.78 (VNT100) 

𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.40 (NC7000) 

𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.20 (C150P) 

𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.49 (SMW200) 

𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.43 (CSCNT) 

Hennrich et al. (SWCNTs) 𝐿 ∝ 𝐸𝑈𝑆
−0.5 

Lucas et al. (SWCNTs) 

𝐿 ∝ 𝐸𝑈𝑆
−0.21 (#6077) 

𝐿 ∝ 𝐸𝑈𝑆
−0.23 (#6078) 

Jang et al. (MWCNTs) 𝐿 ∝ 𝐸𝑈𝑆
−0.25 

Pierard et al. (MWCNTs) 𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.51 

Kozma et al. (MWCNTs) 𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.18 

†Papp et al. (MWCNTs) 𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.20 

†Kukovecz et al. (MWCNTs) 𝐿 ∝ 𝐸𝑐𝑢𝑚
−0.20 

*Ball milling studies are indicated by Ecum and sonication studies are indicated by EUS. 

†A poor power law fit (R2 < 0.9) was found for the data in these studies. 

 

Comparison among the CNTs used in this study indicates the power law kinetics for length 

reduction by ball milling is dependent on the initial carbon nanotube length. The ultrahigh aspect 

ratio VNT100 nanotubes exhibited the fastest rate of length reduction (e.g. highest power law 

exponent), and conversely, the shortest nanotube sample, C150P, exhibited the slowest rate of 

length reduction. This result is consistent with the trend found in previous ball milling studies, as 
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Pierard et al. [126]. used initially very long nanotubes, while the other ball milling studies used 

shorter nanotubes [81, 90, 127]. Sonication studies also exhibited a dependence on initial carbon 

nanotube length; however, the relationship is the inverse of that found for ball milling. Simulation 

results of Pagani et al. suggested long and short nanotubes are described by power law exponents 

of roughly -0.22 and -0.5, respectively [76]. The difference between the two processes could be 

explained by the difference in mechanism for different length nanotubes in sonication, whereas 

ball milling is assumed to have a consistent fracture mechanism independent of nanotube length.  
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Chapter 4: Carbon nanotube surface chemistry modification by planetary ball milling 

4.1 Dry mechanochemical functionalization with ammonium carbonate 

Ball milling induces local hot spots at points of impact between grinding media and the 

grinding vessel wall. As milling time increases, so does the bulk temperature in the milling vessel. 

Because ammonium carbonate has a decomposition temperature well below 100 °C, it is assumed 

that ammonium carbonate readily decomposes into gaseous ammonia (NH3), carbon dioxide (CO2) 

and water (H2O) during milling. Thus, because carbon nanotubes experience fracture and surface 

amorphizations during milling, carbon radicals formed from broken C=C bonds could readily react 

with ambient species to form oxygen and nitrogen containing functional groups. A schematic of 

the proposed dry mechanochemical functionalization method is presented in Figure 25. 

 

 

Figure 25: Schematic of dry ball milling induced functionalization of CNTs with ammonium 

carbonate. 
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Figure 26: SEM micrographs of dry mechanochemically functionalized VNT100 milled at 300 

rpm for (a-b) 30 min, (c-d) 1 hr, and (e-f) 4 hr. 

 

The morphology of dry mechanochemically functionalized VNT100 (dfVNT) nanotubes 

can be seen in Figure 26. The agglomeration characteristics are quite different compared to the 

pristine VNT100 primarily due to the disappearance of large bundles. Rather, the dfVNTs appear 

to be randomly agglomerated in somewhat spherical agglomerates. Additionally, nanotube length 
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is significantly reduced compared to the originally long pristine VNT100. Milling for 30 min, 1 

hr, and 4 hr at 300 rpm results in average CNT lengths of approximately 5 µm, 1 µm, and 400 nm, 

respectively. These values largely agree with the kinetic length reduction behavior found 

previously.  

Figure 27 presents the thermal degradation curves for dfVNT samples milled at varying 

conditions. Because carbon nanotubes are generally thermally stable up to high temperatures well  

 

 

Figure 27: Thermal degradation behavior of dry mechanochemically functionalized VNT100. 

 

above 400 °C, weight loss at low temperatures is typically indicative of desorption and/or 

degradation of adsorbed groups (like water) and covalently bonded functional groups. Pristine 

VNT100 shows negligible weight loss up to 400 °C whereas all dfVNT samples show different 

extents of thermal degradation behavior under 400 °C. For all dry mechanochemically 

functionalized CNTs, there is a consistent weight loss feature under 100 °C, and the size of this 

peak appears to scale with Ecum. This feature is likely indicative of the presence of physically 
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absorbed species on the surfaces of CNTs, most likely being the decomposed constituents of 

ammonium carbonate (NH3, CO2, and H2O) as well as ambient moisture. All dfVNT samples show 

some thermal degradation around 180 °C as evidenced by a consistent peak location in in the 

derivative curves, possibly indicative of the introduction of a certain type of covalently bonded 

functional group to the surface of the CNTs. The size of this peak also appears to increase with 

increasing Ecum. For the highest cumulative milling energy applied (13,500 kJ corresponding to 

600 rpm for 4 hr), additional weight loss features are present around 160 °C and 350 °C, possibly 

indicative of the presence of different functional groups. 

 The degree of functionalization can be calculated based on weight loss in given temperature 

regimes. Given that most small physiosorbed and chemisorbed oxygen and nitrogen containing 

groups desorb or decompose at temperatures below 400 °C [128, 129], degree of functionalization, 

θf, can be calculated by the following 

 𝜃𝑓 =
𝑚30°𝐶 − 𝑚400°𝐶

𝑚30°𝐶
∗ 100% (25) 

where and m30°C and m400°C are the masses of the sample at 30 °C and 400 °C, respectively. Figure 

28 shows the relationship between cumulative energy of milling and degree of functionalization. 

The correlation behavior follows a power law of the following form  

 𝜃𝑓 = 𝑘𝑓𝐸𝑐𝑢𝑚

𝑛𝑓
 (26) 

with rate coefficient, kf, of 0.36 ± 0.03 and power law exponent, nf, of 0.33 ± 0.01 (R2 = 0.996). 

Because this dry mechanochemical functionalization phenomenon could result in both 

physisorption and chemisorption as well as yield multiple layers of adsorbed species, it may be 

appropriate to consider this power law behavior in the context of Freundlich-like adsorption [130]. 

While the Freundlich isotherm typically describes the power law dependence of surface coverage 

on partial pressure of adsorbate, the cumulative energy of milling in the case of this study may be 
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directly related to partial pressure of the decomposed ammonium carbonate species in the milling 

vessel. While it is initially assumed that ammonium carbonate fully decomposes during milling, 

there is certainly a period of partial decomposition in the early stages of milling, meaning the 

partial pressure changes in this milling period. Additionally, if full decomposition of ammonium 

carbonate does not occur after 30 min, increasing the milling time to 1 hr and 4 hr would effectively 

increase the partial pressure of the decomposed species in the vessel. It should be noted that 

because ball milling fractures carbon nanotubes, the total adsorption area increases during the 

process. Thus, accurate modeling of CNT adsorption behavior during ball milling would need to 

involve more detail than a simple empirical power law model like the Freundlich isotherm. 

 

 

Figure 28: Degree of functionalization of dry mechanochemically functionalized VNT100 

correlated to cumulative impact energy. 

 

 Full XPS spectra and C1s core level scans are presented in Figures 29 and 30, respectively, 

along with C1s peak deconvolution analysis in Table 7. Pristine VNT100 shows a relatively low 
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oxygen content as expected based on negligible weight loss from TGA, whereas dfVNT samples 

display increasing oxygen content with increasing milling time. However, no significant nitrogen 

content is detected up to 4 hr milling time at 300 rpm. This is somewhat surprising as previous 

studies using similar functional species (ammonium bicarbonate) asserted that mechanochemically 

functionalized CNTs were primarily doped with amine and amide functional groups [131]. 

Plausible explanation for this discrepancy could lie in the longer milling times used and different 

 

 

Figure 29: XPS spectra of pristine and dry mechanochemically functionalized VNT100. 

 

grinding media configurations that could impart higher cumulative milling energies. However, 

XPS spectra presented in these previous studies do exhibit increased oxygen content compared to 

pristine CNTs, confirming the addition of oxygen-containing moieties. The most prevalent 

oxygen-containing carbon binding state, C-O, is confirmed by the peak located at 286.0-286.3 eV 

and is likely evidence of hydroxyl groups (R-OH) added to CNT surfaces, although ethers (R-O-

R) could also be present. The peak located around 287.0-287.1 eV, attributed to the C=O binding 
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state, could be evidence of ketones (R=O) or aldehydes (R-COH). Additionally, the peak located 

at 288.0-288.5 eV attributed to the O-C=O binding state is likely evidence of carboxyl groups (R-

COOH). The reduction in π-π* transition satellite peak located between 290.0-290.8 eV is 

indicative of the disruption of the conjugated π network due to the presence of functional groups. 

 

 

Figure 30: C1s core level deconvolution for (a) pristine and dry mechanochemically 

functionalized VNT100 milled at 300 rpm for (b) 30 min, (c) 1 hr, and (d) 4 hr. 
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While the evidence of functionalization and reduced bulk agglomeration is promising for 

application in polymer composites, a perhaps undesired byproduct of the process is seen from the 

increasing peak located at 282.8-283.4 eV representing carbide bonds (C-M; M represents metal 

or metalloid). Pristine VNT100 displays a notable peak in this region which can be attributed to 

C-Fe and C-Co bonds. Because the VNT100 nanotubes are not purified, nanotubes are still 

attached to the vermiculite supports at their catalyst sites which are composed of iron and cobalt. 

Upon mechanochemical functionalization, the carbide peak significantly increases, which could 

also be attributed to the formation of carbide bonds with silicon or aluminum native to the 

vermiculite supports. Mechanochemical synthesis of Si-C carbides via co-milling of nanocarbons  

 

Table 7: C1s peak deconvolution analysis corresponding to Figure 30. 

Species 

VNT100 dfVNT (30 min) dfVNT (1 hr) dfVNT (4 hr) 

eV at% eV at% eV at% eV at% 

C=C 284.3 24.10 284.4 15.32 284.4 14.82 284.3 19.37 

C-C/C-H 284.6 44.36 284.7 45.24 284.7 40.86 284.6 21.91 

C-O 286.0 6.62 286.0 6.82 286.0 8.15 286.3 7.52 

C=O 287.0 3.48 287.0 4.96 287.0 4.49 287.1 1.56 

O-C=O 288.5 1.61 288.4 5.17 288.4 4.11 288.0 1.57 

π-π* 290.4 3.23 290.8 2.15 291.0 1.09 - - 

C-M 282.8 16.59 283.4 20.33 283.1 26.49 282.5 48.07 

 

and silicon powders has been reported previously [132]. Thus, for dry milling, extent of 

functionalization should possibly be balanced with the undesired formation of carbide bonds in 
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the case of milling unpurified CNT powders containing catalyst and support materials. Considering 

also the significant length reduction experienced by the CNTs during milling, shorter dry 

mechanochemical functionalization times may be more beneficial in the context of polymer-CNT 

composites. 

 

4.2 Aqueous mechanochemical functionalization with ammonium carbonate 

Whereas dry milling CNTs induces surface functionalization through decomposition of 

ammonium carbonate due to local hot spots and bulk temperature rise, the introduction of water 

into the milling vessel causes the dissolution of ammonium carbonate into ammonium (NH4
+) and 

carbonate (CO3
-) ions. These ions in solution would allow for their reaction with carbon radicals  

 

 

Figure 31: Schematic of wet ball milling induced functionalization of CNTs with ammonium 

carbonate. 
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formed from CNT fracture, introducing functional groups to CNT surfaces. A schematic of the 

proposed aqueous mechanochemical functionalization method with ammonium carbonate is 

presented in Figure 31. 

