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PREFACE

I was first contacted by Jonathan Rose of Wiley in 2007 to write this book. I ran as fast
as possible from this assignment because I had a vague idea of the amount of work
involved! Fortunately, in 2009 Jonathan contacted a colleague of mine with a similar
request and when he showed no interest, I decided I was ready to take up such a
challenge. Although I certainly would not want to repeat the year gone by in terms of
the time that I spent writing the book (now at least I have more than a vague idea of the
amount of work involved!), I have to say that it is believed to be a “character-building
experience.” Hopefully, you, the reader, feel that the effort you spend reading the text
was worth the time I spent writing it.

The order of the chapters in this book was logical, going from the funda-
mentals to the applied. A couple of comments are in order in terms of the nonobvious
(at least in my opinion) decisions that were made. Chapter 2 on the properties of
nanotubes was judged to be necessary while a similar chapter on the properties of
polymers was not because most have at least some experience with the latter.
Chapters 5 and 6 in particular could have been reversed without detriment in my
opinion; in other words, covering mechanical properties prior to electrical properties
was essentially an arbitrary decision. Separating thermal and electrical conductivity
was another debatable decision, but I felt that separating the two was reasonable
both because the applications are very different and because the underlying
phenomena are quite different (e.g., the lack of a tunneling current in thermal
conductivity).

In general, each chapter begins with a general introduction as does each
subsection. My goal is to make the text simple enough for someone with a bachelor’s
education in science or engineering to understand. No previous polymer or carbon
nanotube knowledge is assumed, so background concepts on subjects relevant to the
topics important for this text are briefly described. Of course, most background topics
are not covered in the detail that each subject deserves, so the text also specifically
guides the reader, ideally to review articles or monographs, where the reader can go if
more in-depth information is required.

I feel that the most useful part of this book are the tables. The book that I
most tried to emulate in this regard was the one by Milton Rosen (Surfactants and
Interfacial Phenomena, Wiley) in that 90% of the time I look in this book it is to
examine one of its tables. This monograph contains a number of tables that are
purported to be complete, see, for example, Table 2.1. The tables are complete until
the end of 2009; any reference that occurred after this time frame is not included. The
author is acutely aware of the number of papers that contain the keywords “polymer”
and “nanotube” and it is impossible to know that all of the references from 2009 and
prior are included, but the author has made an attempt to be as complete as possible.

ix
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However, the author would be surprised if each table did not contain significant
omissions, and the fault is entirely mine. The author feels strongly that such tables are
invaluable to the novice in the field, in helping to quickly identify papers that are of
interest. For any additions (or in fact any changes) to this text, please report to the
author at bpgrady @ou.edu; I will make a list of errata that will appear on my web
page at http://coecs.ou.edu/Brian.P.Grady/index.html.

No preface would be complete without a list of people to thank. Jonathan Rose
certainly deserves thanks, both for contacting me to write this book and for the sig-
nificant amount of editing that I am sure this text required! Dan Resasco (University
of Oklahoma) originally introduced me to nanotubes; if it weren’t for Dan Resasco
and his capabilities as a designer of catalysts, it is unlikely that I would have ever
started working in carbon nanotubes in polymers. Dan also provided a figure for
this manuscript. Micah Green (Texas Tech University) and Warren Ford (Oklahoma
State University) had the thankless task of reading early versions of each chapter
and providing detailed feedback. Any remaining errors are the sole responsibility of
the author, and I apologize now for such errors. Alberto Striolo, Liu Shi, Rajesh
Tummala, Dimitrios Argyris, and Lindsey Brinkmann all did computer work to
provide figures for this book. My wife, Gina Grady, did some of the thankless tasks,
such as correcting references. My family deserves the biggest praise, as they had to
suffer through many weekends and nights when I was gone working on the “the
book.” So Gina, Ian, Nate, Owen, Luke, and Boomer, this book is for you.

Brian P. GRADY



CHAPTER 1

INTRODUCTION

1.1 SIMILARITIES BETWEEN POLYMERS
AND NANOTUBES

The introduction of synthetic polymers at the beginning of the twentieth century led
to a revolution in the way people live their everyday lives. Polymers are found in
homes, offices, and places of business all over the world; in fact, one could likely find
synthetic polymers in every home or apartment in the world. From a molecular
viewpoint, polymers have been around much longer than humans; many types of
biomolecules including DNA, RNA, and proteins are polymers. Industrially, natural
rubber has been used for various applications since the middle of the nineteenth
century with the key technological step being the vulcanization of rubber first
reported by Charles Goodyear in 1839. However, when Hermann Staudinger first
proposed the existence of long-chain molecules just after World War I, many
scientists in the established scientific community discounted that such molecules
could possibly exist. Of course, Staudinger was correct; polymers are molecules of
very high molecular weight. The per annum growth rate of polymer production from
the time of Staudinger to 1975 was 15%; since 1975 the rate has slowed down to 8%.
Even at this lower rate, the production of polymers far outstrips the per annum
increase in the number of people on the planet indicating that people are using more
and more polymers. The amount of polymers synthesized each year is approximately
50 pounds per person on the planet, and is more than twice that for people living in
Western Europe or the United States. The author has a hard time even imagining a
world without synthetic polymers (not to mention the fact he might be out of a job!).

One hundred years from now it might be said that carbon nanotubes had a
similar life cycle to polymers, except that the key dates were shifted by about 100
years. The “birth” of carbon nanotubes is generally ascribed to the seminal publica-
tion by Iijima in 1991." However carbon nanotubes have been around for a much
longer time, just as polymers had been around long before Staudinger’s hypothesis. A
paper in Russian by L. V. Radushkevich and V. M. Lukyanovich? in 1952 first showed
transmission electron microscopy images of carbon nanotubes. The first patent for
something that, in hindsight, was clearly a carbon nanotube was issued to Hyperion
Catalysis in 1987 (U.S. patent 4,663,230). Other examples available in the open
literature prove the existence of carbon nanotubes long prior to 1991. In fact,

Carbon Nanotube—Polymer Composites: Manufacture, Properties, and Applications, First Edition.
Brian P. Grady.
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.



2 CHAPTER 1 INTRODUCTION

Monthioux and Kuznetsov® provided a rather detailed answer to the question “Who
should be given the credit for the discovery of carbon nanotubes?”. It has also been
stated that the confusion around who discovered carbon nanotubes has prevented the
awarding of any Nobel Prize for their discovery.* Regardless, the explosion of interest
in carbon nanotubes definitely dates from the Iijima’s paper and, as Monthioux and
Kuznetsov state, “the undoubted tremendous impact of the 1991 lijima paper came
from the right combination of favorable factors: a high quality paper, a top-rank
journal read by all kinds of scientists, including those involved in basic research and
fundamental physics, a boost received from its relation to the earlier worldwide
research hit (fullerenes), and a fully mature scientific audience ready to surf on the
‘nano’ wave.”

At the beginning of the twenty-first century, possible applications of nanotubes
are being explored in medicine, electronics, energy, and polymers. Similar to
polymers, nanotubes are attractive for a number of applications because of their
unique architecture; nanotubes are just about the only material that has a diameter on
the order of 1nm, lengths on the order of microns, and are rigid. The fact that
nanotubes are hollow is another unique property of nanotubes. Beyond the parallels
in their history, carbon nanotubes and polymers are very much alike on a molecular
basis as well. Consider Table 1.1 that lists the properties of an individual chain of the
most common polymer, polyethylene, at a typical commercial length and an
individual single-walled carbon nanotube at a typical commercial length.

The only significant difference in the values shown in Table 1.1 is for the
persistence length. However, this stiffness difference means a great deal with respect
to properties. As anyone who has worked with a carbon nanotube mat could tell you, a
difference in chain stiffness means that the properties of a bulk polymer sample and a
bulk nanotube sample are very different. Because of their flexibility, polymers can be
melted and molded like other liquids; nanotubes cannot be melted and thus never
form a liquid phase. Both nanotubes and polymers can be dispersed in liquids;
however, upon drying a polymer can form a dense, nonporous film while nanotubes
form porous films. There are other significant differences between the two materials
not related to chain stiffness; for example, most polymers are thermal and electrical
insulators, while nanotubes are thermal and electrical conductors. Nanotube electri-
cal, mechanical, and thermal properties, as well as others, will be presented in
Chapter 2.

TABLE 1.1 Comparison Between Polymers and Carbon Nanotubes

Contour length” Persistence length” Diameter
Single-walled carbon nanotube 1 pm 50 pum; diameter 1 nm
dependent
Polyethylene (MW = 100,000 g/mol) 0.9 um 0.6 nm 0.5nm

All values are representative.
“The contour length is the length of the molecule if it were stretched out and measured from end to end.

"The persistence length is a measure of chain flexibility. The longer the persistence length, the less flexible the chain
(see Chapter 4).
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In addition to history and size, a third important parallel between polymers and
carbon nanotubes is the methods by which these two materials are synthesized. One
type of very commercially important polymer, including polyethylene, is made using
a solid catalytic particle and a gas that contains the reactive ingredient. The most
commercially important synthetic method for carbon nanotubes also involves a solid
catalytic particle and a gas that contains the reactive ingredient. One of the most
important properties of polymers is the small per pound cost; carbon nanotubes
definitely do not have this characteristic at present! The most significant component
of the cost of a polymer is the cost of the reactive ingredient(s), that is, the monomer.
In carbon nanotubes, the reactive ingredient cost is essentially a negligible portion of
the total cost. In fact, the most common monomer used for carbon nanotubes, carbon
monoxide, is actually less expensive than the most inexpensive polymer monomers.
This difference in cost is due to one significant difference between the synthesis of
polymers and that of carbon nanotubes. The yield, that is, pounds of product per
pounds of catalyst, is on the order of 10,000,000 : 1 for polymers and at best 50 : 1 for
carbon nanotubes. Not only is the catalyst cost substantial, but the carbon nanotube
product must also be purified in order to remove the catalyst. In polymers, the catalyst
is such a small part of the material that usually no purification step to remove catalyst
is performed. Other methods can be used to make carbon nanotubes, but these
methods are even more expensive and unsuitable for translation into processes of the
size necessary for most commercial applications. Various synthetic methods to
produce carbon nanotubes will be discussed in Chapter 2.

Synthetic polymers, with some notable exceptions such as silicone breast
implants, certain plasticizers in poly(vinyl chloride), and bisphenol A in polycar-
bonate, are considered to have little or no effect on human health, and in fact
have been used extensively in biomedical devices to improve human health.
Nanotubes, because of their small size, will easily become airborne if special
precautions are not taken. Since the effect of airborne nanotubes on human health
is not understood (this issue is beyond the scope of this book), nanotubes must be
handled carefully. This characteristic has a significant effect in the way in which
nanotubes are processed when being combined with polymers, with the practical
effect that the manufacturer of the tubes often must sell a product that is not simply
nanotube powder.

1.2 ORGANIZATION OF THE BOOK

Polymers are typically categorized according to repeat unit structure. However, with
a given repeat unit structure, polymers can be categorized with respect to chain
architecture, that is, as linear, branched, and so on. The six-membered planar
graphene ring serves as the repeat unit for all carbon nanotubes and all carbon
nanotubes can be thought of as sheets of repeating graphene rings that have been
rolled up into cylinders. Even so, carbon nanotubes can also be categorized
structurally. Carbon nanotubes can be separated into one of the three types:
multi-walled carbon nanotubes (MWCNTSs), which consist of 3-30 concentric
cylinders having an outside diameter generally from 5 to 20 nm; single-walled
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carbon nanotubes (SWCNTs), which consist of single cylinders having a diameter
from 0.7 to 1.5 nm; and double-walled carbon nanotubes (DWCNTs), which consist of
two concentric cylinders. The way in which the graphene sheets are rolled can also be
different and this difference has a significant impact on properties. Rolling will be
described more completely in Chapter 2; differences in rolling mean that over 50 types
of nanotubes exist in many commercial SWCNTs with a much larger number in
commercial MWCNTs. Like polymers, there is a broad distribution of tube lengths in a
given sample. Hence, a single sample of carbon nanotubes is an extremely complicated
mixture of many different products. A further complication rests in the fact that the
efficacy of purification procedures to remove catalyst and reaction by-products can be
very different. Hence, nominally identical materials from two different manufacturers
are guaranteed to be different. A given manufacturer must also be very careful to ensure
that batch-to-batch variations in nanotubes are not significant as well.

A number of companies are producing ton-size quantities of nanotubes for the
polymer market. Predicting exactly which manufacturers will be making nanotubes
at this scale or, for that matter, at a research scale at the time when the book is read
would be an exercise in fortune telling. The interested reader can consult the online
encyclopedia Wikipedia (http://en.wikipedia.org/wiki/Carbon_nanotube#List_of_
Carbon_Nanotube_Suppliers) for an up-to-date complete (or almost complete) list
of companies currently supplying nanotubes. Sending the reader to Wikipedia [ don’t
believe is an exercise in fortune telling; Wikipedia will be around much longer than
some of the companies currently listed as being manufacturers of carbon nanotubes!

Normally, single-walled tubes in particular are in an aggregated state in which
the long axes of tubes are aligned in the same direction and the minimum distance
between the tubes is roughly equal to the distance between the concentric cylinders in
MWCNTs. This aggregated morphology is termed bundles. MWCNTs may also be
bundled, but both MWCNTs and SWCNTSs are also often found aggregated on a
larger scale like a ball of yarn or string. Most applications, including those that
involve polymers, would ideally use individually dispersed nanotubes. To reach this
goal two issues must be addressed: deaggregation of nanotubes and the prevention of
reaggregation during subsequent processing steps. As will become clear in Chapter 3,
only perhaps in samples made by the most careful research laboratories where
extraordinary efforts are used might there be polymers containing only individually
dispersed tubes. So not only is it difficult to compare results between laboratories
because different tubes are used, even in the case where the same tubes are used the
dispersion is likely to be different and hence results are still difficult to compare.

Once the existence of carbon nanotubes was recognized by the scientific
community, polymer composites were one of the most obvious applications. Carbon
fibers, which have diameters 100—1000 times larger than nanotubes and are not
hollow, have been used as fillers in polymer composites for over 40 years. Hence, the
intellectual jump to use carbon nanotubes in composites was an easy one to make. A
large number of companies are currently manufacturing products that contain carbon
nanotubes in polymers or are considering products that contain carbon nanotubes in
polymers. Partly because of health concerns, the production model for nanotubes in
thermoplastics will likely be for a carbon nanotube manufacturer or partner to mix
nanotubes with a given polymer at a much higher percentage than what will be used in
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the final product, i.e., make a masterbatch. Most economical processes for mixing
nanotubes with thermoplastics involve high-shear mixing in a twin-screw extruder or
the equivalent. The end user will then take the masterbatch and dilute it with polymer
resin in order to make the final product. Some high-end uses will likely disperse
nanotubes in a solvent to facilitate mixing. For thermosets with randomly organized
nanotubes, it is likely that the resin will be sold with already dispersed nanotubes, and
the final end user will perhaps dilute the nanotubes and then cure the product into its
desired shape. As will become clear in Chapter 3, carbon nanotubes can be fashioned
into yarns or fibers ideal for continuous composites. Even in this case, health
concerns will likely force companies to sell prepreg, that is, a partially cured sheet
of thermoset resin that contains nanotube fibers.

As stated in the previous paragraph, there are two broad classes of polymers:
thermoplastics and thermosets. The difference between a thermoplastic and
a thermoset is that the former consists of isolated chains (think of a ball of string
that is cut into many pieces and the pieces are mixed together) while the latter is made
up of interconnected chains (think of a net, although the tie points are not as regular as
a net). Most, thermoplastics can be melted, that is, form a high-viscosity liquid, at
elevated temperatures. Thermosets cannot be melted at any temperature without
chemical degradation. Nanotubes are important for both kinds of polymers.

Polymer matrix nanocomposites, that is, mixtures of polymer and filler with the
latter having at least one nanoscale dimension, have a number of interesting phenom-
ena related to the fact that a large fraction of polymer is close to a solid interface.
Although it has been understood for a great many years that interfaces, such as the
amorphous—crystalline interface in a semicrystalline polymer, can affect the properties
of polymers significantly, the proliferation of nanocomposites has popularized the fact
that polymer properties near an interface are very different. Coupling that characteristic
with high aspect ratio nanotubes means that phenomena are seen in nanotube
composites that are seen nowhere else. One striking example is the unique polymer
crystalline morphologies that can be achieved with carbon nanotubes. Chapter 4
describes how nanotubes affect and alter polymer physics, and these alterations
contribute to some of the unique properties of carbon nanotube—polymer composites.