 

 

Figure 32: SEM micrographs of aqueous mechanochemically functionalized VNT100 milled at 

300 rpm for (a-b) 30 min, (c-d) 1 hr, and (e-f) 4 hr. 
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The morphology of aqueous mechanochemically functionalized VNT100 (afVNT) 

nanotubes can be seen in Figure 32. The length and bulk morphology of the afVNT nanotubes is 

much better preserved compared to dfVNT nanotubes. Because the presence of water in the milling 

vessel introduces a significant drag force on the grinding media, the energy dissipated to the 

powder upon ball-wall impacts is significantly reduced, thus slowing the kinetics of CNT length 

reduction. The average length of afVNT nanotubes milled for 30 min is roughly 20 µm and further 

decreases down to roughly 5-10 µm for 4 hr milling time. 

Weight loss and weight loss derivative profiles of aqueous mechanochemically 

functionalized CNTs are presented in Figure 33. Whereas dfVNTs show consistent weight loss 

behavior at similar temperatures, afVNTs show seemingly more random thermal degradation 

behavior. The absence of a weight loss feature below 100 °C suggests there are little to no 

physiosorbed species on the surfaces of CNTs, whereas the weight loss features in the 150-400 °C 

range indicate the presence of functional groups. The degree of functionalization of afVNTs is 

presented in Figure 34 with respect to milling time. Whereas the degree of dry mechanochemical 

functionalization produces a power law relationship with cumulative milling energy, afVNTs show 

a linear relationship with milling time. As noted previously, the presence of water in the milling 

vessel introduces a significant resistance to grinding media kinetic energy, reducing single impact 

energies and hence Ecum. Thus, application of Equations 2-3 in this case would not be valid; 

however, a linear relationship between θf and Ecum would be expected for ball milling in water as 

well assuming an appropriate energy calculation could be performed. While there is some 

difference in degree of functionalization between 300 rpm and 600 rpm milled for 1 hr, θf is nearly 

equivalent for both rotational speeds at 4 hr milling time, suggesting aqueous mechanochemical 

functionalization is largely independent of single impact energy within the conditions studied. 
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Figure 33: Thermal degradation behavior of aqueous mechanochemically functionalized VNT100. 

 

Figure 34: Degree of functionalization of aqueous mechanochemically functionalized VNT100 

correlated to milling time. 

 

 Full XPS surveys and high resolution C1s scans of aqueous mechanochemically 

functionalized CNTs are presented in Figures 35 and 36 along with C1s peak deconvolution 

analysis in Table 8. Similar to dry functionalized CNTs, aqueous functionalized CNTs show no 
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appreciable nitrogen content; only oxygen functionalities appear to be added. Milling at 300 rpm 

for 30 min for afCNTs results in a notably higher oxygen content compared dfVNTs milled at the 

same conditions. Further, while dry milling results in XPS contributions from C-O, C=O, and O-

C=O binding states, aqueous milling for 30 min and 1 hr results in only C-O and O-C=O 

contributions, strongly suggesting CNT surfaces are rich with only hydroxyl (R-OH) and carboxyl 

(R-COOH) groups. Additionally, the elimination of the carbide peak around 283 eV for aqueous 

functionalized CNTs suggests that wet milling strips the nanotubes from the catalyst sites on 

vermiculite support, possibly due to the higher shear forces experienced by nanotube bundles 

during milling in water versus milling in air. 

 

 

Figure 35: XPS spectra of aqueous mechanochemically functionalized VNT100. 

 

Interestingly, the oxygen content of the afVNT nanotubes decreases with increasing 

milling time. Simultaneously, increasing milling time in an aqueous environment appears to result 

in the stripping of stainless steel from the grinding media and vessel as evidenced by iron (Fe2p1, 
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Figure 36: C1s core level deconvolution for aqueous mechanochemically functionalized VNT100 

milled at 300 rpm for (a) 30 min, (b) 1 hr, and (b) 4 hr. 

 

Fe2p3, Fe3p, and FLMM) and chromium (Cr2p1, Cr2p3, Cr3p, CrLMM) contributions in the XPS 

spectra. This could explain the small fragments seen throughout Figures 32d and 32f. 

Contamination in milled CNT samples from stainless steel grinding materials has been reported 
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previously [133]. Thus, for aqueous milling, short milling times appear to be most beneficial for 

oxygen content and reduced stainless steel contamination. 

 

Table 8: C1s peak deconvolution analysis corresponding to Figure 36. 

Species 

afVNT (30min) afVNT (1hr) afVNT (4hr) 

eV at% eV at% eV at% 

C=C 284.2 35.49 284.5 35.69 284.6 23.27 

C-C/C-H 284.6 45.56 284.7 46.71 284.8 55.22 

C-O 286.1 6.77 286.0 12.12 286.2 5.53 

C=O - - - - 287.0 3.40 

O-C=O 288.2 12.19 288.5 4.59 288.0 4.11 

π-π* - - 290.0 0.88 290.8 8.48 

C-M - - - - - - 

 

4.3 Noncovalent mechanochemical functionalization with melamine 

Noncovalent mechanochemical functionalization can occur via a variety of interactions 

such as electrostatic interactions and van der Waals forces. Considering a molecule like melamine, 

the aromatic triazine ring can participate in π-π stacking with the outer graphitic CNT layer. 

Fracture of melamine molecules due to mill impacts could also lead to covalent interactions with 

carbon radicals on CNT surfaces due to CNT fracture, leading to the introduction of nitrogen-

containing functional groups, such as amines. Additionally, it is possible that existing functional 

groups on CNT surfaces, such as carboxylic acid groups, could interact with melamine and 

undergo a milling-induced partial substitution reaction to transform into an amide, for instance. A 
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schematic of the proposed noncovalent mechanochemical functionalization method with 

melamine is presented in Figure 37. 

 

 

Figure 37: Schematic of ball milling induced functionalization of CNTs with melamine. 

 

The morphology of melamine functionalized NC7000 (melNC7000) milled at 300 rpm for 

varying durations is presented in Figure 38. For melNC7000 milled for 30 min, the length of 

nanotubes appears to be better retained compared to what would be expected according to length 

reduction kinetics previously studied. Milling NC7000 for 30 min at 300 rpm (31 mJ/impact) was 

previously shown to reduce the length of NC7000 to its terminal length of ~400 nm. However, the 

length of NC7000s milled in the presence of melamine is longer at roughly 800 nm. Thus, the 

presence of another material in the mill (melamine) appears to slow the kinetics of CNT length 

reduction, possible due to the formation of a physical barrier protecting the nanotubes. After 1 hr 
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of milling, however, the length of melNC7000s appears to reach a terminal length of 400 nm, and 

longer milling durations appear to more densely pack the CNT powder without greatly affecting 

the length further. 

 

 

Figure 38: SEM micrographs of melamine functionalized NC7000 milled at 300 rpm (31 

mJ/impact) for (a) 30 min, (b) 1 hr, and (c) 4 hr. 

 

The thermal degradation behavior of melNC nanotubes is presented in Figure 39. The 

degradation temperature of pure melamine is approximately 330 °C. The thermal degradation of 

pristine NC7000 is negligible up to high temperatures, similar to that of pristine VNT100. Milling 

NC7000 in the presence of melamine results in three distinct weight loss features. Small weight 

loss features below 100 °C are indicative of desorption of adsorbed moisture, like how dfVNT 

nanotubes displayed evidence of adsorbed species. Between 200-350 °C, melNC nanotubes 
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display significant weight loss indicative of the degradation of melamine that is π-π stacked on 

NC7000 surfaces. The amount of weight loss in this region scales with milling time. The percent 

weight loss corresponding to the melamine content of melNC milled for 30 min, 1 hr, and 4 hr is 

5.8 wt%, 9.8 wt%, and 13.9 wt%, respectively. Finally, each mechanochemically functionalized 

NC7000 sample displays a small weight loss feature at higher temperatures between 400-500 °C, 

possibly indicative of the formation of covalently bonded functional groups as a result CNT and 

melamine cleavage. This weight loss feature at higher temperatures also scales in size with milling 

time, indicating the degree of functionalization increases with cumulative impact energy.  

 

 

Figure 39: Thermal degradation behavior of melNC CNTs. 

 

 XPS spectra of melNC nanotubes milled for varying durations are presented in Figure 40. 

High resolution C1s scans are presented in Figure 41, and the corresponding deconvolution 

analysis is given in Table 9. Pristine NC7000s show low oxygen content as expected based on the 

lack of thermal degradation in TGA curves. The initial oxygen content of pristine NC7000 can be 
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attributed to a variety of moieties including hydroxyl (R-OH), ketone (R=O), and carboxyl (R-

COOH) groups, as evidenced by Figure 41a. Upon milling NC7000 in the presence of melamine  

 

 

Figure 40: XPS spectra of NC7000 CNTs mechanochemically functionalized with melamine. 

 

for 30 min, the oxygen content does not change. However, increasing milling time upwards of 4 

hr does result in a notable increase in oxygen content. Because melamine contains no oxygen, it 

can be assumed that ambient oxygen participates in the formation of functional groups on CNT 

surfaces. For milling NC7000s with melamine, a small but clear contribution from N1s appears in 

the XPS spectra, likely indicative of the presence of melamine on CNT surfaces. In these cases, 

the peaks assigned to C-O (285.9-286.1 eV), C=O (270.0-270.4 eV), and O-C=O (288.4-289.0 eV) 

binding states can also be attributed to C-N, C=N, and N-C=N binding states. These contributions 

likely arise from the amine groups and triazine ring of adsorbed melamine. Additionally, these 

peaks may include contributions from covalently bonded nitrogen groups on CNT surfaces, such 
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Figure 41: C1s deconvolution for (a) pristine NC7000 and (b-d) melNC milled at 300 rpm for (a) 

30 min, (c) 1 hr, and (d) 4 hr. 

 

as amines and amides; however, decoupling nitrogen contributions from the melamine molecule 

and from surface groups cannot easily be achieved. Because the oxygen content was seen to 

increase with milling time, it can be assumed that covalently bonded functional groups on CNT 

surfaces are mostly oxygen rich with some contribution from nitrogen. While NC7000 nanotubes 
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are purified by the manufacturer, there still may be catalyst particles (Fe, Co, etc.) present, as 

evidenced by the presence of a C-M peak around 283.0-283.2 eV. The variability of the carbide 

peak magnitude may be explained by the uneven distribution of catalyst particles throughout the 

carbon nanotube sample, thus changing drastically depending on the sampling area chosen during 

spectral acquisition. 

 

Table 9: C1s peak deconvolution of melamine functionalized NC7000. 

 

4.4 Mechanochemical sulfur-doping for vulcanized rubber additives 

 The modification of graphene derivatives with sulfur has been studied previously for 

applications in batteries and vulcanized rubber composites [134, 135]. Mechanochemical 

functionalization of carbon nanotubes by milling in the presence of elemental sulfur can 

decompose S8 rings and allow for the interaction of these shortened sulfur molecules or individual 

sulfur molecules with carbon radicals formed from CNT fracture, thus creating covalent carbon-

Species 

NC7000 melNC (30min) melNC (1hr) melNC (4hr) 

eV at% eV at% eV at% eV at% 

C=C 284.5 17.87 284.3 27.54 284.3 22.19 284.5 34.74 

C-C/C-H 284.8 48.49 284.7 48.89 284.7 32.96 284.6 36.16 

C-O/C-N 286.0 12.98 286.1 4.93 285.9 5.60 285.9 14.96 

C=O/C=N 287.4 3.45 287.2 7.32 287.0 5.16 287.1 2.57 

O-C=O/N-C=N 289.0 3.47 289.0 3.90 288.5 2.52 288.4 7.33 

π-π* 291.2 4.24 291.2 4.39 290.8 1.90 291.1 0.95 

C-M 283.2 9.49 283.2 3.03 283.1 29.68 283.0 3.28 
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sulfur bonds in the forms of thiols (R-SH) or thioketones (R=S). Sulfur can also be incorporated 

into the CNT backbone in the form of thioethers/sulfides (R-S-R). Given that ambient oxygen has 

previously been shown to participate in CNT mechanochemical functionalization, the formation 

of oxygen containing sulfur groups like sulfoxides (R-SO-R) and thiocarboxylic acids (R-

COSH/CSOH) is also plausible. Additionally, milling sulfur with graphite has shown to result in 

a large degree of physically adsorbed sulfur on graphitic surfaces without covalent interaction with 

carbon [98]. A schematic of the proposed mechanochemical functionalization method with sulfur 

is presented in Figure 42. 

 

 

Figure 42: Schematic of ball milling induced functionalization of CNTs with sulfur. 

 

The morphology of CNTs mechanochemically functionalized with sulfur is presented in 

Figure 43. Upurified sNC powder shows good mixing between sulfur and NC7000 nanotubes, and 
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the diameters of the CNTs appear larger than the measured value (11 nm), suggesting a coating of 

sulfur has been added (Figure 43a). After purification, sNC CNTs show evidence of length 

reduction down to roughly 700 nm due to milling (Figure 43b); however, the extent of length 

reduction is less than would be expected based on kinetics previously discussed in Chapter 3. 

Additionally, purified sVNT nanotubes exhibit length reduction down to approximately 20 µm 

bundle lengths (Figure 43c), which is much larger than would be expected based on 1 hr milling 

(refer back to Figure 18). Thus, the presence of sulfur in the milling vessel likely slows the kinetics 

of CNT length reduction, acting as a physical barrier from impact induced fracture. These findings 

show similar agreement with the effects of milling CNTs with melamine as shown previously. 

 

 

Figure 43: SEM micrographs of (a) unpurified sNC, (b) purified sNC, and (c) purified sVNT. 
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Figure 44 presents the thermal degradation behavior of mechanochemically sulfur 

functionalized VNT100. Elemental sulfur (S8) fully decomposes between roughly 150 and 330 °C. 

For unpurified sVNT100 milled at a 1:1 mass ratio for 1 hr at 300 rpm, a significant weight loss 

feature is seen between 150 and 380 °C, which is indicative of the full decomposition of the sulfur 

portion of the composite sVNT-sulfur powder. The residual weight of unpurified sVNT is nearly 

50%, confirming the 1:1 milling ratio. Upon purification of sVNT with carbon disulfide, it is found 

that roughly 80% of the sulfur in the milled composite sVNT-sulfur powder is extractable as 

evidenced by only a 10% weight loss feature for purified sVNT (10% weight loss translates to 

20% of the milled sulfur applying the 1:1 milling ratio). Similar to the melamine functionalized 

CNTs, the fraction of sulfur remaining after extraction of free sulfur can represent both physically 

adsorbed sulfur and sulfur-containing functional groups. 

 

 

Figure 44: Thermal degradation behavior of sVNT CNTs milled at 300 rpm (31 mJ/impact) for 1 

hr. 
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Figure 45 presents FTIR spectra of pristine and mechanochemically sulfur functionalized 

VNT100. The peak at 480 nm-1 represents S-S stretching, possibly arising from adsorbed elemental 

sulfur or from multiple sulfur molecules covalently attached to the CNT surface (e.g., C-S-S-C). 

The slight peak at 660 cm-1 could be indicative of C-S stretching, while the stronger peak at 1070 

likely indicates C=S stretching [136]. Because all CNTs contain some amount of oxygen content, 

signal in the 1000-1200 cm-1 can also be an indication C-O stretching. However, because pristine 

VNT100 shows little to no signal in this range, the peak in the sVNT spectra can be attributed to 

C=S. It should be noted that the apparent transmission signals displayed in the 2000-2500 cm-1 

range are an artifact of the measurement and/or instrument that varied significantly from sample 

to sample and do not accurately represent the chemical composition of the CNTs. 

 

 

Figure 45: FTIR spectra of pristine VNT100 and purified sVNT. 

 

 A full XPS survey as well as deconvoluted high resolution C1s and S2p scans of sulfur 

functionalized VNT100 are presented in Figure 46. In Figure 46a, the oxygen content of the sulfur  
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Figure 46: (a) Full XPS spectra and high resolution (b) C1s and (c) S2p scans of sVNT. 

 

functionalized VNT100 is marginally increased relative to the pristine VNT100 (presented earlier), 

but there are clear contributions from sulfur as evidenced by S2s and S2p peaks. In Figure 46b, 

the peaks associated with C-O (285.9 eV) and C=O (287.4) binding states can also be assigned to 

C-S and C=S, respectively. The elevated C-O/C-S peak relative to pristine VNT100 could indicate 

the formation of additional hydroxyl groups (R-OH) as well as thiol (R-SH) or thioether (R-S-R) 
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groups. Figure 46c presents the S2p core level deconvolution displaying typical spin orbital 

splitting (S2p3/2 and S2p1/2). The primary peaks located at 163.9 eV and 165.1 can be assigned to 

both S-S and S-C. The two peaks at higher binding energies, 167.0 eV and 169.2 eV, are indicative 

of sulfur oxidation, either in the physically adsorbed state, i.e., adsorbed sulfur dioxide (SO2), or 

as functional groups covalently bonded to the CNT surface, i.e., thiocarboxyl (R-COSH) or 

sulfoxide (R-SO-R) groups. While decoupling the adsorbed sulfur from the covalently bonded 

sulfur is difficult to assume from XPS spectra, the small contributions from C-S and C=S from 

FTIR spectra confirm these signals can be partially attributed to sulfur covalently bonded to CNT 

surfaces. An additional peak located at 162.2 eV could be indicative of the formation of metal 

sulfides. Existing catalyst particles (Fe and Co) as well as vermiculite support (Si and Al) in the 

pristine VNT100 can interact with elemental sulfur during milling and form metal sulfides. The 

mechanochemical synthesis of metal sulfides via co-milling of metals/metal complexes and 

elemental sulfur has been reported previously [137, 138]. 
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Chapter 5: Aspect ratio and surface chemistry effects on polycarbonate-nanotube 

composites 

5.1 Compounding 

 The primary concern in processing polymer composites with ultrahigh aspect ratio fillers 

is the possibility of high melt viscosities, which can lead to overloading the extruder motor and 

polymer degradation. Figure 47 shows the screw torque curves recorded during compounding for 

composites with 5 wt% CNTs, and Figure 48 shows the relationship between CNT length and melt 

viscosity at ejection according to software provided by the manufacturer. Incorporation of 5 wt% 

VNT100* in PC nearly reaches the screw force limit for the laboratory scale micro compounder 

(4000 N) and the viscosity at ejection is 0.93 kPa∙s. This result confirms our initial hypothesis that 

the large agglomerate morphology and ultrahigh aspect ratio of the CNTs could impart high melt 

viscosities, resulting in processing difficulties. High energy ball milling for CNT length reduction 

before compounding leads to notable drops in melt viscosity. For 50% nanotube length reduction 

(mVNT50), the viscosity is reduced by 26% to 0.69 kPa∙s (PC-mCNT50). Further reducing 

nanotube length to 20 µm results in a 52% reduction in melt viscosity to 0.45 kPa∙s relative PC-

VNT100*. Remarkably, while the initial viscosity of PC-mVNT5 is higher than neat PC in the 

initial stages of mixing as expected, the melt viscosity at ejection for PC-mCNT5 is similar to neat 

PC (~0.39 kPa∙s), a 58% reduction relative to the dCNT100 composite. Additionally, the 

mechanochemically functionalized CNTs (afVNT20 and dfVNT5) show similar viscosity to their 

plain milled counterparts with similar aspect ratios, suggesting surface chemistry does not greatly 

affect polymer-CNT melt viscosity. Previously discussed models relating filler aspect ratio to 

suspension viscosity significantly overestimate the aspect ratio contribution to increased melt 
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viscosity relative to the neat polymer found here experimentally, likely due to a combination of 

factors including non-ideal dispersion and nanotube curvature. 

 

 

Figure 47: Screw torque curves recorded during PC-CNT compounding. 

 

 

Figure 48: Linear relationship between CNT length and composite melt viscosity at ejection. 
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 Interestingly, pristine NC7000 CNTs result in a significantly higher melt viscosity (0.71 

kPa∙s) compared to all ball milled CNT composites despite having a significantly lower aspect 

ratio, suggesting the ball milling procedure induces additional morphology changes other than 

aspect ratio reduction that directly affect melt processability. According to optical micrographs in 

Figure 49, ball milling significantly reduces the agglomeration of the CNTs in the composites. 

Pristine VNT100 in PC show a wide distribution of agglomerate sizes with many large 

agglomerates on the order of 50 µm in diameter as seen in Figure 49a. The original nanotube 

bundle morphology can even be observed, as seen in Figure 49b. Interestingly, while low energy 

milling does not reduce the length of the CNTs, the resulting agglomerate size in PC is noticeably 

 

 

Figure 49: Optical micrographs of PC filled with 0.1 wt% (a-b) VNT100, (c) VNT100*, and (d) 

mVNT5. 
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decreased, as seen in Figure 49c. This observation could be explained by the disruption of 

multilayered CNT arrays separated by thin vermiculite sheets. Milling at high energies further 

reduces agglomerate size to approximately 1 µm, as seen in Figures 49d. 

SEM micrographs of cryo-fractured PC-CNT composites shown in Figure 50 elucidate 

information about individual level CNT dispersion. The size of agglomerate (~50 µm) seen in 

Figure 50a for PC-VNT100 parallels that seen in Figure 49a. Additionally, vermiculite sheets with 

the bases of grown carbon nanotubes can be seen in Figure 50b, suggesting nanotubes do not easily 

strip off vermiculite surfaces during compounding. Rather, to disperse individually in the polymer 

as seen in the areas surrounding the vermiculite sheets, nanotubes must fracture at some point 

along their length to dislodge themselves from the vermiculite support. Agglomerate size reduction 

down to ~1 µm for ball milled nanotubes is also evident in Figures 50c-d. However, the individual 

level CNT dispersion appears to be worse than that of VNT100 comparing Figure 50b to Figure 

50d. Interestingly, dfVNT5 nanotubes display larger agglomerates (~10 µm) than mCNT5 as seen 

in Figure 50e; however, the individual level of dispersion is significantly improve as evidenced by 

Figure 50f. The afVNT20 nanotubes show similar agglomerate size to mVNT5 on the order of 1 

µm but also display a much higher density of individual CNTs in the areas surrounding the small 

agglomerates, suggesting a higher degree of dispersion compared to mVNT5. The parallel 

reductions in CNT agglomeration and melt viscosity show promise for using planetary ball milling 

to significantly improve the processability of initially ultrahigh aspect ratio CNTs in polymers and 

allow for high carbon loadings (i.e., masterbatch applications); however, the effects of individual 

CNT dispersion on composite properties warrant further study. 

 



96 

 

 

Figure 50: SEM micrographs of PC filled with 2 wt% (a-b) VNT100, (c-d) mVNT5, (e-f) dfVNT5, 

and (g-h) afVNT20. 
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5.2 Percolation behavior 

5.2.1 Aspect ratio effects 

 Storage modulus, loss modulus, and complex viscosity curves for PC composites filled 

with varying amounts of VNT100 are given in Figure 51. The complex viscosity of neat PC 

displays typical shear thinning behavior at high shear (greater than 102 rad/s) and a Newtonian 

plateau at low shear. The storage modulus of neat PC shows slight plateauing behavior with 

decreasing angular frequency, which is an initially surprising result given that most thermoplastics 

exhibit a steady decrease in storage modulus at low shear. This result could be explained by 

competing degradation and crosslinking of PC during compression molding at high temperatures 

(280 °C). The formation of a crosslinked network would likely result in an increase in molecular 

weight and subsequently storage modulus. Proposed mechanisms of the thermal crosslinking of 

polycarbonate include, but are not limited to, unselective free radical crosslinking [139], branching 

via peroxide formation [140], and hydrolysis from trace ambient moisture followed by 

recondensation at added carboxyl group sites (forming ester linkages) [141, 142]. Figure 52 

presents multiple oscillation frequency sweep tests run consecutively on a single neat PC sample 

at 280 °C. The steadily increasing storage modulus at low shear for each successive test suggests 

a higher degree of crosslink formation as the time at elevated temperature increases. To further 

demonstrate this effect, the same frequency sweeps were conducted at a lower temperature (260 

°C), for which little to no change in storage modulus is detected for consecutively run tests as seen 

in Figure 52b, suggesting a temperature dependence. The plateauing behavior of storage modulus 

at low shear and temperature dependence has been reported previously for various grades of 

polycarbonate [143, 144]. 
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Figure 51: Oscillation frequency sweep curves of PC-VNT100. 