From a simple rule of mixtures, as well as more complicated models that will be
described in Chapter 5, the promise of carbon nanotubes in making ultrastrong
polymer composites is clear. At a nanotube volume percent of 10%, a common,
inexpensive polymer such as polyethylene or polypropylene could be transformed
into a polymer that has a stiffness and strength equivalent to a high-performance
polymer such as Kevlar™. Alternatively, 10% nanotubes could be added to Kevlar™
or some other very high-modulus/high-strength polymer, to create a product having
no counterpart in specific strength or stiffness. As will become clear, no such
improvements have been seen at high loading levels. Carbon nanotubes added to
polymers have led to marginal improvements in strength and stiffness, and the
resulting composites have followed mixing rules to about 1% nanotube content;
however, improvements in mechanical performance have not been large enough to
use nanotubes instead of other less costly fillers. Some commercial success with
respect to mechanical properties has been found by either replacing part of another
filler or adding nanotubes as an additive to an already filled composite. Nanotubes
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that have been drawn into fibers or yarns and then incorporated into polymers can be
loaded to significantly higher fractions with good enhancements in mechanical
properties. The market is significantly smaller than the case where the nanotubes
are mixed together with a polymer melt, but producing nanotube fibers and then
adding a low-viscosity resin that is then cured holds some promise.

A property of which there is no question that the use of nanotubes is being driven
by increases in performance is electrical conductivity. Because of the extremely high
aspect ratio of a commercial sample of nanotubes, the amount of nanotubes required to
achieve percolation, that is, the filler concentration where electrical conduction
through a continuous conductive filler network begins, is much lower than that
required for conventional fillers. In other words, in order to achieve a conductive
material, a much smaller amount of nanotubes is required versus the standard
conductive filler carbon black. Since the flexibility of polymers decreases with an
increase in filler content, nanotube composites where the nanotubes are mixed in the
polymer can have conductivity at higher flexibilities versus carbon black composites.
Alternatively, pure mats can be made with carbon nanotubes to make transparent
electrodes; these mats are ideal for polymeric substrates used in flexible electronics.
Transparent electrodes might seem counterintuitive since carbon nanotubes are black,
but such a thin mat can be used so that the absorption is actually quite small. Chapter 6
describes the fundamental science that underpins electrical applications.

When nanotubes were first considered as fillers for polymer composites,
thermal conductivity was perhaps the property of most interest to industrial users.
Heat management is an incredibly important area in the drive toward miniaturization
and often times is the limiting factor for specific applications. Almost no composites
made with discontinuous fillers, that is, fillers suitable for common processing
operations such as injection molding or coatings, also have high thermal conductivi-
ties. If simple mixing rules were appropriate, then the thermal conductivity of a
discontinuous carbon nanotube composite at 10% loading would approach the
highest values of any polymer system filled with a continuous filler, and be one
to two orders of magnitude higher than any discontinuous filled system. Unfortu-
nately, thermal conductivity gains are orders of magnitude smaller than a mixing rule
would predict for reasons described in Chapter 7. Still, without any improvements in
efficiency, there are possible markets for nanotubes as supplementary thermal
conductivity additives in systems filled with continuous carbon fibers.

Chapter 8 describes some applications for carbon nanotubes in or with
polymers. Along with carbon fibers, the most commonly used fillers in polymers
include carbon black, glass fibers, silica, talc, clays, alumina, and titanium dioxide.
What exactly makes carbon nanotubes unique for polymer composite applications?
Carbon nanotubes are unique morphologically because of their small diameter and
relatively long length. Carbon nanotubes have very high electrical and thermal
conductivities. Electrical, mechanical, and electromechanical applications will be
highlighted in this chapter.

One bookkeeping note that must be mentioned: A fundamental description of
composite characteristics requires that the volume fraction be specified, not the
weight fraction. Of course, the weight fraction is much easier to measure. With most
materials, there is a simple conversion between weight and volume fraction that
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involves the density. This conversion is also true for carbon nanotubes; however, the
density depends on the diameter distribution of the tubes, with a low of approximately
1.30 g/cm” for large diameter single-walled tubes to an asymptotic high of 2.26 g/cm®
(i.e., slightly less than the density) for multi-walled tubes with a large number of
walls. In this text, the decision was made to use whatever was specified in a given
paper, that is, weight or volume fraction, except for Chapter 6 where volume percent
was used because the importance of modelling to quantifying changes in mechanical
properties. For calculation purposes in that chapter, a value of 1.35g/cm’® was
assumed as the density of SWCNTs and DWCNTSs, and a value of 2.0 g/cm® was
assumed for the density of all MWCNTs if values were reported in weight fractions.

1.3 WHY WRITE THIS BOOK?

Figure 1.1 shows the number of papers in the open literature, according to Web of
Science, that have been published with the key words “carbon nanotube” in a given
year along with the number of United States patents issued with the keyword “carbon
nanotube.” Shown on these graphs is the same for polypropylene to provide a basis for
comparison. The number of papers and patents on nanotubes is increasing at a rate
much faster than on a mature material such as polypropylene. Figure 1.2 shows that the
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percentage of carbon nanotube papers that also include the key word “polymer” is
increasing. Clearly, there is an increasing acknowledgement, especially commercially,
that polymers represent a key product area for nanotubes. Figure 1.3 shows how the
percentage of papers with the key words “carbon nanotube” and “polymer” is being
split between the two most significant categories of tubes, single-walled and multi-
walled. This figure shows that the latter is increasing as a percentage of the whole,
which is a direct result of these tubes being able to be produced cheaply as well as being
able to be dispersed easily. These figures show the large number of papers that are
available on this subject; a significant number of studies on carbon nanotubes and
polymers are not referenced or described in the book. Instead of referencing all papers
and patens on carbon nanotubes, the book communicates a fundamental understanding
of what has been done in the carbon nanotube/polymer field and highlights those key
studies that have had significant impact on this understanding.

However, unless otherwise noted, the author has tried to be comprehensive for
all tables, that is, include ALL data that appears in refereed publications, although the
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author did not attempt to translate the 10-20 articles that were in languages other than
English, which might have data belonging in a table. Because of the scope of some
tables, the author likely missed some studies and apologizes in advance to the authors
of papers that were inadvertently not included. (I would appreciate missing refer-
ences; feel free to report these to the author as described in the Preface.) This chapter
was written during the year 2010. Hence, only those references that existed at the end
of 2009 (including those that were published online in 2009, but have 2010
publication dates) are used in this text. This text describes completely what is
known at the end of 2009, as well as what can reasonably be inferred.

One topic not covered in this text that represents an important field of polymers
and nanotubes is biological applications of nanotubes. A number of different possible
biological applications involve the interactions of biological macromolecules (DNA,
RNA, proteins) with nanotubes, or, alternatively, the interaction of synthetic macro-
molecules with nanotubes designed for biological applications. The author felt that
this field was too unrelated for the readers of this book. However, in some cases, the
subject matter was relevant to nonbiological uses of carbon nanotube—polymer
composites. In particular, interactions between polymers in solution and dispersed
nanotubes described in Chapters 3 and 4 apply equally well to biological and
synthetic polymers.

Besides giving the reader a fundamental understanding of carbon nanotubes
and polymers, the other goal is to inform the reader of the challenges, in terms of both
what we don’t know and what needs to be done in order to increase the use of
nanotubes in polymers. Exactly what will it take for carbon nanotubes to become as
ubiquitous as polymers in our daily lives? These challenges are the reason so many
are drawn to nanotubes. Nanotubes are fascinating materials that comprise one of the
most exciting new areas of science and technology.
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CHAPTER 2

CARBON NANOTUBES

2.1 OVERVIEW

As every high school student knows, carbon is the basis of life on Earth. To ascribe
only one reason why carbon is so important to living organisms would be foolish;
however, the versatility of carbon certainly plays a critical role. A single carbon
atom has the capability of forming one, two, three, or four chemical bonds, while
the number of compounds that contain carbon is staggering. Four chemical bonds
from a single carbon atom enable enantiomer formation, which is very important
for, among other things, tacticity in polymers. Pure carbon can also form bonds in
single-atom structures in two very different manners. In diamond, carbon forms
four bonds with other carbon atoms. Electronically, this material is an insulator
because all electrons are involved in single chemical bonds; that is, carbon is sp3
hybridized. Graphene and fullerenes (see Figure 2.1) have carbon bonded to only
three other carbon atoms. In this case, each carbon atom has on average an extra
electron (sp” hybridization) that can act as a charge carrier, and hence the extra
electron allows this form of carbon to be electrically conductive. The lowest energy
geometric structure of these threefold bonded carbon atoms is a hexagon as shown
in Figure 2.1; however, pentagons and heptagons are not uncommon. Diamond has
an arrangement of atoms that is crystalline in three dimensions, while in the sp”
hybridized materials the carbon atoms are planar or curved planar. Graphene sheets
are planar (isolated graphene sheets often show kinks, etc.), while fullerenes have
significant curvature.

Graphene is remarkable, having very high in-plane electrical and thermal
conductivities, as well as very high strength. Graphite is a substance that consists of
graphene sheets stacked on top of one another. Typical in-plane properties of graphite
are a resistance of 2 x 10°S/m (about 1/30 the value of copper) and a thermal
conductivity of about 200 W/(m K) (about half the value of copper); graphene has
considerably higher values for both. The tensile (Young’s) modulus of graphite is also
quite high, with a measured value of 1.02 TPa.' Graphite is not a very strong material
because the parallel planes tend to slip past one another; however, the tensile strength
of an individual graphene sheet has been measured to be 130 GPa.? These values are
approximately 5 and 200 times those of steel, respectively. Are the properties of a
graphene sheet the limiting values for nanotubes? Surprisingly, as will be detailed in
Section 2.4.1, the answer is probably yes for the modulus and no for the tensile
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Figure 2.1 Various forms of sp2 carbon. (a) Graphene sheet; (b) C60 fullerene;
(c) SWCNT; (d) DWCNT; (e) MWCNT. Courtesy of Dimitrios Argyris and Alberto Striolo.

strength; strength values can actually be higher for nanotubes. Although nanotubes
are correctly visualized as rolled sheets, the mechanism of nanotube formation is not
the formation of individual graphene sheets followed by rolling and reaction. Tubes
are grown as tubes. In fact, producing individual graphene sheets in large quantities
requires a significant amount of effort.

Buckyballs and nanotubes (the latter were first termed buckytubes) are the
two major categories of materials that comprise fullerenes. Fullerenes contain
planar sp? carbon atoms that have been rolled into either a spheroidal or a tubular
structure. The explosion of literature occurred first with buckyballs; the primary
inventors of these materials, Rick Smalley, Robert Curl, and Harry Kroto, were
awarded the Nobel Prize in Chemistry in 1996 because of their discovery of
buckyballs roughly a decade earlier. Only a specific number of carbon atoms can be
found in a buckyball; the two most common are Cgy and Co. The former is known
to every school child as the structure found on a classic stitched soccer ball.
(However recent designs, such as those used for the 2006 and 2010 World Cups,
move away from a 32-panel stitched ball to a 14-panel thermally pressed ball!) In
the Cgq structure, all atoms are identical and hence the strain due to the curvature of
the naturally planar graphene sheet is equally distributed among all carbon atoms.
Figure 2.1 indicates that instead of the six-membered graphite ring found in
graphene sheets, some of the rings consist of only five members, that is, pentagons
instead of hexagons. The number of hexagons and pentagons is predictable
according to Euler’s law, which states V + F — E=2, where V is the number of
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vertices, F' is the number of faces, and E is the number of edges. For example, in
Ceo, F=32 (12 pentagons and 20 hexagons), E=90, and V=60. In fact, many
synthetic strategies used to modify nanotubes were originally developed for their
spheroidal counterparts. Although a Nobel Prize was awarded for the discovery of
buckyballs, there are very few commercial applications of buckyballs. As evidence
of the lack of interest, the number of issued patents is approximately a factor of 7
less than those issued for nanotubes as of the end of 2009; the number of papers is
also approximately a factor of 7 less.

A single-walled carbon nanotube (SWCNT) consists of one tube, a double-
walled carbon nanotube (DWCNT) consists of two concentric tubes, and a multi-
walled carbon nanotube (MWCNT) consists of two or more concentric tubes.
Double-walled carbon nanotubes have their own category because it is possible to
synthesize these materials with a reasonably high degree of purity; in fact, multi-
walled carbon nanotube samples have some small percentage of single-walled
components and vice versa. Figure 2.1 illustrates the three types of tubes. There
are essentially an infinite number of ways to roll a graphene sheet in order to form a
single-walled carbon nanotube. On the lower end, the minimum diameter is set at the
point where the bond strain of the graphene sheets from the preferred planar
arrangement becomes too small. On the higher end, it becomes difficult to form
SWCNTs of large diameter while preventing the formation of MWCNTSs. The
smallest diameter SWCNT experimentally verified® as well as the smallest inside
diameter of a MWCNT? was a (3,3) nanotube, corresponding to a diameter of 0.4 nm.
More typical diameters of SWCNTs are 0.7-2 nm. DWCNTs have typical diameters
ranging from 0.7 to 4 nm. For both SWCNTs and DWCNTs, as-synthesized samples
generally are not pure and have some contamination from multiwalled materials.
Multiwalled nanotube samples always consist of nanotubes with varying number of
concentric cylinders. The separation between the graphene layers is 0.34 nm, which is
only slightly greater than 0.335 nm, which is the separation between graphene sheets
in graphite; the curvature of the sheets causes the very slight increase in spacing.
Defects having significantly larger spacings than 0.34 nm are not uncommonly found
in transmission electron micrographs.

Considering a single-walled carbon nanotube, the way in which the graphene
sheet is rolled will determine the chirality of the nanotube as shown in Figure 2.2. The
chirality of the tube is given by its (n,m) designation. Two special chiralities deserve
mention: n = m and m = 0. Both correspond to the case where the honeycomb lattices
located 180° opposite to one another are always parallel. The first type is termed the
armchair configuration while the second is termed the zigzag configuration. Strictly
speaking, these two types are not chiral at all; that is, they do not have an enantiomeric
pair. All other (n,m) tubes have a helical configuration of hexagons, which also means
that these nanotubes are enantiomeric; that is, the mirror image of a given tube is not
identical. The sharpness of the helical turns is a function of how far a (n,m) value is
from either of the armchair or zigzag configurations. The diameter of a tube can be
calculated from its (n,m) index as follows:

d_ac_cx/3(n2—|—mn+m2) 2.1)

T
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Figure 2.2 Schematic on how to determine the structure of a nanotube from its (n,m)
designation (top). Shorthand showing (n,m) values on graphene sheet with designation of
tube as either metallic or semiconducting (bottom).

where ac—_c is the carbon=carbon bond length (1.42 A). The orientation of the
hexagons is characterized by the chiral angle, 0, that varies between 0° (for zigzag)
and 30° (for armchair) and is given by

0 =tan! <%> (2.2)

For a double-walled or multiwalled tube, the outside tube determines the overall
diameter; however, the same principles described here including Equations 2.1
and 2.2 apply.

Generally, concentric tubes in DWCNTs or MWCNTs do not have similar
chiralities; that is, if the inner tube of a MWCNT is of a zigzag type, the rest of the
tubes are generally not of the zigzag type. Chiralities cannot be random since the
interplanar spacing is approximately constant; hence, there are a finite number of
tubes that have the appropriate interplanar spacing. In other words, there must be
certain relationships between the chirality of tubes in a concentric cylinder, although
this is a very difficult question to confirm experimentally. In rare cases, as-synthe-
sized single-walled nanotubes can switch in chirality; however, the diameter does not
change greatly.>® Defects in nanotubes are quite common; positive curvature is
induced by pentagon formation and negative curvature by heptagon formation. Kinks
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are also quite common; a well-explored example involves the connection of (5,5)
armchair tubes to (9,0) zigzag tubes, which involves a pentagonal ring on the outside
of the elbow and a heptagonal ring on the inside of the elbow’ although most
experimentally observed kinks are much more complicated than this simple example.
Of course, there is also the possibility of nanotube defects due to the presence of
impurities during synthesis. In general, the number of defects for MWCNTs is larger
than that for SWCNTs.

A related question to that of defects is whether the nanotube ends are open or
closed. Nanotubes are almost always synthesized with closed ends. The structure of
the ends requires some pentagons, just as buckyballs require pentagons in order to
form closed structure. Since pentagons are less stable than hexagons, chemically it is
possible to open the ends, and reclose them if desired.® In fact, freestanding cones
(also termed nanohorns) have been formed. Hemispherical, almost flat, and conical
ends have all been experimentally observed. For MWCNTs, asymmetric cones are
the most common type of cap found on a MWCNT.