 

Upon addition of 0.2 wt% VNT100 to PC, the rheological properties of the composite, 

primarily complex viscosity and loss modulus, are largely unchanged. Increasing VNT100 content 

from 0.2 wt% to 0.3 wt% results in a significant shift from viscous to solid like behavior of the 

composite at low shear as evidenced by the crossover of storage and loss modulus at ~0.3 rad/s. 

Consequently, the complex viscosity deviates from the typical Newtonian plateau behavior at low 

shear rates and rather increases significantly. Continuing to increase VNT100 content upwards of 

2 wt% results in a nearly straight-line complex viscosity increase with decreasing shear rate, along 

with a nearly four orders of magnitude increase in storage modulus at low shear relative to neat 

PC. 

Because the storage modulus at low shear is particularly sensitive to CNT percolation, 

plotting storage modulus against CNT content can aid in the identification of the rheological 

percolation threshold. Figure 53 presents the storage moduli of PC-CNT composites at low shear  
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Figure 52: Consecutive oscillation frequency sweep tests on neat PC at (a) 280 °C and (b) 260 

°C. 

 

rates (0.1 rad/s) versus CNT content for pristine and milled CNTs along with power law fits 

according to Equation 8 (fitting parameters in Table 10). Both PC-VNT100 (φc,G’ = 0.18 wt%) and 

PC-VNT100* (φc,G’ = 0.20 wt%) show similar rheological percolation behavior, confirming that 

aspect ratio is preserved during low energy ball milling. However, the storage moduli, and 
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consequently the complex viscosities, of PC-VNT100* composites at CNT contents above the 

percolation threshold are significantly reduced compared to PC-VNT100. Thus, given that PC-

VNT100* nearly reached the screw torque limit for the laboratory scale micro compounder, 

compounding the pristine ultrahigh aspect ratio VNT100 nanotubes in PC at contents near 5 wt% 

would be near impossible due to the torque limitation. The rheological percolation threshold for 

mVNT50 (φc,G’ = 0.23 wt%) is not very different than those for VNT100 and VNT100*, indicating 

that Equation 4 does not apply in this case. But for other samples, the scaling relationship implied 

by Equation 4 roughly holds when mCNT20 (φc,G’ = 0.62 wt%) and mCNT5 (φc,G’ > 3 wt%) are 

compared to mCNT50. 

 

 

Figure 53: Rheological percolation behavior of CNTs in polycarbonate as measured by composite 

storage modulus at 0.1 rad/s shear rate. Dotted lines show fits according to Equation 8. 

 

The electrical conductivities of PC-CNT composites are shown in Figure 54 along with 

power law fits according to Equation 5 (fitting parameters presented in Table 10). Trends in 
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electrical percolation behavior largely match trends in the rheological percolation behavior of these 

composites. All electrical percolation thresholds are notably higher than the rheological 

percolation thresholds, in agreement with previous studies [144-146]. This ordering occurs 

because nanotubes can influence the rheological properties (complex viscosity, storage modulus, 

etc.) of a polymer composite without the nanotubes being in close proximity to one another because 

of an immobilized polymer layer near the surface of the nanotubes; however, the distance between  

 

 

Figure 54: Electrical percolation behavior of CNTs in polycarbonate as measured by electrical 

conductivity. Dotted lines show fits according to Equation 5. 

 

nanotubes must be smaller for efficient electron transfer by tunneling or direct electron transport 

as discussed previously [147-149]. The composites with the highest aspect ratio CNTs (VNT100 

and VNT100*) show the lowest electrical percolation thresholds. While the fitted electrical 

percolation threshold for dCNT100 (φc,σ = 0.40 wt%) is slightly lower than for CNT100 (φc,σ = 

0.49 wt%), the two data sets are quite similar. Ball milling the CNTs to 50 µm, 20 µm, and 5 µm 
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results in electrical percolation thresholds of 1 wt%, 1.4 wt%, and greater than 3 wt%, respectively, 

once again confirming percolation threshold dependence on aspect ratio. Additionally, the trend 

in maximum composite electrical conductivity at high CNT contents above the percolation 

threshold also follows that of Figure 19. Longer milling durations result in both lower CNT powder 

conductivities and lower PC-CNT composite conductivities. 

 

Table 10: Fitted rheological and electrical percolation parameters. 

CNT 

Rheological Electrical 

φc,G’ (wt%) 𝑮𝒐
′  (MPa) βG’ φc,σ [wt%] σo [S/cm] βσ 

VNT100 0.18 4.6 x 10-3 1.6 0.49 1.2 x 10-1 3.2 

VNT100* 0.20 1.7 x 10-3 2.7 0.40 1.4 x 10-2 2.5 

mVNT50 0.23 4.3 x 10-4 4.3 1.00 2.4 x 10-2 2.8 

mVNT20 0.62 1.1 x 10-3 3.3 1.40 4.8 x 10-4 1.8 

mVNT5 > 3 - - > 2 - - 

NC7000 0.79 5.6 x 10-4 0.8 0.80 5.5 x 10-3 1.8 

 

The trend of increasing percolation threshold with precursory CNT milling time has been 

reported previously for short carbon nanotubes in which ~50% length reduction resulted in a 31% 

increase in φc,σ and ~67% length reduction resulted in a 49% increase in φc,σ [150]. While the 

experimental percolation thresholds of the CNTs in this study are very good compared to low 

aspect ratio carbon fillers like carbon black [151, 152], we find significantly worse experimental 

percolation behavior compared to predicted values from Equation 4 as seen in Figure 55. This 

disagreement is further highlighted given the behavior of the PC composites filled with NC7000s, 
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Figure 55: Theoretical (see Equation 4) vs. experimental percolation thresholds from this work 

and previous work on various short (α ≈ 100) MWCNTs [60]. 

 

which have an aspect ratio of about half that of mCNT5 but possess an electrical percolation 

threshold between that of VNT100 and mVNT50. While many have reported percolation 

thresholds near 1 wt%, nearly all studies consider CNTs with much lower aspect ratios (α << 

1,000) than studied here [61, 153-155]. Additionally, some studies show experimental percolation 

thresholds lower than any found here (φc,σ < 0.40 wt%), albeit with different polymer matrices and 

dispersion methods [60, 156-158]. 

The large discrepancies between the theoretical and experimental percolation thresholds 

for the as-synthesized ultrahigh aspect ratio VNT100 nanotubes are likely due to the shear-resistant 

properties of the highly aligned and entangled bundles, as depicted in Figure 56. Shear forces 

imparted to nanofillers during melt mixing are typically high enough to disrupt the randomly 

ordered agglomerates typically seen in commercial CNTs, yet the original bundle morphology of 
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the CNTs synthesized on vermiculite is not greatly disrupted by the compounding process. The 

shear resistance of VNT100 bundles can be likened to interleaved pages of a book that are 

extremely difficult to separate due to extreme friction forces [159]. While individual level CNT 

dispersion of VNT100 is confirmed in SEM micrographs, the individually dispersed CNTs make 

up a small portion of the total CNT content in the composite, resulting in percolation thresholds  

 

 

Figure 56: Schematic illustration of dispersion mechanism of pristine VNT100 bundles. 

 

higher than anticipated. Upon ball milling, the bundle morphology appears to be completely 

disrupted based on small agglomerate sizes in the composites, initially suggesting the individual 

level CNT dispersion may be improved. However, Figure 50d confirms how small aggregates 

composed of shortened CNTs are surrounded by neat PC. In other words, the agglomerate size 

decreases, but the apparent percentage of CNTs participating in agglomeration increases, resulting 

in much higher CNT required for the formation of a percolated network. Thus, plain ball milling 

is detrimental to the dispersion and percolation behavior of polymer-CNT composites. 
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5.2.2 Surface chemistry effects 

 Storage modulus, loss modulus, and complex viscosity curves for PC composites filled 

mechanochemically functionalized CNTs are given in Figure 57. The complex viscosity of PC 

containing 1 wt% dfVNT5 is less than that of neat PC at high shear, which could be an indication 

of reduced PC molecular weight in the PC-dfVNT5 composite (to be discussed later in Section 

5.3). However, increasing dfVNT5 content from 1 wt% to 2 wt% yields a notable transition from 

viscous to solid like behavior as indicated by elevated complex viscosity and storage modulus at 

low shear, indicating that the rheological percolation threshold for PC-dfVNT5 is below 2 wt%, 

which is a noted reduction compared to mVNT5 (φc,G’ > 2 wt%) shown previously in Figure 53. 

Additionally, for PC-afVNT20, percolation appears to occur under 1 wt% as evidenced in Figure 

57b. While the rheological percolation threshold of mVNT20 was shown to also be below 1 wt%, 

the storage modulus of PC-afVNT20 at this CNT content (~2 x 10-3 MPa) is significantly higher 

than that of PC-mVNT20 (~5 x 10-5 MPa), suggesting 1 wt% is further above the rheological 

percolation threshold of afVNT20 compared to mVNT20. 

 Bulk electrical conductivities of PC composites containing mechanochemically 

functionalized CNTs are presented in Figure 58 along with composites containing plain ball milled 

CNTs of the same aspect ratio. Electrical percolation thresholds of composites made with 

functionalized CNTs are lower than those made with unfunctionalized CNTs. The electrical 

percolation threshold of mVNT20 was previously shown to be 1.4 wt%. For afVNTs of the same 

aspect ratio, the electrical percolation threshold decreases to below 1 wt%. Similarly, for mVNT5, 

the electrical percolation threshold is above 3 wt%, and for dfVNTs of similar aspect ratio, the 

electrical percolation threshold decreases to below 2 wt%. 
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Figure 57: Oscillation frequency sweep curves of (a) PC-dfVNT5 and (b) PC-afVNT20. 

 

The reduction in CNT content necessary for the formation of a percolated network is a 

positive sign that the dispersion of mechanochemically functionalized CNTs is improved 

compared to plain milled CNTs of the same aspect ratio. Most often for CNTs with covalently 

bonded oxygen-containing functional groups, the mechanism by which dispersion is improved in 

polymer composites is through improved polymer-CNT adhesion via hydrogen bonding. Hydroxyl 
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Figure 58: Effect of mechanochemical functionalization on electrical percolation behavior of 

CNTs compared to plain milled CNTs of the same aspect ratio. 

 

(R-OH) and carboxyl (R-COOH) groups on CNT surfaces can participate in hydrogen bonding 

with oxygen atoms of the ether (C-O-C) and carbonyl (C=O) groups that compose the carbonate 

segments of the polycarbonate chain as depicted in Figure 59. While the strength of hydrogen 

bonding interactions is weak compared to the covalent bonds that compose polymer chains and 

CNT backbones, their prevalence among the polymer-CNT system can yield significant 

improvements in dispersion and percolation as seen here. It should be noted that these enhanced 

polymer-CNT interactions would not be expected for polymers that do not contain strong hydrogen 

bonding acceptors, such as polyethylene and polypropylene. 

 

5.3 Thermal properties 

 Table 11 presents relevant thermal properties measured by DSC and TGA, and Figure 60 

displays the TGA profiles of PC-CNT composites. The glass transition temperature, Tg, of neat PC 
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Figure 59: Hydrogen bonding between CNT surface groups and polycarbonate chains. 

 

is 143.3 °C ± 0.2 °C and does not change after the extrusion processing step with no nanotube 

incorporation. A constant glass transition temperature in this case would typically suggest that the 

molecular weight of polycarbonate is constant. However, the degradation temperature, Td, notably 

decreases from 505.8 °C to 494.5 °C (± 1.1 °C assumed for all samples) upon processing, most 

likely indicating molecular weight reduction. The degradation temperature decreases from 494.5 

°C for processed PC to 477.2 °C upon addition of 5 wt% VNT100*, further indicating a higher 

extent of polymer chain degradation due to viscosity increase. However, for composites filled with 

milled CNTs, Td increases moderately but consistently as nanotube length is reduced from milling. 

For PC containing 5 wt% mVNT5, the degradation temperature nearly approaches that of the 

processed PC, mimicking the similarity in melt viscosity reported previously. These results 

demonstrate that ball milling does in fact improve the processability of PC-CNT composites 

containing high aspect ratio CNTs by reducing melt viscosity and polymer degradation. However,  
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Table 11: Thermal properties of PC-CNT (5.0 wt%) composites measured by DSC/TGA. 

Composite Td (°C) Tg (°C) ΔCp (J/g∙°C) RAF (%) 

†PC (neat) 505.8 143.3 0.261 - 

PC (processed) 494.5 143.4 0.261 - 

PC-VNT100* 477.2 143.5 0.229 7.3 

PC-mVNT50 479.4 143.3 0.239 3.6 

PC-mVNT20 482.9 143.1 0.235 5.1 

PC-mVNT5 485.1 143.5 0.239 3.6 

PC-dfVNT5 474.9 141.8 0.224 9.1 

PC-afVNT20 441.4 142.6 0.230 6.9 

PC-NC7000 489.2 143.3 0.220 10.9 

†Errors in Td, Tg, and ΔCp as measured from duplicate neat PC trials are ± 1.1 °C, ± 0.2 °C, and ± 

0.004 J/g∙°C, respectively. RAF error is ± 1.6 wt% as a result of compounded ΔCp error. 

 

 

Figure 60: TGA curves of PC-CNT composites. 
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composites made with mechanochemically functionalized CNTs show notable drops in Td (474.9 

°C for dfVNT5 and 441.4 °C for afVNT20) and Tg (141.8 °C for dfVNT5 and 142.6 °C for 

afVNT20), indicating a significant increase in polymer degradation compared to plain milled 

CNTs. Although a nitrogen blanket is applied in the micro compounder to reduce oxidation, 

physiosorbed species on the surfaces of CNTs may desorb at the high compounding temperature 

and oxidize the polymer. Covalently bonded oxygen-containing functional groups may also 

decompose during processing, leading to similar issues. While the reduced thermal stability of PC 

filled with mechanochemically functionalized CNTs is undesired, the degradation temperature for 

these composites is still comparable to or higher than many engineering plastics like acrylonitrile 

butadiene styrene (ABS) [160], polymethylmethacrylate (PMMA) [161], and polyamide 6 (PA6) 

[162]. 

 The change in heat capacity at the glass transition of neat PC is 0.261 J/g∙°C ± 0.004 J/g∙°C 

and does not change upon processing. While the addition of CNTs results in a negligible change 

in the glass transition, there are clear reductions in ΔCp that are consistent with previous work with 

polymer-CNT composites [60, 65, 163, 164]. Upon addition of 5 wt % VNT100*, ΔCp decreases 

substantially to 0.229 J/g∙°C (normalized for PC fraction only). Similarly, milled and 

mechanochemically functionalized CNTs show a notable decrease in ΔCp relative to neat PC. 

However, composites with plain milled CNTs (mVNT50, mVNT20, and mVNT5) show a slightly 

elevated ΔCp relative to PC-VNT100* while composites with mechanochemically functionalized 

CNTs (dfVNT5 and afVNT20) have a noticeably lower ΔCp. For polymer composites, ΔCp can be 

used as a measure of polymer-filler interactions. While the rigid amorphous fraction, RAF, of 

polymers is traditionally discussed in relation to the immobilization of polymer chains near 

crystalline regions of semicrystalline polymers [165], RAF has also been used to describe the 
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immobilization of polymer chains due to interactions with filler particles by the following 

expression 

 𝑅𝐴𝐹 = 1 − 𝜑 −
∆𝐶𝑝

∆𝐶𝑝,𝑝𝑢𝑟𝑒
 (27) 

where ΔCp is for the composite and ΔCp,pure is for the neat polymer [166]. Effectively, RAF 

increases as the polymer-nanotube contact area increases. Thus, when comparing different 

composites with equivalent CNT loadings, a higher RAF indicates a higher degree of CNT 

dispersion. At 5 wt% VNT100, the RAF of PC is 7.3%. For plain ball milled CNTs, RAF decreases 

to between 3.6% and 5.1%.  However, both dry and aqueous mechanochemically functionalized 

CNTs show higher RAF values compared to the plain milled nanotubes at 9.1% and 6.9%, 

respectively. This corroborates the improved percolation behavior and improved individual-level 

CNT dispersion seen in SEM micrographs, again due to enhanced polymer-nanotube interactions 

from surface functionalization. 

Interestingly, the RAF of PC with 5 wt% NC7000 is notably higher than for milled or 

functionalized CNTs. This could be explained by NC7000 having a higher specific surface area 

than VNT100. On a per weight basis, the total contact area between carbon nanotubes and the 

polymer depends on CNT density and CNT surface area per unit volume. The density of an 

individual nanotube calculated based on the number of concentric cylinders and overall diameters 

measured from TEM gives an equivalent value of 1.95 g/cm3 for both VNT100 and NC7000 within 

experimental error [22]. Since the surface area per unit length for an individual nanotube is 

proportional to the circumference (i.e., diameter), VNT100 (~47 nm2/nm) has more surface area 

per unit length than NC7000 (~35 nm2/nm). However, dividing by CNT cross sectional area yields 

the surface area per unit volume, for which that of VNT100 (0.27 nm2/nm3) is less than NC7000 

(0.36 nm2/nm3). Thus, because the densities are the same, the specific surface area per unit weight 
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of NC7000 (~1.9 x 106 cm2/g) is greater than that of VNT100 (~1.4 x 106 cm2/g), inherently leading 

to a larger polymer-nanotube interfacial area for PC-NC7000 assuming similar degrees of 

dispersion. Further, while NC7000 nanotubes are much lower in aspect ratio and require higher 

contents to achieve percolation compared to VNT100, it is likely that these nanotubes disperse 

better due to the initial randomly agglomerated bulk morphology. Previous studies have shown 

very good dispersion of NC7000 in polymers by melt-mixing with experimental percolation 

thresholds under 0.5 wt%, outperforming theoretical predictions of 0.66 wt% according to 

Equation 4  [167, 168]. 

 

5.4 Mechanical properties 

 Figure 61 presents the elastic modulus, tensile strength, and failure strain of PC composites 

containing 1 wt% CNTs. The elastic modulus of neat PC is 1.7 GPa and does not change within 

statistical significance with the addition of CNTs. The failure strain of PC decreases substantially 

from 53% to 14% upon addition of pristine CNTs with no statistically significant differences 

between different CNTs. While there is some change in tensile strength, t-tests show that the only 

statistically significant result here is the difference in tensile strength between PC-dfVNT5 and 

PC-afVNT20. The lack of significant changes in mechanical properties for CNT addition to PC is 

not uncommon in the literature [65, 169, 170], although some have shown improvements in 

strength and stiffness [64, 171, 172]. Mechanical reinforcement of thermoplastics with CNTs relies 

heavily on dispersion, aspect ratio, and polymer-CNT adhesion. While VNT100 is shown to have 

very high aspect ratio, agglomeration and lack of adhesion between the nanotubes and polymer 

likely offset any positive mechanical reinforcement effects. Additionally, while mechanochemical 

functionalization improves dispersion, the reduced aspect ratio and PC degradation from 
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compounding may contribute to offsetting any positive mechanical reinforcement effects. The 

notable improvement in strength for PC-afVNT20 compared to PC-dfVNT5 could be explained 

by afVNT20 nanotubes possessing a larger aspect ratio with similar degree of dispersion. 

 

 

Figure 61: Tensile mechanical properties of PC composites containing 1 wt% CNTs.  
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Chapter 6: Aspect ratio and surface chemistry effects on tire tread rubber-nanotube 

composites 

6.1 Design considerations 

 Tire tread design typically relies on three important performance considerations – 

durability, grip, and rolling resistance – that are often dubbed the “magic triangle” of tire design 

[173]. Tire durability is important for extending the lifetime of a tire. Abrasion resistance is the 

primary key performance indicator of tire durability in this context, and the tensile mechanical 

properties (tensile strength, stiffness, etc.) are also important. Grip is another important tire 

characteristic to consider for driving in wet and icy conditions. The loss tangent, tanδ, which is the 

ratio of the loss modulus, G”, to storage modulus, G’, is often used as a measure of tire rubber 

traction characteristics. A high tanδ at ~0 °C is an indication of good wet traction, and a high tanδ 

at -20 °C is an indication of good ice traction. A high tanδ indicates a rubber compound with more 

viscous-like behavior, allowing for enhanced rubber flexibility and increased contact area with 

road surfaces. The final vertex of the magic triangle, rolling resistance, is important for 

understanding how the tire design contributes to the fuel economy of the vehicle. A high rolling 

resistance typically is related to high hysteresis, i.e., energy loss, due to tire rubber deformation. 

Thus, rolling resistance is also often characterized by tracking the loss tangent, as measured by 

dynamic mechanical analysis at higher temperatures compared to the traction regime. A low tanδ 

at 60 °C (sometimes a range of 50-70 °C is used) is an indication of low rolling resistance due to 

the rubber presenting more solid-like characteristics and experiencing less deformation and energy 

loss upon rolling, which would subsequently lead to reduced fuel consumption and improved gas 

mileage. A 10% reduction rolling resistance generally results in a 1-2% improvement in fuel 

economy [174]. 
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 Carbon nanotubes present an interesting case for partial of full replacement of carbon black 

in tire tread rubber. Carbon black (CB) is a roughly spherical, usually micron-sized particle 

composed of paracrystalline carbon that has traditionally been used as a high content filler for 

improving tire rubber mechanical properties and abrasion resistance. In typical tread compounds, 

the CB content is usually between 40 and 80 phr, which ends up being well over 25 wt% of the 

tread rubber. As previously discussed with high aspect ratio fillers, the required filler content for 

adequate reinforcement may be less than for lower aspect ratio fillers. While full replacement of 

CB with CNTs may not be viable, partial replacement of CB with CNTs may allow for the 

reduction in total filler amount, which would reduce tire density and subsequently tire weight. 

Additionally, reduced filler content has often shown to lead to reduced rolling resistance. The 

slight lightweighting effect with reduced rolling resistance could yield a small but notable 

improvement in vehicle fuel economy that could have major reductions on absolute gasoline 

consumption given the enormous scale of vehicle miles driven. The goal of the following study is 

not to develop a new tire formulation to replace carbon black in tire tread rubber, but to present an 

initial investigation into the viability of ultrahigh aspect ratio CNTs (VNT100) as partial or full 

replacements for CB in tire tread rubber. 

 

6.2 Compounding 

 Compounding time optimization for filler dispersion was based on drive torque (i.e., 

compound viscosity) during compounding [175, 176]. Figure 62 presents a typical mixing curve 

(blade torque vs. mixing time) for the 72 phr CB control SBR-BR compound. The rubber 

mastication time (step 1) was chosen to be 1 min as the torque, i.e., viscosity, was found to reach 

a near constant level. Addition of fillers, processing oil, activators, antioxidant, and antiozonant 
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(step 2) took 1 min, then the mixer was closed for compounding (step 3). The blade torque 

increased to a maximum torque, τmax, within 15 sec, and after 12 min of compounding the torque 

was found to reach a near constant level τconst. The optimal compounding time was chosen such 

that the torque reduced by 90% (τ90) from τmax to τconst. For the control compound, the time to reach 

τ90 was found to be 8 min (10 min total including mastication and ingredient addition). Thus, sulfur 

and accelerator were chosen to be added to the mixer after 6 min of compounding time (step 4) 

and allowed to mix for 2 min before ejecting the rubber compound (step 5). While variances in 

optimal compounding time could be expected for different filler types and contents, the mixing 

time was kept constant for all compounds. 

 

 

Figure 62: Rubber compounding curves. 