Most synthetic methods yield carbon nanotubes with lengths of ~1 um. Tubes
grown from the surface of a plane can be much longer, and have reached centimeter
lengths. Since these types of very long tubes cannot be grown in large quantities,
there are few examples of ultralong tubes being added to a polymer. Length of
nanotubes can be reduced via mechanical milling, sonication in solution, and so on;
some high-shear dispersion methods can also reduce nanotube length. Tube length
after mixing with a polymer is something that is not often studied or recorded
because of the difficulty in making such measurements although such measurements
are extremely useful.

It is useful at this point to compare carbon nanotubes to carbon fibers. Carbon
fibers have been used in polymers as fillers for over 50 years. Carbon fibers can be
made in a variety of different ways, most commonly from thermal treatment in a non-
oxygen atmosphere of polyacrylonitrile fibers. The diameter of carbon fibers is on the
order of 1 pum and the length is set by the length of precursor fiber; hence, essentially
the length can be infinite. Carbon fibers also typically contain small pores because
heating causes a reduction in density. The structure of carbon is locally similar to, but
in long range very different from, any of the fullerene or graphene sheet structures
described previously. The fundamental building block is still the hexagonal arrange-
ment (threefold coordination); however, assuming little or no graphitization has taken
place, the number of hexagons that lie in a plane is small and the planes are arranged
at nonregular angles with respect to one another. Because of the formation mecha-
nism, planes tend to be aligned in the fiber direction. Ungraphitized carbon fibers are
termed amorphous carbon because of this misalignment; in general, the X-ray
scattering peak corresponding to the interplanar spacing is not found. Carbon fibers
can also have a small number of other atoms to make connections where two
planes come together. Carbon black is another example of a very important
amorphous carbon.

Through various thermal treatments, a precise description of which is beyond
the scope of this book, the boundaries between the planes and pore size/structure can
be altered in carbon fibers, which in turn causes a significant change in mechanical
properties. Also, the arrangement of small planes can become more regular with
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thermal treatment (e.g., graphitization). Regardless, the mechanical properties of
carbon fibers are significantly inferior to those of a graphene sheet. Typical values of
modulus and tensile strength are 300 and 6 GPa for high-strength fibers, and 800 and
3 GPa for high-modulus carbon fibers. Comparing these data to those presented
earlier for graphite clearly shows that modulus retention is more common than
strength retention.

2.2 SYNTHESIS

There are three major procedures for the manufacture of carbon nanotubes: arc
discharge, visible light vaporization, and chemical vapor deposition (CVD). Visible
light methods actually consist of three separate methods: laser ablation where a
pulsed laser is used, laser vaporization where a continuous laser is used, and solar
vaporization where continuous multiwavelength light from a solar furnace is used.
Other methods such as catalytic plastic pyrolysis,”™'" flame synthesis,'*™'” and liquid
hydrocarbon synthesis'® will not be discussed because of their lesser importance
compared to the major three methods. Arc discharge and visible light vaporization
are very similar in the sense that both involve sublimating graphite into an inert gas at
a pressure significantly less than atmospheric pressure and condensing the resulting
vapor under a high temperature gradient. A catalyst may or may not be used; the
purpose of the catalyst is to direct the growth of the nanotube toward a particular type.
What differentiates the two processes is the method used for sublimating graphite: in
arc discharge a plasma is used, while in visible light vaporization visible light is used.
Instead of graphite, CVD uses gaseous hydrocarbon(s) as the carbon source, and
generally temperatures are much lower. CVD requires the use of a catalyst. All three
methods can be adapted to make either single-walled or multiwalled tubes; only a few
examples have been published where DWCNTSs are made with a method other
than CVD.

A catalyst is required in order to synthesize SWCNTs by any of the three
methods. For single-walled carbon nanotubes, the key step in the synthesis is the
formation of a cap (i.e., something like half a fullerene), which occurs only on
the surface of a catalytic species. This nucleation step is the key step in the
synthesis, because this step determines whether a single-walled carbon nanotube or
some other species will form. As anyone who has bought carbon nanotubes knows,
single-walled nanotubes are much more expensive than multiwalled nanotubes.
The cost of the catalyst is not why SWCNTs cost more; it is the fact that in the most
economical process, which is CVD, the yield, that is, pounds of product/pounds of
catalyst, is 10-100 for MWCNTs and approximately 0.1 for SWCNTs. In fact, the
CVD process to make nanotubes differs from that used to make some polymers,
e.g., high-density polyethylene (HDPE), only in the reaction temperature and
chemical makeup of the catalyst. However, HDPE sells for ~$1.00/lb because
the yield is about 10,000,000:1, while MWCNTs sell for ~$100/Ib and SWCNTs
for ~$10,000/1b.

Applications involving polymers generally require a significant volume of
nanotubes. Both arc discharge and visible light vaporization are inefficient from an
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energy perspective and are very difficult to adapt for production of large quantities of
tubes. However, with respect to MWCNTs, the quality of tubes as measured by the
number of defect sites is much lower than that for the CVD tubes. For electrical
properties, quality as measured by the number of defects is a very important
parameter. Combination methods, for example, arc discharge methods that use a
nongraphitic feedstock with a catalyst, are also capable of producing carbon
nanotubes; however, these methods have the same scale-up problems as the two
major non-CVD methods. CVD is the only method that is capable at this time of
providing enough nanotubes to be used in most polymer composite applications.

The growth mechanism of MWCNTs is specific to the type of process used, and
will be described in the sections to follow. The fact that a metal catalyst must be
present for the formation of SWCNTSs should suggest to the reader that the
mechanism of formation is likely the same for SWCNTSs no matter what synthetic
method is used, and it is likely that the reader is correct (there is still some
disagreement about this issue). The metal catalyst for SWCNTs is in the form of
a few atom cluster and serves as a nucleating site for the formation of the carbon
nanotubes. A metal catalyst is required for SWCNTs because otherwise the open
(growth) end of the tube will close; a metal catalyst is not required for MWCNTSs
because “lip-lip” interactions, that is, interactions between the open ends of the
concentric cylinders, are able to stabilize the open structure and allow for further
growth. The size and chemical composition of the metal cluster are critical in
determining the type and chirality of the nanotube that forms.

The most well-accepted model of nanotube clustering and growth for SWCNT's
is termed the vapor-liquid—solid (VLS) model. In the first stage of growth, end caps,
which can be envisioned as half a buckyball, form on a metal catalyst particle. In the
arc discharge and visible light vaporization methods, metal atoms cocondense in
clusters along with carbon atoms and solid diffusion processes coupled with further
carbon atom deposition cause the formation of a cap, for example, something akin to
half a buckyball. In the CVD method, a similar type of metal cluster condensation
mechanism is possible; however, another route is to preform the metal cluster on a
nonreactive catalyst support, such as a silica or alumina particle, and then have
carbon atoms condense on the surface of the metal cluster to form the cap. The metal
cluster is required to stabilize the end of the tube without a cap. Nanotube growth
occurs from the insertion of individual carbon atoms at the base (e.g., non-cap end) of
the tube, followed by growth of a ring comprised of hexagons. There are two possible
mechanisms for the addition of carbon atoms to the growing structure. In the first,
individual carbon atoms are present at the base of the cluster because the metal is
supersaturated with dissolved carbon atoms and ejection of individual carbon atoms
occurs at the surface. The metal cluster in this case can be either a liquid or a solid. In
the second, the carbon atom does not diffuse into the surface of the solid metal cluster,
instead carbon atom diffusion is along the surface until the growing nanotube is
reached. Almost certainly, the rate-determining step is the insertion of the single
carbon atom at the base of the structure stabilized by the metal catalyst particle; the
hexagon growth to complete a ring of hexagons follows rapidly.

The diameter of the cluster plays a very important role in the diameter and
characteristics of the SWCNT. In one situation, the cluster is small enough that the
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diameter of the nanotube is roughly the same size as the diameter of the cluster; so the
end result is a single nanotube that has an encapsulated metal cluster at one end of the
tube. In this case, the size of the cluster and the diameter of the nanotubes are related.
In the second situation, the cluster is larger, and hence the nanotube is growing
perpendicular from the surface and the result is the commonly observed nanotube
“bundles” (see Chapter 3). In this case, the diameter of the tube and the size of the
cluster are essentially uncorrelated. Even in the latter case, there appears to be a
critical cluster size; that is, if the clusters are too large, SWCNTSs will not form. The
temperature is also critically important, since temperature will have a strong effect on
the solubility of carbon in the particle as well as the probability of forming a tubular
structure versus a carbon structure that simply coats the metal cluster.

For SWCNTSs, the larger the n-value, the less the sp® bond distortion and the
more stable the nanotube; however, it becomes more difficult to prevent MWCNT
formation. Although armchair tubes are more thermodynamically favored, helical
tubes, especially those with (n,n — 1) chiralities, are found in higher quantities
than thermodynamically predicted because of the single carbon atom nature of
the growth process. The insertion of a single carbon atom into the open end of a
half-cap naturally leads to a helical type of tube; the process is similar to a
screw dislocation from a crystal surface. The prevalence of (n,n — 1) chirality
versus (n,n —2) versus (n, n —3) ... chirality is determined by the n-value; the
larger the n-value, that is, the larger the diameter, the more common the latter
species because the distortion of the preferred planar hexagon is less compared to
the (n,n — 1) species.

The growth mechanism described here is very similar to that found for
polymers that are made via heterogeneous catalytic growth, for example, Ziegler—
Natta polymers. In both cases, metal catalyst initiates growth and individual
monomers (for carbon nanotubes this would be the hexagonal ring) grow near the
base of a catalyst. The termination mechanisms though are quite different. Polymers
of this type generally terminate via some chemical means that has a significant
amount of randomness, as evidenced by the molecular weight distribution. The
length distribution of carbon nanotubes does not follow a distribution that is
described well by some random process. The geometric effect of catalyst, that is,
the fact that much longer nanotubes can be grown from a flat surface, indicates that a
mechanical/geometric effect causes termination; that is, the nanotubes become too
“heavy” to be supported and the reaction that favors deactivating the catalyst, by for
example, coating it with an amorphous shell of carbon, becomes more favored. Of
course, even in the absence of such forces this coating reaction can occur, which in
turn limits the size of nanotubes that form.

Another theory for the growth mechanisms of SWCNTs will be briefly
mentioned.'® Essentially, this theory differs from the VLS model by the idea that
carbon fragments (e.g., hexagons, etc.) grow in the vapor phase rather than individual
carbon atoms being found dissolved in the solid and/or diffusing on the carbon
surface. The primary evidence for this theory is that it is possible to control the growth
of SWCNTs by careful control of the carbon nanotube “seed” required and the
fact that metals that do not have significant carbon solubilities are able to produce
carbon nanotubes.
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2.2.1 Arc Discharge

In a typical arc discharge apparatus shown in Figure 2.3, two flat sheets of graphite, or
more commonly the ends of graphite rods, are placed close to one another under
reduced pressure. One of the graphite rods is fixed, while the other graphite rod is on a
stage that allows the distance between the two ends to be controlled. The chamber is
usually filled with either helium or argon (certain other gases, including mixtures, can
be used as well) at a pressure around 500 Torr; a continuous flow of gas generally
yields better product than simply filling the chamber and sealing the system. The
potential between the rods is set at around 20 V, and the rods are slowly moved closer
together until an arc occurs. The typical distance of the rods at this point is 1-3 mm,
and the typical current that is achieved, depending on the size of the electrodes,
pressure, and other experimental variables, is 50-120 A and the typical anode surface
temperature is 4000-6000°C. An arc welder is normally sufficient to produce the
energy and voltage required for this process. This temperature (2000°C and 3000°C)
is high enough to sublimate carbon, that is, convert carbon from a solid to a gas
without liquid formation. Because of the current, reduced pressure, and high
temperature, a plasma forms. In order to produce the highest quality nanotubes,
the plasma should be kept as stable as possible, which typically means keeping the
current low. Distance between the graphite rods and the voltage are used to control the
current. The anode (i.e., positive potential) loses material at a rate on the order of
1 mm/min, and, fairly quickly, the position of the adjustable stage must be changed in
order to maintain the necessary distance between anode and cathode. The rate of
nanotube synthesis is on the order of 50 mg/min, which is basically independent of
the diameter of the rods. In order to improve performance, it is desirable to cool both
the anode and the cathode. Variations in this process include using a liquid medium
instead of gas, which removes the necessity of reduced pressures.

In the absence of metal catalyst, two products form, a soot on the reactor walls
and a deposit on the cathode. The crumbly soot contains fullerenes, amorphous
carbon, and some graphitic sheets, but no nanotubes. The deposit on the cathode
consists of a hard outer shell of nanoparticles and MWCNTs, while the core contains
about 2/3 MWCNTs and the rest graphitic nanoparticles. The inner diameters of the
MWCNTs typically vary between 1 and 3 nm, while the outer diameters typically
vary between 2 and 25 nm. Nanotube length is typically not more than 1 pm. These
materials are almost always capped at both ends. When a liquid is used, nanotubes
will form and drop to the bottom of the vessel, meaning that the process can be
operated continuously.

A metal catalyst is typically introduced in this process by drilling a hole in the
anode and filling it with a mixture of graphite and metal powder. There is rather a long
list of metal particles that have been tried in this process; a complete list is beyond the
scope of this text but the reader is referred to the various tomes on carbon nanotubes
that all contain at least one dedicated chapter on nanotube synthesis. In this case,
instead of two distinct areas where carbon species form, there are four. These are a
soft, rubbery species on the walls, web-like material between the walls and the
cathode, a hard cylindrical shell around the cathode, and a collaret that surrounds the
hard cylindrical shell. The hard cylindrical shell contains MWCNTs, empty or filled
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graphitic nanoparticles, and round spherical metallic particles. If a catalyst that
allows for the formation of SWCNTs is used, SWCNTs are found at largest
concentration in the collaret. The spider web and walls have similar compositions,
which in turn are similar to the compositions where no metals are used, except
SWCNTs also found at both places. Several metal catalyst compositions produce
SWCNTs, but the current standard widely used for SWCNT production is a Y:Ni
mixture that has been shown to have a nanotube fraction of 90% SWCNT, with an
average diameter of 1.2-1.4 nm.> DWCNTs can be produced using arc evaporation
techniques if the proper catalyst and gas are used. Typically, mixed iron, cobalt, and
nickel sulfides are used and a mixture of argon and hydrogen seems to give the most
selectivity toward DWCNTs.?' As with the catalytic methods for SWCNTs, not only
DWCNTs are produced; both MWCNTs and SWCNTSs are present.

The mechanism of SWCNT growth was described earlier and is thought to be
no different from the growth mechanism for any procedure. A number of different
theories have been advanced regarding the growth mechanism of MWCNTs in the arc
and these can be divided into three types. In vapor phase theories, carbon atoms
directly condense from the vapor (plasma) phase to form nanotubes. The electric field
of the arc plays a critical role in forcing the growth to be along a particular local
electric field linear gradient. Local variations in temperature also play an important
role. Termination is the result of instabilities in the electric field gradient correspond-
ing to the arc discharge.”> A second theory involves the nucleation and growth of
carbon nanotubes from the supercooled liquid centers of solid-shell carbon nano-
particles.” In the final model, carbon initially condenses on the cathode as primarily
a two-atom carbon cluster, followed by conversion of these seeds into nanotube
structures due to the high temperature of the arcing process.**

One advantage of arc discharge is the ease of setting up the system in a
laboratory. The equipment required is inexpensive and can be easily operated to
produce nanotubes. The number of defects on the nanotubes is also relatively low.
One disadvantage is that the product consists of a significant amount of non-nanotube
material; hence, the nanotubes must be purified (see Section 2.3). The amount of non-
nanotube material is usually greater than 90%; that is, nanotubes are less than 10% of
the product that is deposited on the cathode. Also, the amount of product produced is
limited by the erosion rate of the target, and increasing the diameter of the target
reduces the fraction of nanotubes.

2.2.2 Visible Light Vaporization

In this technique, a high-intensity light source is focused on a graphite block placed in
a reduced pressure atmosphere that is maintained at a temperature around 1200°C.
The process is shown schematically in Figure 2.3. Similar pressures (500 Torr) and
inert gases (He or Ar) are used in the arc discharge and visible light vaporization
processes. Laser or solar radiation converts the solid graphite into small vaporized
particulates of carbon that will recombine into nanotubes provided a suitable
temperature gradient is present. Gas flows gently through the system in order to
both carry the particles and help provide the temperature gradient. The nanotubes are
collected at cold finger that is placed downstream of the target. Using a pulsed laser
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requires significantly higher powers (100 kW/cm? compared to 0.01 kW/cm? for the
continuous laser or solar methods). To concentrate enough energy for the production
of nanotubes in the solar method, a solar furnace (plus daylight and a clear sky!) is
required. As with the arc discharge technique, MWCNTs are collected if pure
graphite is used, and SWCNTs are collected if the appropriate metal is used along
with graphite. The same sort of preparation techniques for a metal-filled graphite that
are used in arc discharge are used in visible light methods. In fact, to grow MWCNTs
of reasonable length requires the use of a catalyst to force anisotropy into the system.
The mechanism of growth for MWCNTs is thought to be similar to that for arc
discharge methods.

Besides scalability, the primary disadvantage of this technique is the cost and
difficulty of setting up the system to make nanotubes in this manner. The primary
advantages are both the quality of nanotubes in terms of low defect density and their
purity; about 50% of the material is nanotubes.

2.2.3 Chemical Vapor Deposition

CVD is by far the most studied of the methods used to make carbon nanotubes. As
stated previously, the primary difference between CVD and arc discharge/visible
light methods is that in CVD a variety of hydrocarbons can be used as the carbon
source. To the polymer scientist (including the author!), this designation is confusing
because CVD methods to produce nanotubes are often categorized as catalytic
methods; however, as described previously, catalysts are used in both arc discharge
and visible light methods. In fact, the acronym CCVD (catalytic chemical vapor
deposition) is often used rather than CVD. All CVD methods require a catalyst
because hydrocarbon feedstocks cannot be induced to form nanotubes without a
catalyst. Because of the essentially infinite number of possibilities for reaction
conditions, there is always hope that CVD could be used to produce a type of
nanotube ideal for a given application.

CVD is essentially a thermal reaction whereby a transition metal catalyst, for
example, iron, nickel, or cobalt, is used to lower the temperature required in order to
“crack” a gaseous hydrocarbon feed into carbon and whatever else is in the material,
typically hydrogen or oxygen. In other words, as opposed to graphite for the previous
two methods, carbon atom formation is through the decomposition of carbon
monoxide or some other carbon-containing species. Either a supported catalyst,
where the metal particles sit on the surface of a nonreactive particle such as silica or
alumina, or a floating catalyst, where metal particles are suspended in a gas, can be
used. These processes are very similar to processes used to form vapor-grown carbon
fibers, except that the metal clusters are much smaller for the manufacture of
nanotubes. A very important class of floating catalyst used for SWCNT production
is used in the HiPCO (high-pressure carbon monoxide) method. In this method, CO
decomposition is catalyzed by Fe clusters generated in situ by decomposition of
Fe(CO)s in continuously flowing CO at high pressure and elevated temperature. With
supported catalysts, either fixed beds or fluidized beds have been used. A fluidized
bed is one in which a gas is pumped through a bed of solid particulates at a velocity
sufficient for the particulates to act as a fluid, whereas a fixed bed is one in which the
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particulates remain in the same place whether gas flow is present or not. The term
“nonreacting” as regards the support is a bit misleading, since the support can help
stabilize catalyst particle size and can be involved with electron processes that
contribute to the reaction. Since fixed or fluidized beds are more commonly used
because of the easier ability to scale-up, these are shown schematically in Figure 2.3.
In fact, supported catalysts in fixed or fluidized beds are very commonly used to
manufacture a wide variety of materials, including certain polymers.

The composition and, more particularly, the way in which the catalyst is
prepared and its final morphology are closely guarded trade secrets. To prevent
coalescence, refractory metals (tungsten, molybdenum, niobium, tantalum, and
rhenium) would seem to be natural choices. However, nickel, cobalt, and iron have
been found to be the most effective as CVD catalysts, whether being used for carbon
fiber or carbon nanotube production. The key characteristic seems to be the ability of
the material to solubilize sufficient amounts of carbon atoms. These metals are often
mixed with refractory metals to reduce coalescence. There are two approaches to
making the catalyst: one is to make the catalyst independent of the nanotube synthesis
while the other is to make the catalyst in situ from an organometallic precursor or
oxide solution/compound.

A wide variety of carbon-containing species have been used to produce
nanotubes by CVD. The most common is carbon monoxide because of both cost
and simplicity. Another critical feature is that the temperature required to crack CO is
rather low. Low temperatures are important because the metal clusters must not
coalesce; coalescence leads to carbon fibers instead of nanotubes. Other types of
carbon-containing species include methane, acetylene, benzene, and alcohols.
Generally, the carbon source is mixed with an inert gas (e.g., He or Ar) to allow
for better reaction control.

The temperature of the reactor must be adjusted so as to allow for the cracking
of the carbon source in question, but not too high so that pyrolytic carbon forms. In
general, if a particular combination (catalyst, gas mixture) is found to be effective at
producing nanotubes, at lower temperatures (say 700-800°C) MWCNTs are favored
and at higher temperatures (say 850-950°C) SWCNTs are favored.

What are the characteristics that favor the formation of MWCNTSs versus
SWCNTs? Other than the lower temperature generalization described above, smaller
metal cluster sizes favor the formation of SWCNTs. A very interesting recent
experiment showed that the thickness of a thin catalytic film on a flat surface was
critical to the formation of SWCNTs versus MWCNTs; thinner films promoted
SWCNTs versus MWCNTSs.? This result suggests that the effect of particulate size
in determining the type of tube is related to the amount of solubilized carbon, as well as
perhaps the size of the particle relative to the diameter of the tube. Again assuming that
mechanisms on flat substrates are relevant to mechanisms for other types of geome-
tries, in general, base growth has been found pretty much exclusively for SWCNTs,
while tip growth (i.e., the catalyst particle is found on the top of the tubes, not the
bottom) is found as the predominant mechanism for MWCNT growth. Whether a
catalyst particle will stay on the surface or become part of the growing tube depends at
least partly on the adhesion of the particle to the substrate as well as the abilities of the
substrate and the metal cluster to stabilize an “open” end of a nanotube.
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Figure 2.4 Micrograph showing nanotube forest. Courtesy of Dan Resasco.

One unique capability of the CVD process is the ability to use a support that
has some characteristic geometry. The most obvious example of this is when flat
substrates are used. Nanotube forests, an example of which is shown in Figure 2.4,
consist of nanotubes that are grown perpendicular to a flat surface. Other than
helping to answer mechanistic questions as explained in the previous paragraph,
the unique structural feature of these nanotubes is that they can be made to be very
long: 4 cm long SWCNTs?® and 4 mm long MWCNTSs.?”?® These materials have
been used to create yarns as described in Section 3.7 that in turn have been used
similarly to the way continuous carbon fibers are used in thermosetting polymers.
Other important possible uses of nanotube forests include as superhydrophobic
surfaces and field emitters. Similarly, catalyst can be placed on a substrate in
some pattern that allows for the growth of perpendicularly aligned nanotubes only
in discrete places on the surface. Finally, catalyst can be patterned in such a
manner so as to allow horizontal growth along a flat surface. Certainly, surface
chemistry and surface characteristics also have a role in the ability to directionally
grow nanotubes.

As stated previously, the main advantages of the CVD process are economics
and scalability. It is certainly true at present and is expected to be true in the future
that nearly all nanotubes that are made for use in polymers will be synthesized via a
CVD process. Another advantage is that the amount of non-nanotube carbon
material made can be a sufficiently low percentage (less than 1%) so as not to
require removal. A significant disadvantage is that with current yields, the metal
cluster must be removed because of its ability to cause undesirable side reactions in
polymers; often the support is removed as well. Another disadvantage for MWCNTs



2.3 PURIFICATION 25

is that the number of defects seems to be higher for CVD processes; for SWCNTs
the number of defects seems to be the same as in the other processes used.

2.3 PURIFICATION

Purification can refer to the removal of carbon material, which is not nanotubes, or to
the removal of non-carbon material, for example, metal or catalyst support. In
addition, a great deal of effort is being expended to isolate a particular type of
nanotube (e.g., either all metallic or all semiconducting), a particular chirality, or
even a particular enantiomeric form of a certain chirality. Removal of non-nanotube
carbon is only important for those applications that involve a small amount of
material, because purification methods cannot economically be applied to large
amounts of material. Removal of metal catalyst is critically important for polymers,
because metal clusters are very deleterious to polymers because of their capability of
catalyzing undesirable chain scission or cross-linking reactions. Catalyst support is
generally chemically benign in a polymer; the only issue with nonremoval of support
is the fact that it acts as a solid reinforcing agent that may not be desired depending on
the amount of support. In practice, the level of catalyst support in MWCNTs is such
that commercially it is generally not worth removing while in SWCNTs the support
may be worth removing. Isolation of a particular type of tube is very important for
certain biological and microelectronic applications and would be desirable for
polymers. However, the difficulty, cost, and lack of scalability involved means that
these methods are not relevant to polymers, and hence will not be discussed further;
the interested reader is referred to Ref. 29 of this chapter.

Purification strategies for non-nanotube carbon are one of two types. The first
involves purification via oxidation since non-nanotube carbon structures are more
susceptible to oxidation. However, the difference between the oxidative susceptibil-
ity of nanotubes and some of the other carbon species found in the raw output from a
nanotube reactor is not very high. Gas-phase, liquid-phase, and electrochemical
methods have all been used. Because of the narrow operating window, these oxidative
methods tend to reduce the length of tubes as well as leave functional groups on the
surface that may not be desired. The other method involves physical separation that
is possible due to the long length of nanotubes relative to the other carbon species.
In this case, the nanotube-containing material must be dispersed in a liquid. One
technique is simple filtration; nanotubes are going to remain on the retentate side
while many impurities will pass through the filter. Another is flocculation; longer
materials are more likely to flocculate; so the addition of a flocculating agent to
the dispersion or centrifugation can be used to separate nanotubes from other
carbon species.

Of more importance to purification schemes relevant to polymers is the
removal of metal particles and catalyst support. These two materials are much
easier to remove; that is, the purification methods have less effect on the nanotubes as
well as retaining a higher fraction of nanotubes. These characteristics have a great
deal of impact on the lower cost of CVD nanotubes; scalability is important but the
relative ease of purification is also important. For use in a low-cost material such as
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polymers, purification is still a substantial component of the overall cost of
nanotubes. This situation is very different from the situation with polymers, where
in nearly all cases it is the monomer that is by far the most important component of
polymer cost (monomer, e.g., gas, cost in nanotubes is negligible!).

To remove metal catalyst, assuming it is not encapsulated by a carbon species,
the use of nitric or hydrochloric acid is preferred. Silica support can be removed by
strong base or hydrofluoric acid. With MWCNTs, metal clusters and a significant
fraction of non-nanotube carbon can be removed by vacuum annealing at high
temperature (1600-3000°C), which also improves nanotube quality. If support is
present, it must be removed prior to annealing at high temperatures. If necessary to
remove non-nanotube carbon from SWCNTs, metal catalyst particles must be
removed with acid prior to the more severe oxidation routines because tubes will
be destroyed as well if metal catalyst is present.

As with the methods used to purify nanotubes, methods used to assess nanotube
purity are often divided into methods to assess non-nanotube carbon content,
methods to assess non-carbon content, and methods to assess chirality content.
Thermogravimetry (TGA) in air is typically used to assess non-carbon content. Mass
loss that occurs between roughly 300 and 1000°C can be attributed solely to carbon
species; the remainder is either support or metal. In addition, mass loss between 300
and 1000°C as a function of temperature follows the general trend: non-nanotube
carbon, nanotubes with a large number of defects, defect-free nanotubes; hence,
this measurement can be used to semiquantitatively determine tube quality as well.
Other more surface-sensitive spectroscopies, such as X-ray photoelectron spectros-
copy and energy-dispersive spectroscopy, can be used to assess the amount of metals.
Raman spectroscopy, which will be described more completely in Section 2.4.3, can
be used to determine the amount of nanotube carbon relative to the non-nanotube
carbon by integrated intensity of the band at ~1340 cm ™' (D band) that is assigned
to disordered graphite to the band at ~1580cm™' (G band) that is assigned to
nanotubes. Fluorescence spectroscopy can be used to assign (n,m) designations to
semiconducting SWCNTs isolated in a solvent. A 3D plot with excitation wavelength
on one axis, emission wavelength on the second axis, and intensity on the third axis
can be used to assign each peak to a particular (n,m) type as described more
completely in Section 2.4.3.

2.4 PROPERTIES

There are two difficulties in the measurement of individual carbon nanotube
properties. First, because of their small size, measurements on individual nanotubes
are difficult to make. Second, and more important, the values of the property in
question depend on the tube type, number of shells (for MWCNTs), defect char-
acteristics, and so on. With SWCNT samples containing tens of different types of
tubes and MWCNTs containing thousands, it quickly becomes impractical to
measure enough samples to achieve a true, representative average unless some
assumptions are made, or unless the property can be measured reliably on a
macroscopic sample containing a very large number number of tubes. An excellent
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example is density, which is critically important in calculating volume fraction from
weight fractions in polymer composites (most theoretical descriptions of property
alteration with filler depend on volume fraction of filler, not weight fraction).
The density of a MWCNT with an infinite number of shells is almost that of graphite,
which is 2.27 g/cm® at room temperature. As the number of shells drops, so does
the density, with single-walled carbon nanotubes having a density between 1.3 and
1.4 g/lem®, depending of course on the radius of the tube. The accurate measurement
of nanotube density is essentially an impossible task, so a reasonable value is
assumed in most situations.

2.4.1 Mechanical Properties

In terms of applications, the superior mechanical properties of carbon nanotubes are
one of the primary reasons for considering the use of nanotubes in polymers. Given
the aspect ratio of nanotubes and the uses of other high aspect ratio materials in
polymers, it is obvious to first consider the tensile properties of nanotubes. A tensile
test refers to a test where a sample is pulled in one direction; for a nanotube this test
involves pulling a nanotube in the axial direction. The classical definition of the
tensile modulus (E) is given by the following equation:

1 (0°G
E= V <W> e=0 (23)

where G is the free energy of the system, ¢ is the axial strain (change in length/initial
length), and V is the equilibrium volume of the system. Experimentally, this

expression simplifies to
do
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where ¢ is the stress. Since ¢ has units of force/area, E also has such units since ¢ is
dimensionless. For a single nanotube in either definition, there is a significant issue
with respect to the thickness of the nanotube; what is the thickness of a nanotube that
is one atom thick? Because of confusion regarding this rather simple issue, a table
that reviews computational work in this area found values of the modulus between 0.5
and 5TPa.*® Using a consistent basis, for example, the adjacent layer thickness
between adjacent walls in MWCNTs, that is, 0.34 nm, gives results that are close to
one another. Theoretical values using this basis have varied between 1.26°' and
0.97 TPa,*? compared to the measured 1.02 TPa value for graphene.' As the diameter
becomes smaller, the modulus falls because the additional bond strain due to
curvature causes a reduction in the strength of the C=C sp* bond. Helicity will
cause a decrease in modulus as well, also because of bond strain; in other words,
armchair nanotubes will have a lower stiffness than a zigzag tube since all its C=C
bonds are curved. The differences due to helicity and curvature are small, on the order
of 1-5%, except for diameters below about 0.5nm, where the modulus falls
dramatically. Theoretical values of the MWCNTs are the average of the values for
the individual nanotubes.
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Experimental measurements generally confirm theoretically-calculated for
both MWCNTs and SWCNTs. Again the proper definition of the wall thickness
is a problem; most researchers assume a solid cylindrical structure for MWCNTs.
Individual MWCNT moduli have been measured using TEM or AFM. For TEM,
vibrational amplitudes upon heating of tubes anchored at one end can be used to
estimate the modulus.®* A number of different specific mechanisms can be used with
AFM; these include pushing on a tube suspended across an opening but anchored on
either side®* and pulling on a tube that is anchored to both the AFM tip and a
surface.® Arc discharge and visible light MWCNTSs generally have a modulus that is
comparable to that of graphene sheets, although the scatter in the data is substantial
(between 0.27°° and 1.8 TPa®®). A rather detailed study using CVD-grown tubes
yielded a modulus that is much lower (0.35 & 0.11 TPa); both the low value and the
high scatter can reasonably be taken as evidence that the number of defects on CVD
tubes is higher.*® Low values of modulus for CVD tubes have been found elsewhere
as well.** Recent work with DWCNTs and nanotubes with only a slightly higher
number of concentric cylinders indicates that CVD tubes can be manufactured with a
modulus much closer to that of graphene sheets.?’ Studies on SWCNTSs, most often
carried out on ropes because of the difficulty of isolating an individual SWCNT, have
measured values similar to or slightly larger than that of graphene (1.02 MPa),
independent of the method used to synthesize the tubes.*®*°

Higher strain properties, in both tension and compression, are of interest with
respect to polymer composites. Nanotubes can buckle under load relatively easily,
and will return to their unbuckled state when the stress is removed. A number of
theoretical studies have examined the buckling mode in detail.*'** For tensile
properties, measurement of individual tubes requires an AFM or similar device where
a single tube can be attached at both ends and then pulled apart. For MWCNTs, Ruoff
and coworkers were able to show that, in the case where the MWCNT was fixed to a
substrate only via the outer tube, the outer tube broke and then the inner tubes were
removed by a “sword-in-sheath” mechanism. The breaking strain ranged between 3%
and 12%, and the strength ranged from 11 to 63 GPa.>® The rather large variation was
attributed to varying defects in the outer shell. A study on SWCNT ropes indicated a
breaking stress in the same regime.** However, a study by Wagner and coworkers
showed a much higher stress at break of 133 + 73 GPa for MWCNTSs*’ and a range
from 10 to 300 GPa*® using a similar technique as that described by Ruoff and
coworkers; no sword-in-sheath mechanism was found, however. The difference in the
two techniques was the method used to fix the nanotubes to a surface: Ruoff and
coworkers used carbonaceous material while Wagner and coworkers used an epoxy.
The latter paper, as well as the response to a comment made on the latter paper,*’
made the argument that the statistics of nanotube failure were best described by
a Weibull distribution, so the use of a standard deviation is almost certainly
inappropriate.