 

 While thermoplastics usually require high processing temperatures that can severely 

degrade the polymer if the viscosity is too high, typical rubber processing occurs at much lower 

temperatures (60 °C in this case), reducing the probability of rubber degradation. However, the 
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effects of CNT incorporation on raw rubber compound viscosity are still of high interest given the 

extreme aspect ratio differences between carbon nanotubes and carbon black. Figure 63 presents 

the maximum and final blade torques as well as internal mixer temperature rise during 

compounding for SBR-BR compounds. The maximum and final torque during compounding for 

the control 72 phr CB compound was 20.7 N∙m, and 16.2 N∙m, respectively. Upon duplicate 

mixing trials of the control compound, it was found that the error in maximum and final blade 

torque was under 2%, and it was assumed that this deviation did not change greatly for other 

compounds containing different filler contents and types. Decreasing the CB content to 54 phr and 

36 phr decreases the maximum torque by 8.7% (18.9 N∙m) and 14.5% (17.7 N∙m), respectively, as 

well as the final torque by 1.9% (15.9 N∙m) and 7.4% (15.0 N∙m), respectively. Because the batch 

size remained constant, this drop in torque is directly attributed to the reduced filler content. For 

54 phr filler content, the partial replacement of 6 phr carbon black with carbon nanotubes notably 

increases the maximum torque by 13.2% (21.1 N∙m) for NC7000 and 29.1% (24.4 N∙m) for 

VNT100. Similarly, the final torque is increased by 11.9% (17.8 N∙m) for NC7000 and 18.9% 

(18.9 N∙m) for VNT100. Further, full replacement of 72 phr CB with just 12 phr carbon nanotubes 

significantly increases the viscosity of SBR-BR compounds. For 12 phr NC7000, the maximum 

and final torques are 26.0 N∙m and 19.4 N∙m, respectively, and for 12 phr VNT100, the maximum 

and final torques are 29.4 N∙m and 22.3 N∙m, respectively. The significant increases in compound 

viscosity upon partial and full replacement of carbon black with carbon nanotubes is due to the 

extreme aspect ratio differences as discussed previously. Further, the ultrahigh aspect ratio 

VNT100 nanotubes show higher compound viscosities compared to the lower aspect ratio 

NC7000, further agreeing with expectations from suspension viscosity dependence on filler aspect 

ratio. 
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The temperature rise of an internal mixer is an important parameter to mitigate in industrial 

rubber compounding due to the possibility of scorching. Scorching occurs when rubber vulcanizes 

prematurely during compounding, causing it to harden and become unable to be processed further. 

The internal mixer temperature rise for all SBR-BR compounds containing only carbon black filler 

was approximately 6-7 °C and did not vary greatly among different CB contents. However, all 

compounds containing carbon nanotubes displayed elevated temperature rises during 

compounding due to higher contributions from viscous heating. SBR-BR compounding with 

48CB:6CNT filler systems resulted in the highest temperature rise despite containing a lower total 

filler content than the control 72 phr CB compound. While the maximum and final torques for 

SBR-BR compounds containing 12 phr CNT are notably higher compared to all other compounds, 

the temperature rise is lower than for the 48CB:6CNT systems, likely due to the significantly lower 

total filler content. In both cases (48CB:6CNT and 12CNT), the temperature rise for higher aspect  

 

 

Figure 63: Maximum and final blade torque measurements during compounding for SBR-BR 

compounds. 
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ratio VNT100 was greater than that for the lower aspect ratio NC7000. However, given that 

vulcanization of rubber compounds typically occurs near 160 °C, a maximum temperature rise of 

12 °C found here would likely not have a great effect. Additionally, because the sulfur is mixed 

for only 2 min at the end of the compounding process, the probability of scorching withing the 

conditions studied is minimal. 

 

6.3 Curing kinetics 

 The vulcanization behavior of unfilled SBR-BR and the control SBR-BR compound 

containing 72 phr carbon filler at 160 °C is presented in Figure 64. Rheometry curves show 

increasing torque over time, indicative of the formation of a crosslinked network due to rubber 

curing. The maximum torque reached after curing for SBR-BR filled with 72 phr CB is more than 

three times that of the unfilled compound, suggesting the addition of carbon black significantly 

increases the viscosity and stiffness of SBR-BR. This is expected as carbon black’s role in rubber  

 

 

Figure 64: SBR-BR torque curves during isothermal vulcanization at 160 °C. 
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is primarily as mechanical reinforcement. Additionally, the addition of 72 phr CB appears to 

increase the rate of curing as full cure is reached under 30 min compared to the unfilled compound 

that requires seemingly up to 60 min to reach maximum torque. 

Torque measurements during vulcanization can be normalized to yield a dimensionless 

value that represents the degree of cure. Thus, the degree of vulcanization, θv, can be calculated 

by the following 

 𝜃𝑣 =
𝜏 − 𝜏𝑚𝑖𝑛

𝜏𝑚𝑎𝑥 − 𝜏𝑚𝑖𝑛
 (28) 

where τ is the measured torque and τmax and τmin are the maximum and minimum torque during 

vulcanization. Additionally, the kinetics of rubber vulcanization have been shown to follow the 

Kamal-Sourer model of the following form 

 𝜃𝑣 =
𝑘𝑣(𝑡 − 𝑡0)𝑛𝑣

1 + 𝑘𝑣(𝑡 − 𝑡0)𝑛𝑣
 (29) 

where kv is the rate constant, nv is the power law exponent, t is the time during vulcanization, and 

t0 is the induction time [177, 178]. Figure 65 presents degree of vulcanization curves for SBR-BR 

compounds along with lines representing the fit to the Kamal-Sourer model, and Figure 66 presents 

the corresponding vulcanization rate constant dependence on filler content and type. The 

relationship between CB content and vulcanization rate constant more clearly demonstrates how 

the rate of curing is increased upon addition of CB to SBR-BR. This could be attributed to the 

increased bulk thermal conductivity, increasing the rate at which heat accumulates in the 

compound during vulcanization. Crystalline regions of carbon black can enhance phonon 

conduction as has been shown previously for rubber-CB compounds [179]. Additionally, the 

addition of fillers to rubber results in a bound rubber fraction at the surface of filler particles 

(similar to RAF discussed previously), reducing chain mobility and energy (i.e., heat) dissipation. 
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Figure 65: Degree of vulcanization curves for SBR-BR composites containing (a) 72 phr filler, (b) 

52 phr filler, (c) 36 phr filler, and (d) CNT filler only. 

 

Full replacement of CB with carbon nanotubes results in faster rates of cure for equivalent 

loadings as evidenced by much higher vulcanization rate constants in Figure 66. This same effect 

is seen for compounds with CB partially replaced by NC7000. Faster rates can generally be 

attributed to the higher thermal conductivity of CNTs compared to carbon black and the higher 
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filler surface area. Additionally, higher aspect ratio CNTs appear to result in faster curing rates 

compared to lower aspect ratio CNTs as seen for SBR-BR compounds containing VNT100 

compared to those containing NC7000. Interestingly, for SBR-BR compounds with increasing 

CNT content, there is a region of torque elevation during the first ~5 min of vulcanization; this 

effect is more pronounced in Figures 65a and 65d for the highest CNT content samples. This 

phenomenon has been reported previous by Garcia et al. and was attributed to the presence of a 

percolated CNT network that alters the bulk rheological behavior of the compound [178]. 

Additionally, this elevated initial torque could be evidence of scorching due to higher viscous 

heating during compounding for CNT filled compounds. 

 

 

Figure 66: Vulcanization rate constant dependence on filler type and content. 

 

6.4 Mechanical properties 

 Tensile mechanical properties of SBR-BR compounds are presented in Figure 67. The 

tensile strength of unfilled SBR-BR is 1.2 ± 0.2 MPa and the Young’s modulus is 0.7 ± 0.1 MPa. 
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Upon addition of 72 phr CB for the control compound, the tensile strength and Young’s modulus 

increase to 6.6 ± 0.5 MPa and 2.9 ± 0.1 MPa, respectively. Partial replacement of 72 phr CB with 

6 phr NC7000 results in an increase in tensile strength to 8.3 ± 0.9 MPa with a simultaneous 

increase in failure strain, suggesting there may be some synergistic effects of dual CB:CNT filler 

systems on the mechanical reinforcement of SBR-BR rubber. However, further increasing the 

replaced CB content to 12 phr NC and 36 NC results in drops in tensile strength to 6.8 ± 0.7 MPa  

 

 

Figure 67: Tensile mechanical properties of SBR-BR composites. 

 

and 5.8 ± 2.9 MPa, respectively, due to significantly reduced ductility. Interestingly, partial 

replacement of 6 phr CB with CNTs in a 54 total phr filler compound yields similar mechanical 

properties to the control 72 phr CB compound; the tensile strength of compounds with 48CB:6NC 

and 48 are 5.7 ± 0.3 MPa and 6.5 ± 0.4 MPa, respectively. In other words, the total filler content 

can be reduced by 25% and partially replaced with a small amount of CNTs to yield similar 

mechanical properties to the control. It is interesting to note also that higher CNT aspect ratios 
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appear to increase the degree of mechanical reinforcement. This effect is seen comparing the 

48CB:6CNT filler systems as well as comparing 12 phr NC700 (tensile strength of 3.2 ± 0.4 MPa) 

with 12 phr VNT100 (tensile strength of 3.8 ± 0.3 MPa). 

 The positive effects of small CNT content incorporation on the mechanical properties of 

rubber are well documented, and the general trends of strength and modulus with respect to filler 

content and aspect ratio agree with expected trends [26, 53, 180]. However, the extent to which 

the mechanical properties are enhanced for the ultrahigh aspect ratio VNT100 compared to the 

lower aspect ratio NC7000 is less than what would be predicted from theory, which is very likely 

due to non-ideal dispersion of VNT100 nanotubes as shown previously in polycarbonate. Of 

particular interest was the simultaneous enhancement in stiffness and failure strain for the 

66CB:6NC filler system. Typically, for higher stiffness a lower failure strain would be expected. 

However, for low CNT incorporations to a high CB content compound, the CNTs can possibly act 

as bridges connecting the primary reinforcing CB particles. The presence of CNT bridges in 

regions not containing CB could transfer the stress back to the primary reinforcing particles, 

allowing for a higher strain before failure. However, increasing CNT content beyond 6 phr or 

reducing total filler content below 72 phr appears to deviate from this phenomenon. 

The tensile strengths of all rubber compounds found here are lower than typically reported 

tensile strength values (10-20 MPa) for modern tire tread rubber. This discrepancy could be 

attributed to a few factors. The control tire tread formulation chosen for this study, which was used 

as a CB-containing control passenger tire tread compound by BF Goodrich in a 1985 patent [116], 

may be outdated compared to modern tire rubber technology with higher strengths [181]. 

Additionally, the processing oil content (37 phr) is quite high compared to that of many other 

comparable tire tread compounds recently patented/studied using under 20 phr processing aid [182, 
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183]. High oil contents would certainly reduce stiffness and would likely reduce strength 

depending on the filler content. While further study would be warranted to ensure carbon 

nanotubes can be added to rubber to yield composite mechanical properties within the necessary 

standards for tire tread rubber, the relative effects of partial or full replacement of carbon black 

with carbon nanotubes on the mechanical properties found in this work would also be expected for 

other rubber compounds assuming all other components are kept constant. 

The mass loss of abrasion tested SBR-BR compounds is presented in Figure 68. Increasing 

carbon black content generally leads to an increased abrasion resistance (comparing 36CB to 54CB 

to 72CB). Partial replacement of CB with NC7000 improves abrasion resistance at both 72 and 54 

total filler phr, reducing mass loss by as much as 50% (compare 95 ± 17 mg mass loss for 

42CB:12NC to 198 ± 44 mg mass loss for 54CB). This effect is more pronounced comparing 36 

phr CB to 36 phr NC7000, exhibiting a 71% decrease in abrasion mass loss from 233 ± 42 mg to  

 

 

Figure 68: Abrasion resistance of SBR-BR compounds measured by mass loss from abrasion 

testing. 



126 

 

67 ± 12 mg. Additionally, higher aspect ratio VNT100 nanotubes result in improved abrasion 

resistance compared to lower aspect ratio NC7000 as evidenced by the reduction in mass loss of 

48CB:6VNT (131 ± 28 mg) compared to 48CB:6NC (140 ± 13 mg) as well as 12VNT (120 ± 17 

mg) compared to 12NC (203 ± 38 mg). The wear properties of these SBR-BR compounds also 

largely follow the trends of mechanical reinforcement presented previously, suggesting the 

reinforcing mechanism under tensile load and shear abrasion is related. This parallel relationship 

between CNT aspect ratio and rubber compound tensile mechanical and abrasion properties has 

been shown previously [183]. 

 

6.5 Dynamic mechanical properties 

 Storage modulus, loss modulus, and loss tangent curves of SBR-BR composites generated 

from dynamic mechanical analysis in oscillatory linear tension are presented in Figure 69. The loss 

tangent of all SBR-BR compounds reaches a maximum around -55 °C, indicative of the glass 

transition of the rubber. The amount of filler appears to have a negligible effect on the glass 

transition temperature. However, increasing filler content appears to reduce tanδ at the glass 

transition. Additionally, increasing CNT content at equivalent total filler loadings similarly 

reduces tanδ at the glass transition, both of which are due to the increased stiffness due to higher 

filler content and CNT incorporation. 