Measurements on MWCNTSs assume that only the outside tube was broken,
which micrographs appear to confirm but the resolution of the micrographs is not
high enough for the statement to be definitive and hence reported tensile strengths
should be recognized as upper limits. In particular, there must be some stress transfer
to inner tubes for MWCNTs since in some cases the values presented in the previous
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paragraph fell outside the highest possible tensile strengths according to the Orowan—
Polanyi equation. The Orowan—Polanyi equation states that the breaking stress is
reached when the following is true:
£y
=4 /= 2.5

o= /= (25)
where 7y is the surface energy and a is the interplanar spacing. Using modulus and
surface energy values for graphite and an interplanar spacing of 0.34 nm yields a
value of 150 GPa. More sophisticated molecular simulations indicate that the
maximum tensile strain is between 25% and 30%, while the failure stress is
approximately 150 GPa.*®

2.4.2 Electronic, Magnetic, and Thermal Properties

The electrical properties of nanotubes are extremely complicated, and in fact multiple
books have been written essentially on this topic alone.**>® This section will give a
very brief overview of the electronics of nanotubes with a focus on those properties
that are relevant to nanotubes in polymers. So characteristics that are specific to, for
example, field-effect transistors will not be discussed. Further, the author has decided
to forgo a detailed discussion of band gap theory, which is necessary for the interested
reader to have a detailed understanding of the electronic properties of nanotubes.
Even a very cursory discussion of band gap theory would add many pages to this tome
and is deemed to be outside the scope of this text. The interested reader is
recommended to examine the references listed in this paragraph.

For graphite, it is reasonable to assume that conduction occurs only in the
direction of the graphene sheets and not perpendicular to the sheets. Detailed and
involved calculations for individual graphene sheets indicate an extremely high
conductivity, higher than that for silver, which is in contrast to the measured
conductivity of graphite that is roughly 30 times less than that for silver. Graphene
also has a number of unique electronic characteristics, which have in large part driven
a great deal of recent research in the area of using large area graphene sheets for
various microelectronic applications.

The unique electronic properties of CNTs are caused by the confinement of
electrons normal to the nanotube axis; that is, electrons cannot propagate normal to
the long axis of the tube and can propagate only along the nanotube axis. The
resulting one-dimensional conduction and valence bands effectively depend on the
standing waves that arise around the circumference of the tube. Theoretical calcula-
tions of the electronic transport using band gap theory are generally carried out on
long straight ribbons of nanotubes, e.g., “unzipped nanotubes.” These calculations
show that metallic conduction occurs when n — m = 3¢, where q is an integer. This
means that all armchair tubes are metallic, and of the remainder 1/3 are conducting
and 2/3 are semiconducting. The term metallic indicates that no threshold energy
(voltage) is required for the nanotube to be able to conduct electrons; in other words,
the relationship between voltage and current is approximately linear starting at O V.
The term semiconducting indicates that almost no transport of electrons will occur
unless a given threshold voltage is reached (e.g., the band gap voltage); above that
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potential the relationship between voltage and current is approximately linear. As the
tube diameter D increases, the band gap decreases with a 1/R dependence. The band
gap for a 0.7 nm tube is about the same as silicon (1.1 eV) and drops by about a factor
of 2 at a radius of about 1.6 nm. The effect of curvature is to make the metallic non-
armchair tubes semiconducting; however, the size of the gap is so small that at room
temperature these tubes are effectively metallic. Because of this effect, sometimes
the terms large gap, tiny gap, and no gap are applied, rather than metallic and
semiconducting. Finally, bundling of armchair tubes will cause the tubes to become
semiconducting although the band gap is small; on the order of 0.1 eV.”!

Conduction is ballistic in armchair nanotubes. The term ballistic indicates that
the resistance does not scale with length; that is, the resistance is a certain value no
matter how long the tube is. An alternative formulation of this statement is that there
is no resistive heating as current passes through the material. However, that is not to
say that there is no resistance; the resistance of metallic tubes is ~6.5kQ. The
mobility of charge carriers, which is related to the speed at which devices work, is
fast, about 10 times that of silicon. The current density is also very large, about three
orders of magnitude larger than a metal such as aluminum or copper. Transport in
semiconducting SWCNTs is much more complicated and appears to be diffusive, the
same mechanism as most non-superconducting materials. However, electron mobi-
lities of semiconducting tubes are also extremely high.

Similar to mechanical properties, measured conductivities of SWCNTs and
MWCNTs are quite varied, certainly due to varying levels of defects as well as an
unknown distribution of chiralities. Measurements on individual MWCNTs have
shown both metallic and semiconducting behaviors, with conductivities between
2 x 107 and 8 x 10° S/m and a maximum band gap of 0.3 eV. >*”* Values measured for
bundles of SWCNTSs were comparable to the lower value measured for MWCNTs.>*
Measurements of individual single-walled nanotubes gave a value of 32 kQ for the
resistance of a metallic single-walled nanotube (/=4 mm, d=1.7 nm);55 the con-
ductivity can be calculated as about 5 x 107 S/m. From a more practical perspective,
nanotubes can be doped, typically with nitric acid or thionyl chloride, and the increase
in conductivity is typically about a factor of 2 for a nanotube film.”®

An interesting electrical property of carbon nanotubes is their ability to work as
field emitters. Field emission is a property by which a material can be induced to eject
electrons simply by putting a voltage difference between it and an object, that is, a
sheet of metal or wire grid mesh. Carbon nanotubes are excellent field emitters
because of their highly anisotropic nature and their small diameter. The ejection of
electrons occurs at the tips of the nanotubes, where the nanotube axis is aligned
perpendicular to the plane of the metal sheet or mesh. Although there has been a great
deal of commercial interest in flat-screen displays using field emission, at present it
appears that other technologies, in particular light-emitting diodes, will be the new
technology that is used to replace liquid crystalline displays.

The magnetic properties of nanotubes will be briefly discussed primarily
because of the role magnetic fields can play in aligning carbon nanotubes in a
low-viscosity matrix (e.g., a thermoset resin prior to polymerization). The magnetic
susceptibility is defined as the dimensionless proportionality constant between the
applied magnetic field and the magnetization of the material, that is, the magnetic
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dipole moment per unit volume. The difference of this parameter in the direction
along the tube axis versus that perpendicular to the tube axis is a measure of the
ability of a magnetic field to align the tubes; a higher difference means more
propensity to orient (note that magnetic susceptibility can be negative). The absolute
value of the magnetic susceptibility of graphite is approximately an order of
magnitude higher than most metals such as aluminum or silver, although still orders
of magnitude lower than very strongly magnetic materials such as magnetite or iron.
As with most weakly magnetic materials, graphite is diamagnetic; that is, a magnetic
field is weakened by the graphite, and hence the susceptibility is negative. Further, the
susceptibility is ~1.5 orders of magnitude higher when the magnetic field is
perpendicular to the graphene plane as opposed to parallel to the plane. A sim-
ple-minded view of the susceptibility for nanotubes would suggest that ring currents
(i.e., currents that travel around the circumference of the tubes) would dominate and
hence the absolute value of the susceptibility would be much higher perpendicular to
the tubes than parallel. In fact, studies have shown the exact opposite is true.’”>®
In fact, theoretical investigations have shown qualitatively different behaviors for
metallic and semiconducting tubes. For metallic tubes, theoretical studies have
indicated that the magnetic susceptibility parallel to the nanotube axis is positive
while that perpendicular is negative. Theoretical studies have also indicated that both
magnetic susceptibilities are negative for semiconducting tubes with the perpendic-
ular value being larger (less negative) than the parallel value. An experimental
measurement with individually isolated SWCNTSs found that the difference between
the parallel and perpendicular values was 1.4 x 107> (CGS units) that agreed with
theoretical predictions.” Simple arguments from the behavior of graphene can be
made that indicate that the measured susceptibility of SWCNTs should be roughly
half that of the maximum graphene susceptibility, and measurements have indicated
that this is true.®° In fact, a magnetic field can be used to switch conduction in a
SWCNT from metallic to semiconductive or vice versa; however, the magnetic fields
required are significantly larger than are practical.

The thermal conductivity of multiwalled tubes has been measured as 3000°!
and 2000 W/(m K)62 at room temperature and shows a maximum at about 320 K.
Of particular interest for polymers, above about 320 K, the thermal conductivity of
nanotubes drops by about 20% as the temperature changes by 50 K;®' unfortunately,
no data exist above this temperature but there is no reason to assume that
the drop does not continue to extrapolate to higher temperatures.®> Another study
found the thermal conductivity at room temperature to be significantly lower,
650830 W/(m K), for a single MWCNT.®* Experimental studies on single-walled
carbon nanotubes have given results varying from 2000 to 10,000 W/(m K) at room
temperature,®>®> with a maximum again around 320 K with a similar steep drop with
temperature.®® One particular issue with all of these studies is that various simula-
tions have shown that the thermal conductivity should depend on nanotube length,
increasing as nanotubes become longer.“’67 Making measurements of thermal
conductivity is very difficult, especially given the fact that simulations suggest
nanotubes can interact with a substrate causing a reduction in the thermal conduc-
tivity.® Simulations suggest that the thermal conductivity does not depend on
chirality®®% but has a significant dependence on diameter.”*®
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Given their relative simplicity, experimental studies on the heat capacity of
carbon nanotubes are surprisingly few and have been concentrated in the low-
temperature range.’*~'* The reason for this is that the heat capacity has been found to
be close to that of graphite for MWCNTs especially at room temperature and above, '
and the heat capacity of graphite is well known. SWCNTs are a bit more complicated,
but still the differences between SWCNT and graphite are small at temperatures
relevant for polymers.””’® One study did find a significantly higher value for
DWCNTs using a bulk measurement technique;74 however, since this sample was
a commercial sample, perhaps residual impurities caused the higher value.

2.4.3 Optical Properties

The existence of sp® carbons in graphite causes graphite to have a black color,
meaning that all visible light is absorbed. However, this black can vary from a
translucent black to an adsorbing black, depending on the area of single graphene
sheets exposed on the surface. If the average area of a single graphene sheet on the
surface is large enough, such as with highly ordered pyrolytic graphite or even pencil
lead, there is a definite sheen that is a result of the conducting electrons found in
graphite. If the average area exposed on the surface is smaller, such as with carbon
black or charcoal, the color is a very deep black. Carbon nanotubes also have a black
color; however, a sample of purely metallic tubes would likely appear much more like
highly ordered pyrolytic graphite (the author is not aware of anyone who has produced
a large enough sample of purely metallic tubes to confirm this statement!). Individual
tubes are almost translucent; that is, the amount of absorption by a single tube is quite
small because the diameters are small. In fact, thin sheets of nanotubes with extremely
low overall absorption from the UV region to the near-infrared can be manufactured.
The combination of electrical conduction and optical transparency has led to great
interest of carbon nanotubes in the field of transparent electrodes; see Section 8.2.3.

The focus of the discussion of the optical properties in this section is on the
characterization of nanotube chirality and/or dispersion, rather than applications.
Nanotubes absorb all wavelengths of visible light (and actually all UV and near-
infrared as well) to some degree; however, not all light is adsorbed equally. The
adsorption of light by individual single-wall nanotubes at discrete wavelengths is
driven by what are termed van Hove singularities, which are in turn electronic
transitions between different energy states. In a solid material with one dimension
that has a much higher characteristic length than the other two dimensions, electrons
are located in discrete energy bands, and only certain transitions between those
energy bands are allowed. These transitions are the source of peaks in absorption
spectra, with absorption spectra being defined as the measure of absorption of light as
a function of the wavelength or energy of the light. Band gaps in silicon and
germanium, well-known materials with band gaps in the same energy range, cannot
usually be probed using optical absorption because these are not usually made as one-
dimensional materials. The ability to use optical methods to probe SWCNTs is a
consequence of SWCNTs being direct band gap materials; that is, the minimum
energy of the conduction band is directly above the maximum energy of the valence
band in momentum space.
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Peaks in optical absorption spectra are related to the band gap energies since
both arise from the density of electronic energy states and primarily depend on the
chirality of the nanotube, although the environment around the nanotube can alter
the band gap energy. For a given diameter, the designations of the transitions from
low energy to high energy are given by EY|, E5,, EM, ES;, ES,, ENY, ...
Subscripts represent electronic energy bands and superscripts represent semicon-
ducting (S) or metallic (M). For each semiconducting transition E;;, there is a split
in energy; that is, absorption occurs at two wavelengths separated by a relatively
small energy. The calculation of the location of the absorption maximum has been
the focus of a great deal of theoretical effort, and because of the difficulty of
calculation these transitions have been represented by a graph called a Kataura plot
as shown in Figure 2.5. A relatively simple semiempirical expression for the
location of each transition that was used to generate Figure 2.5 is given by the
following equation:””

p c B, cos 30 y
Ei=l|a=|l+blog—| + —— = 2.6
(Ghomid 550 e
where a=1.049eV nm, b=0.456, c:0.812nm71, and p=1, 2, 3, 4, 5 for
ES,, ES,, EM, ES;, ES,, EN, ..., respectively. The f3, values for the two branches

are (—0.07,0.05), (—0.19,0.14), (—0.19,none), (—0.42,0.42), and (—0.4,0.4) for
ES,, ES,, EM, ES;, and ES,, respectively, while y=0.305eV nm. The conversion
between eV and wavelength is given by the following equation: wavelength (nm)
=1239.8/energy (eV). d and 0 were defined in Equations 2.1 and 2.2, respectively.
The term that contains 7y applies only for p > 3.
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Figure 2.5 Kataura plot. From top to bottom: ES, ES,, EM, ES;, ES,, EX.. Courtesy of
Lindsey Brinkmann.
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The above discussion suggests that it is possible to determine the different
types of nanotubes in a sample by the optical absorption spectra. However, the
overlap between absorption energies coupled with the small effect of environment,
including bundling, on the transition has meant that this technique has proven to be
of little utility. As will be described more completely in Section 3.2.2 optical
absorption has been used to qualitatively describe the dispersion; bundling
generally causes a broadening of line widths and a slight shift to lower energies.
With rather laborious purification procedures to isolate an individual type of
nanotube (these procedures will not be discussed in this book because of their
inapplicability to polymers), the narrowness of the energy transition for an
individual tube can be used to build laboratory devices to absorb wavelengths
of very precise values. If synthetic routes can be determined to make nanotubes of
one particular type, these nanotubes would be used commercially in devices such
as optical switches, among others.

Of significantly more use in identifying the specific types of nanotubes
present in a given sample is fluorescence spectroscopy. The fundamental idea is
that electrons are excited to a higher energy state, for example, E5,, using light
of the necessary energy as predicted by Equation 2.6, then the higher energy
electron relaxes through a nonradiative process to a lower energy excited state,
for example, E3,, and finally a radiative relaxation to the lower energy state
occurs, which in this example is the Elsl to ground transition. Hence, the
absorbed light photon has the energy associated with the ground to ES, transi-
tion, while the emitted light photon has the energy associated with the EY; to
ground transition. This 3D plot (emission and adsorption on the x- and y-axis
with intensity on the z-axis) allows for the semiquantitative identification of the
SWCNT chiralities present in the mixture. The nanotubes must be debundled in
order to determine chiralities present; typically, this is done by suspending the
nanotubes in dilute solution usually with the aid of a dispersing agent. The
intensity of zigzag or near-zigzag tubes is small or zero because the absorption
coefficient of these tubes is quite small. Of course, only semiconducting tubes
will be determined by fluorescence spectroscopy, since electrons in metallic
tubes have no need to relax to a lower energy state. In fact, a qualitative measure
of bundling can be made by measuring the intensity of luminescence since
quenching will occur if metallic nanotubes are bundled with semiconducting
tubes.

Raman spectroscopy measures the intensity as a function of the energy
difference between light adsorbed and scattered. In most Raman experiments, laser
light of one wavelength is used and the output intensity is measured as a function of
energy or wavelength of the outgoing light. Normally, the scattered light is
measured at an angle of either 90° or 180° relative to the direction of the incoming
light. As with IR spectroscopy, the energy scale is normally reported in terms of
wavenumber; the conversion is 1eV = 8065 cm™'. This technique is also used
extensively in polymer science to determine orientation, chemical identity, and, for
thermosets, extent of reaction. As with polymers, the energy adsorption associated
with the change in wavelength is due to vibration of molecular bonds in the carbon
nanotubes.
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There are typically five features in the Raman spectra of a single-walled carbon

nanotube. Some of these features are also found in other types of carbon materials as
will be described below.

1.

2.

Weak peaks between 1700 and 1800 cm ™" that are not useful in characterizing
nanotubes.

A peak around 2500 and 2700 cm ™~ that is the second-order harmonic of the D
band and occurs at precisely twice the frequency of the D band (see point 4)
and is labeled the G’ band. The G’ band is less sensitive to defects in an
individual nanotube than the D band, and hence this band has been used to
study some of the fundamental physics of electron and phonon dispersion in
carbon nanotubes.’®

. Alow-energy 100-400 cm ' mode due to the radius of the tube expanding and

contracting, which is termed the radial breathing mode (RBM). Except for
very special types of MWCNTs that have extremely small diameter inner
tubes, this feature occurs only in SWCNTs and DWCNTs, and the strength and
position of this peak are a strong function of the excitation laser wavelength.
The dependency on the excitation wavelength is due to the fact that the
efficient absorption of energy from the laser is dependent on the nearness of the
laser energy to an optical transition; the closer the energy, the more efficient
the absorption. The ratio of the intensity of the Raman signal when the
wavelength is at the resonance frequency versus when the wavelength is far
away from the resonance frequency is on the order of 1000.

The Raman wavenumber (wgrpy) of the RBM is proportional to
1/diameter; the exact frequency depends on the environment of the nanotubes,
for example, whether the tubes are bundled and, if not, then what solvent/
dispersing agent is being used. Typically, semiempirical expressions of type
wram = (A1/d) + A, are used to quantitatively relate the RBM frequency to
the diameter. As shown in Table 8.2 of Ref. 77, the expressions differ by at
most a couple of percent indicating that the state of the nanotubes has an effect,
but not a large one, on the RBM. It should also be noted that once the constants
A; and A, are determined for one type of nanotube under a particular set of
conditions, it has been found that the same constants do a good job (differences
at most 1-2 cmfl) for all of the SWCNTs in the mixture.

Unlike fluorescence spectroscopy, RBMs can be used to determine
the presence of all (n,m) species in a sample of SWCNTSs, not just the
semiconducting species. The Raman intensity of an individual sample can
be mapped between 100 and 400cm ™' as a function of the energy of the
incoming light. Because E;; are known from Equation 2.6, the maximum
intensity as a function of incoming laser energy and the maximum RBM
frequency can be used to determine the species present in solution. The tubes
must be individually separated for this procedure to be applied so as to
eliminate complicating intertube effects. In fact, because bundling tends to red
shift the excitation energy (i.e., the excitation energy is at lower energy) and
blue shift wrpy, it is possible to use Raman spectroscopy as a measure of
bundling in solution, which can be made semiquantitative with certain
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. A strong peak, or series of peaks, that occurs between 1550 and 1600 cm™

CHAPTER 2 CARBON NANOTUBES

assumptions. This technique cannot be used to quantitatively determine tube
amounts, because the maximum efficiency of the Raman intensity cannot be
determined (i.e., some tubes are more efficient at producing a Raman
scattering signal than others even when the incoming wavelength is opti-
mized); however, armchair or chiral nanotubes with a large chiral angle have a
higher probability for giving a strong signal.

. A strong feature between 1250 and 1350 cmfl, which is called the D band,

with D representing disordered. The energy of this band shifts slightly as
the energy of the incoming light changes; a reasonable value is ~5cm ™'
for every 100 nm change in the excitation wavelength. This feature arises
from a sp” carbon atom that in turn arises from defects in the normal sp?
bonding, and is found in all types of nanotubes as well as other types of
graphitic materials. Fundamentally, this feature is due to a breaking of the
symmetry associated with the hexagonal graphene arrangement. Hence, the
relative intensity of this band to that of the G band (see point 5) is often
used as a qualitative measure of nanotube purity. However, by its very
nature, it is impossible to use this band to separate disorderness due to non-
nanotube carbon or due to individual nanotube defects. Clearly, however,
with a starting nanotube sample, this band is an excellent way to semi-
quantitatively determine the amount of non-nanotube material, as well as
determining the amount of functionalization as will be described in

Section 2.5.

Yand

is termed the G band. This peak is found in graphite at 1582cm'. This
absorption is due to the movement of carbon atoms in the plane of the graphene
sheet in directions 180° relative to one another; in a nanotube these directions
are in the tangential plane. For SWCNTs, this band is actually composed of
six vibrational modes that in turn give six bands; however, these bands appear
as two main bands, termed the G and G~ bands that are roughly 20 cm ™
separated from one another. The wavenumber of the G ™ band does not depend
on nanotube diameter and is due to vibrations in the same direction as the
nanotube axis. The wavenumber of the vibrations of the G~ band does depend
on diameter, but cannot be used to determine the (n,m) designation of a
nanotube because the frequency does not depend on the chiral angle. A
diameter dependence of wg- = 1591—(47.7/d*) cm™" with d in nm has been
published.”® The line shape of the G~ band can be used to determine if a tube is
semiconducting or metallic; for semiconducting tubes the line shape is
symmetric, while for metallic tubes the peak is asymmetric toward low
wavenumbers. For MWCNTs, the position of this band, and its shape, is
little, if any, different from that found in graphite.

2.5 CHEMISTRY

Modification of the structure of carbon nanotubes via a covalent bond has been a very
voluminous area of research. Extensive studies with spherical fullerenes and to a
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lesser extent graphite allowed this area of research to advance fairly quickly, since
it was a relatively simple matter to transfer approaches from these materials to
nanotubes. The focus of this section will be on reactive chemical processes that have
been used to improve the compatibility of nanotubes with polymers. The three types
of nanotubes behave similarly with respect to covalent chemical reactions carried out
on the nanotube surface, a process termed functionalization. Overall, the only
significant difference is the reactivity of a given type of nanotube to various chemical
synthesis procedures; the fundamental rule is that the higher the curvature or the more
different the structure from the typical hexagon, the more reactive the site. So,
spherical fullerenes are more reactive than nanotubes that in turn are more reactive
than graphene. Further, the ends of nanotubes are more reactive than the sidewalls,
and nanotubes synthesized with defects are more susceptible to functionalization
than those that have no defects. Smaller diameter nanotubes will also be easier to
functionalize, although the energy differences are such that defects and ends are
typically more important factors. Finally, sidewall bonds neither perpendicular nor
parallel to the tube axis can be functionalized more easily than those that are.

Direct covalent sidewall functionalization is associated with a change from sp>
to sp> hybridization and hence a loss of conjugation. In the carbon nanotube literature,
the term “noncovalent functionalization” is used to describe the process where
moieties are attached to the nanotubes without covalent bond formation. In this
author’s opinion, this term is unfortunate and misleading since this process is no
different from the more general term adsorption if the outside of the tube is considered
(filling the inside of the tube is another matter entirely; however, this type of filling does
not occur with polymers). Hence, the term “noncovalent functionalization will not be
used in this tome, rather adsorption will be used.” Of great interest to the biological
community in particular is the fact that polymers adsorb to carbon nanotubes in dilute
solution. In polymer physics terms, adsorption of a polymer to a nanotube alters the
conformation of the polymer chain significantly. The adsorption of polymers on carbon
nanotubes is unique only in that the highly curved surface as well as the small diameter
could significantly alter the equilibrium chain configuration in a manner not otherwise
found for an adsorbed polymer. This statement could have great practical implications,
especially in biology. Pragmatically, determining chain conformation after adsorption
is much simpler with nanotubes than with other surfaces. The effect of carbon
nanotubes on polymer configuration will be discussed in detail in Chapter 4, and a
full discussion of the details of the characteristics of polymer configuration after
adsorption on nanotubes will be delayed until that chapter.

Returning to covalent bond formation, e.g., functionalization, the chemical
modification of carbon nanotubes has been accomplished on both bundled tubes and
tubes that were previously dispersed in solution, either with or without a dispersing
agent. As might be expected, the efficiency of chemical modification is higher with
individually dispersed tubes all other factors being equal. Further, chemical modifi-
cation, if significant enough to promote sidewall functionalization, can lead to
individually dispersed tubes. The effect of chemical modifications on dispersion
and debundling will be delayed until Chapter 3, where these effects along with how
adsorption can play a critical role will be discussed in detail.

The purpose of this section is not to give the reader a complete or thorough
account of the various ways that nanotubes can be chemically functionalized. For a
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more complete treatment, the reader is urged to consult one or more of the many
review chapters on this subject; two are listed in the References section. Figure 2.6 is
an incomplete list of reactions that can be used to functionalize nanotubes but does
give the reader some sense of the wide variety of methods that can be used. The
discussion will be limited to those functionalization methods that are most important,
and then a more complete discussion will follow describing the chemistry of
polymers grafted to carbon nanotubes. Also, although a great deal of work has been
published in the literature containing polymers mixed with functionalized tubes, the
author is unaware of any large-volume commercial polymer/nanotube composite that
contains functionalized tubes. However, companies are quite secretive about this
aspect of their tubes and hence some commercial tubes are likely functionalized
either purposefully or during purification procedures and this fact has not been
released publicly.

2.5.1 Characterizing the Nature of Functionalization

Quantifying the level and location of functionalization is a nontrivial task. Ideally, the
percentage of functionalized carbon atoms and whether the modifications are equally
distributed along the axis of the carbon nanotube, and between different chiralities,
would be the desired information. For certain modifications, the former can be
determined quantitatively through the use of thermogravimetric measurements,
while the latter two are difficult to determine. A percentage functionalization of
between 1% and 10% of the nanotube carbon atoms is a reasonable value for a
number of different techniques.

Raman spectroscopy is often used to semiquantitatively characterize the
percentage of functionalized carbon atoms. An excellent review paper deals with
this subject in detail;”® the major conclusions will be summarized here. The first note
is that the power of the laser must be set as not to cause the introduction of defects
onto the nanotubes! Usually the increase in the D-band intensity, or the ratio of the
D-band to G-band intensity, is used as a measure of functionalization. Correlation
with independent measures of functionalization (e.g., thermogravimetric analysis or
NMR) suggests that at low functionalization levels using either the D-band intensity
or the D/G band ratio is probably reasonable as a measure of functionalization, but the
approach breaks down at high functionalization levels. Whether the use of the G’
band instead of the G band improves the situation is not clear. The use of RBM modes
is even worse because of the fact that the RBM depends significantly on bundling and
that the efficiency of absorption of light from the fixed wavelength source may
change with functionalization. Charge transfer effects for nanotubes in solution must
also be considered. Further, in a sample with more than one chirality (that is to say
almost any real nanotube sample!), the effect of functionalization on the RBM modes
may be different with all other things being maintained equal. In conclusion, Raman
spectroscopy is often used to characterize semiquantitatively the amount of functio-
nalization, but this technique is very open to misuse and the interested user is strongly
suggested to consult the review chapter and other references therein.

Other methods used to characterize nanotube functionalization include therm-
gravimetry and temperature-programmed decomposition. Thermogravimetry (TGA)
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Figure 2.6 Schematic showing some of the synthesis routes available for functionalization
of carbon nanotubes. Copyright 2004 Wiley-VCH Verlag GmbH & Co. Reproduced with
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was briefly mentioned early in Section 2.3 as a method to quantify non-nanotube
carbon; in TGA, a sample is heated at a constant temperature rate (i.e., 10 K/min)
and the weight of the material is monitored with time. Since most covalent bonds
involved with functionalization are weaker than the carbon=carbon bonds in
nanotubes, this technique offers a way to quantify the amount of functionalization
if the formula weight of the functionalizing unit is known and it is known that the
nanotube itself does not change weight under the test conditions. Temperature-
programming methods involve flowing a gas (typically either hydrogen or oxygen
diluted in a carrier gas) over the tubes and heating the tubes at some temperature rate
and monitoring the concentration of the gas with time; changes in the gas concen-
tration are indicative of a reaction. Quantification of this method requires calibration
with some other method.

Spectroscopic methods, either NMR or IR spectroscopy, are also used.
Usually these techniques are used to assess the presence of a certain type of
covalent bond between carbon on the nanotubes and another atom, or alternatively,
the presence of characteristic features of the moiety itself after the sample has been
functionalized and unreacted material eliminated from the functionalized sample.
These methods are quantitative if the intensity of one bond at the energy of interest
is known; this information is possible to determine most simply by calibration
with TGA.

Before describing different chemical means for functionalizing nanotubes, it is
first important to consider the effect of functionalization on the intrinsic properties of
nanotubes. As surprising as this might seem, experimental investigations of how
functionalization affects the mechanical, electrical, magnetic, and other properties of
nanotubes are not very common. The reason for this is that it is difficult to be sure that
two samples are identical (e.g., bundling is the same) in all aspects except for
functionalization, so tedious single tube studies are required. The electrical conduc-
tivity of single-walled carbon nanotubes is very sensitive to sidewall functionaliza-
tion, for example, drops of orders of magnitude in conductivity. The situation for
multiwalled tubes is more complicated; since only the outer walls are affected,
indirect evidence from polymer composites suggests that the conductivity does not
change greatly with functionalization. Mechanical properties show a small drop at
typical functionalization levels.*®' Computer simulations indicate that functiona-
lization causes approximately a factor of 2 drop in thermal conductivity at typical
1-10% functionalization levels.?*®?

2.5.2 Common Functionalization Chemistries

The addition of strong acids such as a mixture of nitric and sulfuric acids will cause
the formation of various species on the surface of the nanotubes, primarily ketones,
aldehydes, and carboxylic acids. Other strong oxidizing agents such as osmium
tetraoxide, oxygen gas, and KMnO,/H,SO, can be used.® A very severe treatment
consists of sonication in the presence of hot, strong nitric/sulfuric acid combination; a
more mild treatment consists of using only hot nitric acid. A reduction in nanotube
length usually accompanies strong acid treatments; although the more mild the
treatment, the less the length reduction. Carboxylic acids are extremely useful
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functional groups for a variety of reactions; two very relevant to polymers are
reactions with alcohols to make esters and reactions with primary amines to make
amides. Alcohols and amines are terminating groups for a number of polymers
including polyamides and polyesters. Acid-treated nanotubes are often reacted with
some other reagent such as thionyl chloride to increase the reactivity. Acids or acid
chlorides can be used in a wide variety of reactions that involve polymers; this route is
the most important in covalently adding polymers to a carbon nanotube. The level
of functionalization varies significantly with the strength of the acid, time, and
temperature.