As discussed previously, the value of tanδ at different temperatures can help predict the 

rolling resistance and traction characteristics for tire tread rubber. While direct translation of tanδ 

to other physical property values of tire rubber, such as the rolling resistance coefficient, is not 

straightforward, the relative changes in tanδ for different filler contents and types can be used to 

infer whether rolling resistance and wet/ice traction will be improved or worsened. Loss tangent 
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values of SBR-BR compounds at 60 °C, 0 °C, and -20 °C associated with rolling resistance, wet 

traction, and ice traction, respectively, are listed in Table 12. The control 72 phr CB compound 

has tanδ0°C and tanδ-20°C values of 0.11 and 0.13, respectively. Decreasing total CB content to 54 

phr reduces both values to 0.07 and 0.10, respectively, suggesting higher filler contents are better 

for improving wet and ice traction. Partial replacement of CB with small amounts of CNT at both 

72 and 54 total filler phr generally results in higher tanδ values in the traction temperature regime, 

suggesting CNT incorporation into tire tread rubber can notably improve wet and ice traction. 

The rolling resistance characteristics are represented by the tanδ value at 60 °C, which is 

0.05 for the control 72 phr CB compound. The 52 phr CB compound has a lower tanδ of 0.02, 

suggesting higher filler contents result in higher rolling resistances which has been proven 

previously. Partial replacement of CB with CNTs results in significant increases in tanδ, indicating 

the rolling resistance of these compounds would be much higher compared to SBR-BR containing 

only CB. While increases in rolling resistance have been shown previously for CNT incorporation 

for tire tread rubbers [184], the extent to which the rolling resistance increases could be an 

indication of poor dispersion. Typically for higher filler surface area, a lower tanδ would be 

expected. This is due to reduced chain mobility as discussed previously with RAF in the context 

of PC-CNT composites, thus promoting energy storage rather than energy dissipation. However, 

in this case we find that the loss modulus, i.e., viscous behavior, of SBR-BR compounds increases 

substantially upon CNT incorporation, increasing the dissipation factor and thus increasing rolling 

resistance. 
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Figure 69: Storage modulus, loss modulus, and loss tangent curves for SBR-BR composites 

containing (a) 72 phr filler, (b) 54 phr filler, and (c) CNTs only. 
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Table 12: Loss tangent values of SBR-BR compounds at reference temperatures. 

Compound tanδ60°C tanδ0°C tanδ-20°C 

72CB 0.05 0.11 0.13 

66CB:6NC 0.08 0.13 0.17 

60CB:12NC 0.13 0.17 0.18 

36CB:36NC 0.15 0.18 0.17 

54CB 0.02 0.07 0.10 

48CB:6NC 0.09 0.12 0.14 

48CB:6VNT 0.14 0.12 0.10 

42CB:12NC 0.16 0.16 0.15 

24NC 0.09 0.12 0.14 

12NC 0.02 0.06 0.09 

12VNT 0.07 0.08 0.10 

 

6.6 Surface chemistry effects 

 Figure 70 presents vulcanization curves for SBR-BR compounds containing sulfur doped 

CNTs along with the corresponding compounds with equivalent filler systems with 

unfunctionalized CNTs. The rate of curing is faster for SBR-BR compounds containing sulfur-

doped CNTs; note that the total amount of sulfur was the same with and without sulfur-doped 

CNTs. However, because sulfur is added to the mixer earlier in this case as a component of the 

milled CNT-sulfur powder, this result may indicate scorching. However, the fact that the initial 

torque of SBR-BR composites has negligible variance suggests that any scorching effects are 

minimal or partial in explaining the faster rate of cure. The expanded mixing time for sulfur could 
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lead to enhanced dispersion in the compound and better interaction with the accelerating agent, 

which could increase the rate of curing. In the context of industrial applications for tire rubber 

manufacturing and raw compound vulcanization, accelerator content can be changed to tune the 

curing process. Additionally, retarders can be added to slow the initial rates of cure if scorching is 

an issue. 

 

 

Figure 70: Sulfur doping effects on SBR-BR vulcanization kinetics. 

 

 The tensile mechanical properties of SBR-BR compounds containing sulfur functionalized 

CNTs are presented in Figure 71. For both 48CB:6CNT filler systems, the tensile strength 

marginally increases from 5.7 MPa to 6.4 MPa for NC7000 and from 6.5 MPa to 7.0 MPa for 

VNT100 upon sulfur functionalization. For the 48CB:6sNC compound, this enhancement in 

strength is shown in simultaneous enhancements in initial stiffness and failure strain, perhaps due 

to enhanced rubber-CNT interactions due to sulfur functionalization. However, for the 

48CB:6sVNT compound, the Young’s modulus (1.9 MPa) is notably decreased compared to the 
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unfunctionalized 48CB:6VNT counterpart (3.9 MPa), which can be attributed to the significant 

aspect ratio reduction due to milling. However, the failure strain increases substantially such that 

the tensile strength experiences a net increase compared to 48CB:6VNT. For only low NC7000 

content, the mechanochemical sulfur doping process also results in reduced stiffness (2.5 MPa to 

1.5 MPa), however in this case leading to a net decrease in tensile strength (3.2 MPa to 2.5 MPa). 

Thus, the sulfur doping process appears to be best for higher total filler loadings with low CNT 

content. 

 

 

Figure 71: Effect of sulfur doping on tensile mechanical properties of SBR-BR composites. 

 

 Figure 72 presents the abrasion resistance of SBR-BR composites containing sulfur 

functionalized CNTs. For both 48CB:6CNT systems and 12 phr sNC, the abrasion resistance is 

notably better compared to the unfunctionalized counterparts. For 48CB:6NC, the mass loss during 

abrasion testing decreases from 140 mg to 114 mg (19% reduction) upon sulfur functionalization. 
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Similarly for both 48CB:6VNT and 12NC, sulfur functionalization of the CNTs results in a 20% 

improvement in abrasion resistance. The improvements in abrasion resistance for the 48CB:6CNT 

systems mimic the enhanced tensile strength. However, for 12 phr NC, the abrasion resistance is 

improved despite a reduction is tensile strength. Thus, while compound tensile strength is largely 

related to abrasion resistance, there may be additional effects of rubber-CNT adhesion strength. 

 

 
Figure 72: Sulfur doping effects on the abrasion resistance of SBR-BR compounds. 

 

Figure 73 presents the loss tangent of SBR-BR composites containing sulfur doped 

NC7000 and VNT100. For the 48CB:6VNT system, in the wet/ice traction temperature region 

between -20 °C and 0 °C, both the wet and ice traction characteristics appear to be improved upon 

sulfur functionalization as evidenced by higher tanδ values. However, for 48CB:6sNC, the loss 

tangent in this temperature regime is slightly lower than that for the unfunctionalized counterpart, 

suggesting worse traction characteristics. This worse traction behavior is magnified for 12sNC, 

especially at -20 °C. However, while the effects of mechanochemical sulfur functionalization on 
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the traction of SBR-BR compounds is mixed, tanδ values at 60 °C are all slightly reduced for 

compounds containing sulfur functionalized CNTs, indicating better polymer-CNT interactions 

and a slightly reduced rolling resistance for these compounds. 

 

 

Figure 73: Sulfur doping effects on the loss tangent of SBR-BR composites containing dual 

CB:CNT fillers. 

 

 While the improvements in tensile mechanical properties and rolling resistance are 

marginal, the notably enhanced abrasion resistance suggests there may be improved rubber-CNT 

interaction due to the presence of sulfur-containing functional groups on CNT surfaces. However, 

it should be noted that CNT dispersion is likely not improved due to sulfur functionalization, but 

rather the chemical interactions with the rubber polymer chains are enhanced. For the previously 

studied polycarbonate system filled with mechanochemically functionalized CNTs via ball milling 

with ammonium carbonate, CNTs could interact with polycarbonate chains via weak but prevalent 

hydrogen bonding between hydroxyl and carboxyl groups on CNT surfaces and oxygen atoms of 
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PC carbonate groups. In the case of the SBR-BR system filled with sulfur-doped CNTs, no such 

hydrogen bonding interactions can occur as polystyrene-butadiene and polybutadiene chains 

contain no strong hydrogen bonding acceptors like oxygen or nitrogen. Thus, the notable 

improvements in compound properties are attributed to the strengthened interface between SBR-

BR chains and CNTs from the formation of covalently bonded sulfur bridges during vulcanization, 

as depicted in Figure 74. 

 

 

Figure 74: Schematic of sulfur-doped CNT interaction with vulcanization SBR-BR rubber. 

 

 Regarding the mechanical properties of SBR-BR composites, sulfur bridges between CNTs 

and rubber chains would expect to result in increased stiffness. This effect is seen primarily for 

48CB:6sNC as the Young’s modulus increased compared to 48CB:6NC. However, for 

48CB:sVNT, the increased stiffness due to sulfur linkages is counteracted by higher aspect ratio 
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reduction (compared to NC7000) upon mechanochemical functionalization with sulfur. Despite 

the reduction in aspect ratio, tensile strength is still improved as the sulfur bridges prevent chain 

slippage and eventual mechanical failure until higher strains are reached compared to the 

unfunctionalized counterpart. Regarding abrasion resistance, the blanket improvement for all 

compounds containing sulfur functionalized CNTs can be directly attributed to the enhanced 

interfacial strength between the CNTs and the rubber chains. While the bulk stiffness and strength 

of the composite is highly related to abrasion strength, molecular level covalent interactions appear 

to play a large role, even outweighing reduced stiffness and strength in the case of 12 phr NC7000. 

While the dispersion of the CNTs may not be greatly improved upon functionalization, the 

enhancement in chemical interactions with the rubber chains was enough to slightly reduce the 

loss tangent of SBR-BR compounds containing sulfur functionalized CNTs compared to those 

containing functionalized CNTs in the rolling resistance temperature regime. Thus, 

mechanochemical modification of CNTs with elemental sulfur largely improves the properties of 

SBR-BR composites containing small amounts of CNTs within a larger CB reinforcement system 

and could serve as the first step in partially or fully replacing carbon black in tire tread rubber for 

lightweighting and improved fuel economy. 
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Chapter 7: Conclusions 

 In Chapter 3, it was shown that multiwalled carbon nanotubes possess a minimum single 

impact energy threshold for fracture that is dependent on diameter, wall morphology, and bulk 

morphology. Additionally, the length reduction kinetics of initially short CNTs were able to be 

modeled by a simple exponential expression relating a normalized length term to the cumulative 

impact energy of milling. The kinetic length reduction behavior was found to also apply for 

ultralong CNTs, suggesting the length reduction of carbon nanotubes with widely varying 

morphologies can be predictably controlled using a simple ball milling process. 

 In Chapter 4, multiple facile mechanochemical carbon nanotube functionalization 

approaches were investigated. Milling CNTs in the presence of ammonium carbonate added a 

variety of oxygen containing functional groups to nanotube surfaces, most notably hydroxyl (R-

OH) and carboxyl (R-COOH) groups. The degree of functionalization for dry milled CNTs was 

found to follow a power law relationship with cumulative impact energy, suggesting there may be 

a parallel with Freundlich-type adsorption behavior, while aqueous milling resulted in a relatively 

linear relationship between degree of functionalization and milling time. Milling CNTs in the 

presence of melamine was found to non-covalently functionalized CNTs via π-π interactions. 

Similarly to functionalization with ammonium carbonate, the degree of melamine 

functionalization was found to scale with milling duration. Finally, milling CNTs in the presence 

of sulfur was found to result in a variety of sulfur-containing covalently bonded functional groups 

as well as physically adsorbed sulfur. These simple, scalable, solvent-free CNT functionalization 

approaches could prove effective in a large-scale industrial setting. 