Another important reaction with the sidewalls of carbon nanotubes involves
the reaction of substituted aryl diazonium salts, for example, O2N-<O>-N2 in a
reductive coupling reaction. The reaction forms an aryl to nanotube C=C bond at
the carbon nanotube surface. The substituting group, typically a nitroxide (N,O) in
order to electrically stabilize the salt, can be used for further chemical reaction if
desired, either directly or after reduction of the nitroxide. This reaction is extremely
effective at functionalizing sidewalls and does not seem to lead to significant
reductions in nanotube length. This chemistry is quite robust; organic media, water
media, and superacids have been used; in addition, electrochemical processes have
been used to make polymeric layers from these materials.*> However, cases where
this reaction route is used to graft a polymer on a nanotube are much fewer than the
acid route.*®®” Typical substitution levels vary from 1% to 10% for this process.®®
Fluorination is another route that is used to produce tubes that can be further modified
to attach polymers; in this case, the fluorine is added most commonly via a high-
temperature reaction with fluorine gas.® Substitution levels with this technique can
be quite high, as much as 50%.®

Other reactions that are very obviously relevant to polymers include reduction
with lithium metal in liquid ammonia, which is termed the Billups reaction; the
lithiated nanotube can then add to vinyl monomers to initiate anionic polymeriza-
tion. Electrochemical reactions have been used to make polymer-coated nanotubes.
An electrochemical reaction occurs when a voltage is applied to a carbon nanotube
electrode immersed in a solution that has a suitable reagent that can generate a
radical species via electron transfer between the tube and the reagent. If the tubes are
unfunctionalized, tubes will be coated with polymer; if tubes are functionalized
appropriately, covalently bonded polymer can be present.

The next two sections will detail how different polymers can be attached via
“grafting from” and “grafting to” reactions to nanotubes. In a “grafting to” reaction,
the polymer is made in some other matter and then attached, often through reactive
end groups, to the nanotubes. None of these types of reactions have been done to
pristine nanotubes; the nanotubes themselves must be functionalized to enable
“grafting to” attachment. In a “grafting from” reaction, the nanotubes are usually
(but not always!) first functionalized in some manner that allows for polymerization
of the monomer(s) from the functionalized nanotube. Modifying the substrate of a
filler to be used in a thermoset so as to promote a chemical reaction is a very
important component of many well-known composites, particularly those involving
silica. Even in cases without explicit surface modification, for example, filled
rubbers and carbon fiber epoxies, thermosets often have chemical reactions between
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the filler and the polymer, which are critical to the proper performance of the
composites. The electrochemical polymerization scheme is an example of a
“grafting from” approach. In both cases, most of the motivation for grafting
polymers is to improve adhesion and dispersion between the nanotubes and the
polymer. The effect of grafting and other tube functionalization strategies on the
characteristics of polymer—nanotube interactions will be dealt with in the individual
chapters on those particular areas.

2.5.3 Polymer Covalently Bonded to Nanotubes:
“Grafting From”

The term “grafting from” implies that the reaction begins at the surface of the
nanotube and proceeds from that point. In fact, most of the reactions that fall into
the “grafting from” category cannot necessarily be considered as occurring in this
manner. To understand why requires a bit of background on the way in which
monomers react. Polymers form according to one of two general mechanisms: via
addition or via step growth (and the terms used to describe these two types of
polymerizations are not standard!). In the former, monomers add one at a time, e.g.,
monomers add to monomers to form dimers, monomers add to dimers to form
trimers, monomers add to trimers to form tetramers, monomers add to tetramers to
from pentamers, and so on. Common examples of mechanisms that fall into this
category include the various forms of radical polymerizations (most common
polymers such as polyethylene and polystyrene are made this way) as well as
cationic and anionic polymerizations. In step-growth polymerizations, any two
species can react, that is, dimers can add to dimers, dimers can add to trimers,
trimers can add to trimers, octamers can add to dimers, and so on. Common
examples of this mechanism are acids + alcohols to make polyesters and acids +
amines to make polyamides.

With respect to nanotubes in the step-growth mechanism, functional groups are
attached to the nanotubes that can react with the growing polymer when the latter is of
any length. In other words, polymerization can start anywhere, either at the nanotube
surface or in the monomer media. Statistically of course, the probability is that the two
monomers will begina polymerization rather than a functional group on ananotube and
a monomer. In this case, an individual carbon on a nanotube will only be directly
bonded outward to one polymer chain; that is, the nanotube acts as an end group of the
polymer chain. In the case of addition polymerization, again the growing polymer
chain can add the nanotube when the former is at any length; however, in this case, from
the perspective of the growing polymer the nanotube acts as a side group rather than a
terminal group. Of course, in either case multiple polymer chains are attached to the
same nanotube, so the nanotube has the function of a cross-linking agent from the
perspective of the polymer.

There are some cases where implication of the term “grafting from” is strictly
correct; that is, the reaction begins at the nanotube surface and proceeds outward
from the nanotube. In these cases, the nanotube serves as the terminal group for one
end of the growing polymer chain and no polymer exists that is not attached to a
nanotube. This situation occurs when the group that is attached to the nanotube is the
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TABLE 2.1 Monomers Grafted from Carbon Nanotubes to Form Polymer

Monomer References Monomer References
Styrene 86,94,97,99-108 Isopropyl acrylamide 109
Methyl methacrylate 86,91,106,110-121 Various esters 122-131
Butyl acrylate 91,93,132,133 Styrene and acrylonitrile ~ 134-136
Hydroxyethyl methacrylate 137-140 Methylstyrene 141
Butyl methacrylate 105,142-144 Glycopolymer monomer 145
Glycidyl methacrylate 146,147 Ethylene oxide 94,105,148-151
Other acrylates 152 Various amides 153-162
Styrene—maleic anhydride  92,116,163,164 Diphenyl amine 165,166
N-Vinyl carbazole 167 Various block copolymers 93,101,106,168
‘Water-soluble acids 169-177 Various urethanes 96,178-184
Vinyl pyridine 106 Epoxy 87,150,185-206
Various imides 161,207,208 Aniline 165,171,209-216
Pyrrole 217,218 Thiophene 219
Chlorinated propylene 220,221 Vinyl acetate 222
Dienes 223 N-Methyl- 224
2-ethynlypyridinium
triflate
Polysilsesquioxane 225,226 Cyanoester 227
Propylene 228-230 Maleic anhydride 231
Ethylene 95,232-238 Caprolactone 151
Lactide 239,240

initiator, and is the only initiator present. Some specific examples include ring-
opening metathesis polymerization,”® atom-transfer radical polymerization,”’
reversible addition—fragmentation chain transfer polymerization,”> and anionic
polymerization.”*?* Another case similar to the nanotube-initiated reaction is where
the nanotubes are impregnated with a particulate catalyst, for example, a metallocene
catalyst,”> from which a polymer is grown. However, since the catalyst is not
covalently bonded to the nanotube, and hence the tube is not functionalized this
process will be considered in more detail in Chapter 3.

Addition polymerizations do occur where nanotubes do not have to be pre-
functionalized in order to graft to a polymer. High-energy radiation such as micro-
waves’® or gamma radiation®’ is able to cause the direct attachment of certain polymers
to the nanotubes. In fact, the very common free radical initiator 2,2'-azoisobutyronitrile
(AIBN) is capable of inducing breakage of the  bonds of carbon nanotubes,”® which in
turn allows “grafting from” the surface of the nanotubes during an otherwise normal
free radical polymerization that occurs without active nanotube involvement.

Table 2.1 provides a list of monomers as of the end of 2009 that have been
grafted from nanotubes. The only remarkable aspect of this list is that the number of
thermoplastic monomers is quite high, even though commercially the use of
nanotubes with thermoplastics is restricted to melt-mixed processing methods for
economic reasons, which in turn eliminates “grafting from” approaches.
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TABLE 2.2 Polymers Grafted to Carbon Nanotubes

Monomer References Monomer References
Polystyrene 104,105,241-243 Polyurethane 244,245
Polymethyl methacrylate 246 Polyethylene oxide 105,244,247
Polybutyl methacrylate 105 Polyester 197,248
Polyoxyalkylene amine 249 Polycarbonate 250
Polyamide 251-256 Polyvinyl alcohol 257-259
Polypropylene 231,260,261 Polyamic acid 201

Linear low-density 262,263 Polycaprolactone 264

polyethylene
Poly(N-vinyl carbazole) 265 Polyethylene-co-vinyl 266
alcohol

2.5.4 Polymer Covalently Bonded to Nanotubes:
“Grafting To”

As shown in Table 2.2, the number of polymers that have been attached to nanotubes
via “grafting to” reactions is much smaller than that for “grafting from” reactions,
even though these types of reactions can easily occur in melt-mixed thermoplastics if
the proper chemistry is available. Of course, “grafting to” reactions are not sensible
for thermosetting resins. The main barrier to “grafting to” reactions is not really the
cost of the functionalization, but rather the paucity of thermoplastic polymers
where such reactions could occur. This reality is reflected in the fact that in most
thermoplastic composites with typical fillers such as glass, carbon fibers, and so on,
there is no covalent bonding between the resin and the filler.

2.6 CHALLENGES

The key challenges are improving the selective syntheses of carbon nanotubes. The
perfect nanotube would be of one type, that is, all semiconducting or all metallic, and
preferably of all one chirality. Although the most significant impacts of this ability
would rest in applications other than polymers, having all metallic nanotubes, for
example, would significantly increase the measured conductivity in a polymer
composite. Further, it might be possible to create composites with very little resistive
heating and a very high charge carrying capability. Of lesser impact would be defect-
free nanotubes; only marginal improvements would be expected in most composite
properties. The ability to control length could be of great utility for polymer
applications. Strictly from a property perspective in polymers, the longer the
nanotubes, the better the situation (e.g., better properties, less material required for
a given property, or both). Of course, longer nanotubes are going to be more difficult
to mix with polymers, so the idea of length control becomes very appealing.
A reasonable estimate of the critical entanglement length of an isolated SWCNT
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indicates that it is not unreasonable to consider the case where nanotubes could be
made to be above the critical entanglement length. Work on nanotube forests that
have the capability of making very long nanotubes is ongoing, and it will be very
interesting to see what unique composites result with longer tubes.

To immediately increase use of nanotubes commercially, improving yield is
perhaps the most important challenge. Hydrocarbon feedstocks used to make
nanotubes via CVD methods are cheaper than most polymer monomers; if the yields
could be increased to those achieved in catalyzed polymerizations, a number of
problems related to both purification and cost would be eliminated. The amount of
effort that has been spent on trying to improve yield has been significant; however, the
inherent large number of possibilities offers the hope that perhaps there is a solution
to this problem.

Improving the properties of composites through functionalization of nanotubes
is an important area of work, although the author believes the marginal improvements
that have in general been found have not justified the amount of work performed.
Method of functionalization should also be described as a challenge; functionaliza-
tion strategies that occur more or less simultaneously with nanotube synthesis, that is,
in the gas phase of a CVD reactor, instead of after nanotube purification would be
much more attractive economically.

A challenge is in the development of the procedures used to manufacture
tubes in order to yield a more dispersible nanotube without significantly changing
any other intrinsic nanotube properties. Such developments would perhaps
include changes in both synthetic procedures and purification procedures. One
interesting alternative that will be described fully in the next chapter is to make
the nanotube and polymer more or less simultaneously using a catalytic approach
for both.
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CHAPTER 3

DISPERSION, ORIENTATION,
AND LENGTHS OF CARBON
NANOTUBES IN POLYMERS

3.1 OVERVIEW

The term “dispersion” in this text refers to the spatial distribution of different volume
elements of a nanotube relative to the volume elements of all other nanotubes in the
system. Each nanotube unit, either MWCNT, DWCNT, or SWCNT, is characterized
as a single species when discussing the word dispersion, even though the former two
are in fact more than one molecule. Dispersion is logically characterized on two
length scales: a scale on the order of the diameter of the nanotubes, that is, a
nanometer length scale; and a scale on the order of the length of nanotubes, that is, a
micron length scale.

On the nanometer length scale, nanotubes have a tendency to self-assemble in
the same manner as uncooked spaghetti, with their long axis parallel to one another.
Individual nanotubes are arranged in a hexagonal pattern inside this self-assembled
structure, termed a bundle, as schematically illustrated in Figure 3.1. Nanotubes are
separated by a distance in the bundle that is at its closest similar to the distance found
between graphene sheets. Because nanotubes, especially SWCNTs, have some
flexibility, an individual nanotube can be a part of more than one bundle. This leads
to a classical “fringed micelle” type structure, of which a further description is given
in Section 4.3.1. To quantitatively characterize the dispersion of a sample of
nanotubes requires a complete description of the bundle size distribution, for
example, what fraction of nanotubes are in a bundle having one nanotube, what
fraction in a bundle having two nanotubes, what fraction in a bundle having three
nanotubes, and so on. Of course, this description is not alone sufficient to characterize
dispersion on a nanometer length scale, but even this measure cannot be determined
currently as described more fully in Section 3.2.

On a micron length scale (or sometimes slightly larger), nanotubes are
grouped together in what is best described as appearing like a ball of yarn, with
many individual pieces interlocked with one another to form the particle. Sometimes

Carbon Nanotube—Polymer Composites: Manufacture, Properties, and Applications, First Edition.
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Figure 3.1 Bundling of carbon
nanotubes into hexagonal
arrangements. SWCNTs are shown.

instead of a ball of yarn, the tubes will appear as a more fibrous structure; see
Figure 3.2 for representative micrographs of different types of these particles. So, on
a macroscopic length scale, nanotubes appear as a powder with a density far less
than the density of the individual tubes. The density of these powders, that is, the
density of the particles, has an extremely large effect on the dispersibility of the
tubes; lower density powders tend to disperse easily. Without dispersing the tubes
over both length scales, that is, the micron length scale and the nanoscale length
scale, nearly all if not all of the important advantages of having nanotubes combined
with polymers will be negated. How much dispersion/debundling must occur is far
from a settled issue, and likely depends critically on the application of interest.
At this point, the common strategy is to maximize dispersion and debundling via
processing within some constraints (such as no reduction in length, cost, etc.), and
then control, if possible, the amount of reaggregation/rebundling that occurs during
further processing steps. Control does not necessarily mean maintain maximum
dispersion or debundling; electrical conductivity in composites can be increased if
some reaggregation occurs.'

Dispersion has more aspects than reducing the size or eliminating the powder
particles or bundling/debundling. Either insufficient macroscopic mixing or macro-
scopic demixing can lead to regions of high or low average nanotube concentration
on large length scales. As an example of insufficient macroscopic mixing, nano-
tubes can be isolated at the edges of particles after powder mixing and compression
molding. In the case of macroscopic demixing, because of large energetic driving
forces nanotubes can self-organize into locally anisotropic fringed micelle struc-
tures over large length scales. Both types of nonuniformity in micron-scale spatial
distribution can be extremely valuable with respect to increasing electrical con-
ductivity, for example. Based on mostly anecdotal evidence, good debundling on
the nanoscale and some separation on the microscale is a good combination for
many applications.
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Figure 3.2 SEM micrographs of various MWCNT powders from commercial
manufacturers at two different magnifications. Identical letters represent identical samples.
Further details concerning each material can be found in Ref. 301. Copyright Elsevier Ltd.
Reproduced with permission from Ref. 301.

Because nanotubes are anisotropic objects, orientation is an important com-
ponent of dispersion. For example, nanotubes can be bundled so that individual
nanotube orientations within a bundle are identical, but on the average nanotubes are
unoriented because of randomness in bundle domain orientation. Since nanotubes
have essentially the same geometric shape as a typical polymer (as stated in Chapter 1,
only the flexibility is different), stress fields that have the tendency to align polymers
in a certain manner will have the same tendency with nanotubes. In fact, because of
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their stiffness, nanotubes have a much higher probability of being aligned than
polymers in most situations. Since nearly all products made from thermoplastics
have residual polymer orientation, articles made with thermoplastic nanotube
composites will also have residual nanotube orientation, likely at a higher level
than in the pure polymer.

The same mathematical concepts used in quantifying polymer orientation are
useful in characterizing nanotube orientation. In both polymers and nanotubes, the
most common approach to quantitatively characterize orientation is to express
orientation in terms of the orientation of the long axis of the chain or tube. A very
common orientation field is uniaxial orientation, that is, orientation where the angle
between the long axis of the polymer or nanotube and some reference direction is not
random, but is random in all other orthogonal directions. Fiber spinning operations
yield uniaxial orientated polymers and nanotubes, and to a first approximation many
injection molding operations yield uniaxially oriented chains and tubes. In uniaxial
orientation, only 90° of a possible 360° rotation needs to be considered because of
symmetry. Legendre polynomials are the typical mathematical construct used to
quantify uniaxial orientation, and knowledge of the numerical value of each
polynomial enables the calculation of the full orientation distribution function. The
second-order term has been given the name “orientation function” or alternatively the
“Herman’s orientation parameter” or “order parameter” because of its importance
and is shown below.