 In Chapter 5, the effects of carbon nanotube aspect ratio and surface chemistry on 

polycarbonate-nanotube composites were investigated. Compounding initially ultrahigh aspect 
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ratio CNTs was found to result in high melt viscosities. Additionally, these ultrahigh aspect ratio 

CNTs were found to not disperse well in polycarbonate due to the initial bundle morphology, 

likened to the interleaved pages of a book, leading to rheological and electrical percolation 

thresholds over an order of magnitude higher than expected based on percolation theory. Ball 

milling the ultrahigh aspect ratio CNTs to shorter lengths significantly improved their 

processability in PC by reducing melt viscosity and polymer degradation. However, while the 

agglomeration of plain milled CNTs was found to reduce significantly in the PC composites, the 

individual level CNT dispersion was found to be worse than even for the pristine ultrahigh aspect 

ratio CNTs, suggesting plain ball milling is not a suitable method for simultaneously improving 

processability and dispersion of CNTs in polymers. Upon mechanochemical functionalization of 

CNTs with ammonium carbonate, the percolation behavior of functionalized CNTs was found to 

be significantly improved compared to plain milled CNTs of the same aspect ratio, suggesting the 

enhanced chemical interactions between the functionalized CNTs and polycarbonate chains via 

weak but prevalent hydrogen bonding improves dispersion. 

 In Chapter 6, the efficacy of the partial or full replacement of carbon black with carbon 

nanotubes in a passenger tire tread rubber formulation was investigated. Ultrahigh aspect ratio 

CNTs were shown to impart a higher degree of mechanical reinforcement and abrasion resistance 

compared to lower aspect ratio CNTs and carbon black. While the traction characteristics of rubber 

compounds containing ultrahigh aspect ratio CNTs were improved compared to those containing 

lower aspect ratio CNTs or CB, the rolling resistance was significantly increased. However, 

mechanochemical functionalization of CNTs with sulfur before compounding with rubber resulted 

in further improved mechanical strength and abrasion resistance while also reducing rolling 

resistance due to enhanced chemical interactions between CNTs and rubber chains from the 
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formation of sulfur bridges during vulcanization. While further study would be necessary to 

confidently suggest CNTs can partially or fully replace CB in tire tread rubber, the findings of this 

work suggest there may be merit to this proposal if dispersion and CNT-rubber interactions can be 

maximized, leading to low rolling resistance and improved fuel economy. 
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Chapter 8: Recommendations 

 While the research presented here added valuable insights into carbon nanotube length and 

surface chemistry modification by planetary ball milling and their subsequent effects on polymer 

composites, further work is recommended in a few areas. The first would be to investigate how 

the length reduction kinetics of carbon nanotubes vary with different types of ball mills. Whereas 

vertically oriented planetary ball mills are popular in laboratory settings for imparting high impact 

energies and working with small sample sizes, industrial scale ball milling typically uses horizontal 

mills with larger volume capacities. While the Burgio-Rojac model is specific to planetary ball 

milling, energy models do exist for different ball mill configurations, suggesting the length 

reduction kinetics found in this study may be able to extrapolated to different types of ball mills 

by substituting the appropriate term for cumulative impact energy into the exponential expression 

related to normalized CNT length. Investigating the effects of grinding media configuration, 

rotational speed, and milling during would prove or disprove if the length reduction kinetics 

change based on mill configuration. 

A limitation of the mechanochemical functionalization work presented here is the inability 

to eliminate ambient oxygen and humidity from the grinding vessel. Decoupling the effects of 

ambient oxygen and humidity from functionalization due to the introduction of other species to 

the mill can be achieved by using a grinding vessel compatible with a vacuum pump or by using a 

glove box during sample preparation and vessel loading. In this case, any functionalization effects 

would be solely due to the addition of the functionalizing species rather than a combination of 

effects with ambient oxygen and humidity. Additionally, while the adsorption behavior of carbon 

nanotubes before and after plain ball milling has been studied previously, the in-situ adsorption 

behavior of CNTs via mechanochemical functionalization is a largely unstudied area. If the 
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pressure inside the vessel could be tracked during milling and the effect of milling energy on CNT 

surface area was known, the relationship between surface coverage and partial pressure of 

functionalizing species could be expressed in the context of Langmuir, Freundlich, etc. adsorption 

behavior. 

 A simple but important recommendation for future work is to investigate the effect of 

purification of ultrahigh aspect ratio CNTs grown on vermiculite supports on CNT processability 

and dispersion in polymer composites. While the elimination of the purification step is a primary 

advantage of high yield CNT synthesis, the resulting bundle morphology was shown to result in 

poor dispersion in polycarbonate. Thus, removing the catalyst and support material from the 

pristine CNTs by acid treatment might allow bundles to be dispersed better or change the bulk 

morphology altogether. By subsequently compounding purified ultrahigh aspect ratio CNTs in 

polycarbonate and assessing the morphology of composites via microscopy and the percolation 

behavior via rheology and electrical conductivity, it would be interesting to see if the dispersion 

improved upon purification. This would confirm if the initial bulk morphology of the CNTs is the 

primary issue leading to poor dispersion or if there are other contributing factors. 

To better determine the efficacy of partial or full replacement of carbon black with carbon 

nanotubes in tire tread rubber, a more recently developed tire tread compound should be tested. Of 

particular interest would be modifying the rubber base system to include a fraction of natural 

rubber, which typical has higher tensile strength and stiffness compared to synthetic rubber (like 

SBR and BR). Additionally, evaluating the amount and type of processing aid (paraffin oil in the 

case of this study) could have significant effects on the properties of the tread compound. The 

application of a more realistic industrial compounding process with a paired two- or three-roll mill 

and/or calendaring system alongside the internal mixer could improve the dispersion of the fillers. 
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With the recent emergence of silica fillers for tire tread rubber yielding improved rolling resistance 

and traction characteristics compared to carbon black, dual silica-CNT or triad silica-CB-CNT 

filler systems could result in low total filler contents required for superior mechanical strength 

along with low rolling resistance for improved fuel economy.   
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Appendix A: Sample Calculation for Burgio-Rojac Model 

The single impact energy, 𝐸𝑏, is calculated by the following… 

𝐸𝑏 =
1

2
𝜑𝑏 (𝜌𝑏

𝜋𝑑𝑏
3
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(
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2
)

2

] 

Fixed, known values include… 

𝜌𝑏 = 7,760 
𝑘𝑔

𝑚3 (stainless steel density) 

𝑑𝑣 = 0.06 𝑚 (grinding jar diameter) 

𝑟𝑝 = 0.0705 𝑚 (effective sun plate radius) 

For the small grinding media configuration, 𝑑𝑏 = 0.01 𝑚 and 𝑁𝑏 = 25… 

The obstruction factor, 𝜑𝑏, is calculated by the following… 

𝜑𝑏 = 1 − 𝑛𝑣
𝜀  

where 

𝑛𝑣 =
𝑁𝑏

𝑁𝑏,𝑣
 

𝑁𝑏,𝑣 =
𝜋𝑑𝑣

2ℎ𝑣

4𝑑𝑏
3  

0.95 = 1 − (
𝑁𝑏,𝑠

𝑁𝑏,𝑣
)

𝜀

 

𝑁𝑏,𝑠 =
𝜋(𝑑𝑣 − 𝑑𝑏)ℎ𝑣

3𝑑𝑏
2  

𝑁𝑏,𝑣 is the number of grinding balls needed to completely fill the grinding jar in a cubic 

arrangement, and thus 𝑛𝑣 is the degree of filling of the grinding jar. 𝑁𝑏,𝑠 is the number of 

grinding balls needed to cover one third of the inner surface area of the grinding jar in a cubic 
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arrangement and ℎ𝑣 is the height of the grinding jar (0.036 m for the 80 mL grinding jar). 

Parameter 𝜀 is evaluated at 𝜑𝑏 = 0.95 with 𝑁𝑏,𝑠 substituted for 𝑁𝑏. Thus… 

𝑁𝑏,𝑣 =
𝜋(0.06 𝑚)2(0.036 𝑚)

4(0.01 𝑚)3
= 101.788 

𝑁𝑏,𝑠 =
𝜋(0.06 𝑚 − 0.01 𝑚)(0.036 𝑚)

3(0.01 𝑚)2
= 18.850 

0.95 = 1 − (
18.850

101.788
)

𝜀

 →  𝜀 = 1.776 

𝑛𝑣 =
𝑁𝑏

𝑁𝑏,𝑣
=

25

101.788
= 0.246 

𝜑𝑏 = 1 − (0.246)1.776 = 0.917 

Considering a rotational speed, 𝜔𝑝, of 300 rpm… 

𝜔𝑝 = 300 
𝑟𝑜𝑡

𝑚𝑖𝑛
(

2𝜋 𝑟𝑎𝑑

𝑟𝑜𝑡
) (

𝑚𝑖𝑛

60 𝑠
) = 31.4 

𝑟𝑎𝑑

𝑠
 

The speed ratio, 𝜔𝑣 𝜔𝑝⁄  of the PM100 mill is -2, so… 

𝜔𝑣 = −600 
𝑟𝑜𝑡

𝑚𝑖𝑛
= −62.8 

𝑟𝑎𝑑

𝑠
 

Thus, the single impact energy can be calculated as… 

𝐸𝑏 =
1

2
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)

𝜋(0.01 𝑚)3
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     = 0.0314 𝐽 = 31.4 𝑚𝐽 

The total cumulative energy is calculated from the following… 

𝐸𝑐𝑢𝑚 = 𝐸𝑏𝑣𝑡𝑡 

And the total impact frequency is calculated by… 



144 

 

𝑣𝑡 = 𝑁𝑏𝐾 (
𝜔𝑝 − 𝜔𝑣

2𝜋
) 

The geometry factor, 𝐾, for 10 mm grinding ball is 1.5. Thus… 

𝑣𝑡 = 25(1.5) (
31.4

𝑟𝑎𝑑
𝑠 − (−62.8 

𝑟𝑎𝑑
𝑠 )

2𝜋 𝑟𝑎𝑑
) = 562.5 𝑠−1 

𝐸𝑐𝑢𝑚 = (0.0314 
𝐽

𝑖𝑚𝑝𝑎𝑐𝑡
) (562.5 

𝑖𝑚𝑝𝑎𝑐𝑡

𝑠
) (30 𝑚𝑖𝑛 ∗

60 𝑠

𝑚𝑖𝑛
) = 31800 𝐽 = 31.8 𝑘𝐽 

For a minimum single impact energy, 𝐸𝑏,𝑚𝑖𝑛, of 10 mJ, the excess single impact energy is… 

𝐸𝑏
∗ = 𝐸𝑏 − 𝐸𝑏𝑚𝑖𝑛 = 31.4 𝑚𝐽 − 10 𝑚𝐽 = 21.4 𝑚𝐽 

And the excess cumulative energy is… 

𝐸𝑐𝑢𝑚
∗ = 𝐸𝑏

∗𝑣𝑡𝑡 = (0.0214 
𝐽

𝑖𝑚𝑝𝑎𝑐𝑡
) (562.5 

𝑖𝑚𝑝𝑎𝑐𝑡

𝑠
) (30 𝑚𝑖𝑛 ∗

60 𝑠

𝑚𝑖𝑛
) = 21700 𝐽 = 21.7 𝑘𝐽  
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Appendix B: XPS O1s/N1s Core Level Scans of Functionalized CNTs 

 

 

Figure B1: O1s and N1s scans of pristine VNT100. 

 

 

Figure B2: O1s and N1s scans of pristine NC7000. 
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Figure B3. O1s and N1s scans of dfVNT milled at 300 rpm for 30 min. 

 

 

Figure B4: O1s and N1s scans of dfVNT milled at 300 rpm for 1 hr. 
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Figure B5: O1s and N1s scans of dfVNT milled at 300 rpm for 4 hr. 

 

 

Figure B6: O1s and N1s scans of afVNT milled at 300 rpm for 30 min. 
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Figure B7: O1s and N1s scans of afVNT milled at 300 rpm for 1 hr. 

 

 

Figure B8: O1s and N1s scans of afVNT milled at 300 rpm for 4 hr. 
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Figure B9: O1s and N1s scans of melNC milled at 300 rpm for 30 min. 

 

 

Figure B10: O1s and N1s scans of melNC milled at 300 rpm for 1 hr. 
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Figure B11: O1s and N1s scans of melNC milled at 300 rpm for 4 hr. 

 

 

Figure B12: O1s scan of sVNT milled at 300 rpm for 1hr. 
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