3{cos? 0)—1
2

where () represents the average value and 6 is the angle between the reference axis
and the long axis of the nanotube or polymer. A value of 1 for the orientation function
indicates perfect orientation along the reference axis, a value of 0 indicates random
orientation, and a value of —1/2 indicates perfect orientation perpendicular to the
reference axis. The reference axis is almost always chosen to be the extrusion or flow
direction. More complicated stress fields are also found in polymers, in particular
biaxial stress fields that arise in blow molding operations, but their mathematical
description is beyond the scope of this book. Further, the author is unaware of any
other quantitative experimental measure of orientation of nanotubes in polymers
more complicated than uniaxial at this time (although certainly the possibility exists
to make such measurements). Methods used to calculate orientation for nanotubes as
well as dispersion will be described in Section 3.2.

The distribution of nanotube lengths is also an important parameter. Just as
in polymers, the distribution of lengths in a nanotube sample is initially determined
by the synthetic procedures. The fundamental question addressed in this chapter
will be whether this length is reduced by the procedures used to disperse nanotubes
in polymers. As with polymers, number and weight average lengths could be
defined. In polymers, the reason for using number and weight averages instead of
the more typical number average and standard deviation is that polymer molecular
weights tend to be highly asymmetric with long tails at high molecular weights and
this two-parameter measure provides some representation of that asymmetry.
Without processing procedures that reduce nanotube length, the distribution of

Orientation function = (3.1)
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nanotube lengths tends to be more narrow than in the typical polymer. Hence, the
use of a one-parameter number average length is typical. However, the length
distribution reported by one group of authors suggests that the distribution is
asymmetric with a higher length tail since a log-normal distribution was a better
description of the distribution.” The effect of the various dispersion methods on the
average nanotube length will be discussed in this chapter as well.

In the previous paragraph, the term “length” was used to signify the contour
length, that is, the length if the nanotube were straightened. The end-to-end length,
that is, the length from one end of the tube to another, is not the contour length since
nanotubes can be curved. Persistence length is a quantitative measure of chain or
tube flexibility; the lower the persistence length, the more flexible the chain. For
example, the persistence length is key for determining at what chain length polymers
will entangle sufficiently so as to behave elastically. Microscopy has been most
effective with nanotubes in measuring persistence lengths®® because the typical
scattering methods used for polymers are not able to access the low angular range to
enable measurement of extremely long persistence lengths. The most satisfying
measurement of persistence length was one that showed that the persistence length
was well described by an empirical formula: persistence length = (63 x d°) um,
where d is the nanotube diameter in nanometers.” These authors argue that the
persistence length of MWCNTSs should be orders of magnitude larger; however,
similar visualization techniques yielded a value that was in the hundreds of
nanometer range” while ultrasmall-angle scattering was used to determine, via a
model fit to scattering angle, a smaller persistence length of 80 nm in polyamide 6.’
The clear discrepancy between these values is explained by the authors of the latter
paper by the presence of static bend points, i.e. defects that cause a significant
lessening of the persistence length.

Strictly speaking, if nanotubes are single molecules, then the term solubiliza-
tion should be used rather than dispersion in some situations. What is the difference
between “dispersion” and “solubilization”? A recent review paper drew a distinction
between dispersed surfactant-stabilized individual nanotubes and solubilized indi-
vidual nanotubes without surfactant stabilization.® To define the difference between
these terms in terms of the presence or absence of an adsorbed layer seems arbitrary;
if the surfactant molecules were covalently bonded would the term solubilization be
appropriate? A recent paper makes the argument that it is possible to solubilize
pristine (e.g., unfunctionalized) nanotubes under certain conditions’ and defines
solubilization as corresponding to the case where the free energy of mixing is
negative. This definition for solubilization is perfectly correct; however, it is not very
satisfying because experimental measurements of free energy are notoriously diffi-
cult. A more satisfying definition that is also consistent with the free energy definition
is to define solubilization as when two nanotubes will spontaneously separate no
matter what their starting center-to-center distance is. True solubilization requires
that all nanotubes be isolated at some small but finite concentration; in fact, these
authors’ find that a plateau exists in the systems where solubility is claimed, which
corresponds roughly to 20% isolated tubes as measured by AFM. It should be noted
that the claim of solubility made for NMP in the original paper was softened
considerably in a review paper written by the same author.'® Another, more recent
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publication'' measures the phase diagram of solubilized nanotubes in superacids of
chlorosulfonic acid and shows that a thermodynamic model of athermal mixing for
rods is able to describe the observed phase diagram quite well. True athermal mixing
would of course mean a negative free energy of mixing since the entropy will increase
at very low concentrations. More importantly, a truly isotropic phase consisting of
only individual tubes was found. In this case, the term “solubilization” is the correct
one to use.

Frankly, most authors do not explicitly note the difference between the terms
solubilization and dispersion. Regardless of the correct term, in this book the term
dispersion will be used when referring to carbon nanotubes, regardless of whether
solubilization would be strictly correct. This choice avoids the problem of ascertain-
ing whether a particular sample consists of nanotubes that are either (a) solubilized or
(b) dispersed or (c) portions of the sample are solubilized, and portions are dispersed.
The term dispersion is used with respect to polymers when groups of polymer
molecules are present in a liquid, and solubilization when individual polymer
molecules are present in a liquid. Although the two definitions are not consistent,
systems where a dispersed polymer in a liquid is in equilibrium with a significant
amount of dissolved polymer are not common, while such coexistence could be
common in nanotubes mixed with liquids. Coexistence is possible not only because
the concentration is such that some nanotubes (or some parts of nanotubes) are in
bundles and some are not, but also because different nanotube chiralities or different
functionalization levels could lead to some tubes in a sample being soluble, and
others not. The author feels comfortable that the reader will not be confused by this
inconsistency.

Figure 3.3 compiles the six basic methods (dispersion—reaction, dissolution—
dispersion—precipitation, dispersion—dispersion—evaporation, melt mixing, no fluid
mixing, impregnation/infusion) used to disperse nanotubes in a polymer, with
significant variants of the methods raising the total to 12. Impregnation/infusion
refers to where a pure nanotube sample is produced and then polymer or monomer is
allowed to infuse into the sample. The key difference of impregnation/infusion
processes is that the spatial distribution of nanotubes is already in its final form, while
the other five methods in Figure 3.3 all suppose some nanotube—polymer mixing
processes. This chapter will discuss each method in a roughly left to right sequence
according to Figure 3.3.

The methods listed in Figure 3.3 are not complete because three important
considerations are not addressed. The first is whether a dispersing agent is used; is a
molecule(s) added that adsorbs on the surface of the tubes? Typical dispersing agents
are small molecules that increase the compatibility, that is, reduce the interfacial
tension, between the nanotubes’ surface and a liquid via adsorption of the molecule
on the surface of the nanotube. Since unmodified carbon nanotubes are hydrophobic,
in general the more polar the solvent, the more the need for a dispersing agent. The
second consideration is whether tubes are functionalized, that is, a molecule has been
covalently bonded to the nanotubes. Functionalization can have two impacts from a
dispersion perspective. First, the functionalizing molecule can reduce the interfacial
tension with the liquid and/or polymer. Second, functionalization can make tubes
easier to disperse because tube—tube attractive forces in a bundle (at optimal
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separation distance) can be reduced. The third and final consideration is the mixing
procedure itself. For example, there are many relevant process parameters in twin-
screw extrusion or in ultrasonication, and changing these parameters can affect
dispersion. These factors will be discussed throughout this chapter.

Many requirements of a particular covalent functionalization or adsorbing
molecule to effectively disperse nanotubes are identical. The molecule must be able
to effectively adsorb or react with the surface. Three different mechanisms can be
operative; combinations are also possible. First, the molecule effectively disperses
the tubes by introducing a charge, which leads to charge—charge repulsion in polar
(high dielectric constant) solvents. Second, the molecule disrupts the nanotube—
nanotube packing by modifying the smooth graphene surface. Third, a molecule
protrudes from the surface of the nanotubes, which causes stabilization via steric
repulsion. Steric repulsion differs from packing disruption in that the driving force for
stabilization is solubility of the protruding molecule in the solvent.

The chapter will first consider dispersions of nanotubes in low-viscosity liquids
in a general sense, that is, not restricted to polymer monomers. Some of the methods
shown in Figure 3.3 have this procedure as a first step. How a dispersed nanotube in a
low-viscosity liquid is mixed or made into a polymer will be the next topic. Methods
that are more specific to polymers, for example, mixing with a polymer melt or
mixing nanotube and polymer powders together, will then be considered. Impregna-
tion methods, which typically involve the use of a nanotube-liquid mixture to form a
nanotube fiber or mat followed by low-viscosity monomer infusion and finally
polymerization, will be discussed last. First though, before the methods used to mix
nanotubes with polymers can be described, the way in which the dispersion of
nanotubes is quantified will be discussed in Section 3.2.

3.2 DISPERSION CHARACTERIZATION

Measurement of the electrical or rheological percolation threshold has been used to
qualitatively determine dispersion quality in polymers. The term “percolation”
refers to long-range connectivity, so the percolation threshold for a filled system
is defined as the filler concentration where the filler network first exhibits long-range
connectivity. The rheological percolation threshold,'*'? as typically measured by
torsional oscillatory rheology or tensional oscillatory rheology,'* and electrical
percolation threshold, as typically measured by DC conductivity,'® are by far the two
most common percolation threshold measurements used. In other words, distinct
changes in the electrical or rheological properties occur when the filler network first
shows long-range connectedness. Section 5.2.2 contains a more detailed discussion
of percolation in general and rheological percolation specifically, and Section 6.2
contains a detailed discussion of electrical percolation.

In a general sense, a lower percolation threshold implies better debundling.
However, there are many exceptions and cautions to this statement. For systems where
the micron-scale distribution of tubes is not uniform, the percolation threshold is
essentially unrelated to nanoscale dispersion. Further, for electrical conductivity at
least, perfect dispersion of 100% isolated nanotubes would lead to a very high
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percolation threshold depending on nanotube alignment. Hence, practically there is
some characteristic dispersion that does not likely involve 100% debundling that
corresponds to the lowest electrical percolation threshold. Inhomogeneous macro-
scale dispersion in particular can lead to very low percolation thresholds. Especially at
low percolation thresholds (below 1%), it is possible for a lower percolation threshold
material to have significantly worse dispersion than a higher percolation threshold
material when electrical conductivity is used. Since rheological percolation in a
polymer involves both polymers and nanotubes,'® it is not clear exactly whether the
lowest rheological percolation threshold would correspond to perfect dispersion. The
length of the tubes, which has nothing per se to do with dispersion, will also affect both
percolation thresholds. Overall though, using oscillatory rheology to characterize
dispersion is less ambiguous than using electrical conduction. A disadvantage of using
the percolation threshold to characterize dispersion is that measurements are laborious
since samples of varying concentration must be made and measured to determine
percolation threshold. Overall, if the percolation threshold is below about 1%, then the
nanoscale dispersion is probably pretty good; trying to directly compare two values
and draw conclusions about the level of dispersion is done on a regular basis and is fine
in some, but definitely not all, cases.

Other methods of characterizing dispersion in polymers are more direct than
using percolation. Dispersion characterization tools can be thought of as one of the
two types: tools based on spectroscopy or tools based on microscopy. Four types of
microscopy have been used to characterize dispersion, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy
(AFM), and optical microscopy, including confocal microscopy. Spectroscopic
methods include Raman spectroscopy, UV-Vis spectroscopy, and scattering meth-
ods. All these methods can be applied to both low-viscosity liquids and polymers;
the latter will obviously be the focus although the former will be briefly mentioned.
Other methods that can only be applied to nanotubes dispersed in a low-viscosity
liquid will be briefly discussed as well. The author strongly feels that the microscopy
methods have the most potential for characterizing dispersion, but these are also
difficult to apply. Although the techniques themselves are not likely to change
substantially, the way in which microscopy techniques are applied to nanotubes and
polymers might change; this book is already significantly out of date with respect to
microscopic methods to characterize nanotube dispersion! Spectroscopic methods
arerelatively more mature, and being out of date is not expected to be nearly as much
of an issue.

3.2.1 Microscopy

TEM measures the spatial arrangement of objects via the absorption of electrons,
in a similar manner as X-rays used in medicine, except that electrons are used in
TEM. If the components of a spatially inhomogeneous sample absorb electrons
differently, then the three-dimensional inhomogeneous distribution appears as a two-
dimensional inhomogeneous grey-scale image, again in the same manner as a
medical X-ray image. Carbon nanotubes generally are more able to absorb electrons
than liquids or polymers, although the difference between absorptions, termed the
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contrast, is typically not large. Hence, TEM can be used to probe dispersion.
However, there are two other significant issues with nanotube samples. The first
is that the nanotubes must be in a matrix that is able to withstand vacuum conditions,
which means liquids are not suitable unless imaging occurs under cryogenic
conditions. The second issue is that a very thin sample must be used in order to
minimize overlap effects. If a sample is too thick, nanotubes at different places in the
thickness direction may appear to overlap even though they are widely separated in
the thickness direction. With polymers, samples are frozen and then cut into very thin
slices in order to produce samples thin enough to minimize overlap effects. TEM has
the ability to resolve individual nanotubes, even single-walled carbon nanotubes,"'
although making a composite sample thin enough coupled with the rather low
contrast is a problem that makes imaging difficult. Staining to increase contrast has
not been used presumably because currently no staining agents have been found that
significantly improve the contrast.

As might be expected, TEM is most often used to characterize dispersions in
solid polymers rather than liquids. A complete listing of papers that have used TEM
to examine dispersion in nanotube—polymer samples numbers in the many hundreds.
A representative micrograph is shown in Figure 3.4."7 As the micrograph indicates,
clusters can be identified, and semiquantitative analyses are possible. Arguably,
nanotube lengths can be determined as well, although cutting of the tubes during
sample preparation must be considered. An example of a detailed examination of
TEM images to better quantify the state of dispersion is given in Ref. 18. A correla-
tion function was determined from a similar micrograph as that shown in Figure 3.4
and qualitatively related to the number of clusters. However, to the author’s knowledge,
no researchers have at this time used TEM to present a quantitative relation to the
more satisfying average number of tubes per cluster or fraction of tube volume
found in a cluster. A measure of orientation was also determined;18 although not
explicitly related to the more common orientation function or orientation distribu-
tion function, such a measure could have been made. These measures allowed the
authors to make the conclusion that electrical conductivity decreased as either
orientation increased or clustering decreased.

SEM is also used to look at bundling characteristics of nanotubes. SEM is
similar to TEM in the sense that electrons impact a sample, but in this case the
image is collected in reflection rather than transmission. Hence, usually SEM is
able to image only surface topology. In its most typical use, SEM is used to image a
fracture surface of nanotube—polymer composite, where the composite is frozen to
guarantee brittle fracture. Two items are typically of interest in such a micrograph.
The first is the manner in which the nanotubes are found with respect to the fracture
surface. For maximum or close to maximum reinforcement, nanotubes would
be fractured at the fracture surface. Instead, generally, some nanotubes stick out of
the fracture surface while holes are found as well. Both indicate nanotube pullout
from the fracture surface and usually are taken to be evidence of nonbreaking of the
nanotubes. A polymer sheath covering the nanotubes is taken as evidence of good
polymer—nanotube adhesion, since pullout caused the breakage of polymer chains
rather than sliding of the nanotube through the matrix. These qualitative measures
of matrix adhesion are very useful because producing two identical nanotube
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1000 nm

Figure 3.4 Representative
TEMs of a well-dispersed
MWCNT sample in a
polymer. In this particular
case, the polymer is
polyamide 6. Copyright
Elsevier Ltd. Reproduced
with permission from Ref. 17.

composites that differ only in matrix adhesion is impossible since inevitably
bundling characteristics also change. One common example where SEM is used
in this qualitative manner to highlight differences in nanotube—polymer adhesion is
in functionalization studies.'®"*°

The resolution of SEM is typically on the order of a couple of nanometers,
too large to distinguish individual SWCNTs and DWCNTs from bundles contain-
ing a small number of tubes. This resolution should allow quantification of the
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average bundle size for MWCNTSs. However, in systems where the bundle size is
small enough and hence the properties are good enough to warrant such a laborious
effort, the MWCNTs are generally much larger. The author is not aware of any
effort to resolve whether a large diameter feature is due to bundles or polymer-
coated tubes. Further, the fact that a MWCNT sample consists of a distribution of
diameters also makes such a determination difficult, except in the cases of large
bundles.

As stated previously, normally SEM images surface topology. To image
electrically insulating materials including most polymers, SEM surfaces are usually
coated with a conductive layer, typically gold or carbon. This coating does reduce the
resolution of SEM. Environmental SEMs, which still are performed in an evacuated
environment but at much higher pressures than normal SEMs, do not require a
conductive topcoat for nonconductive samples. Further, nanotube composites can
reach sufficient conductivity at higher nanotube contents so that a coating is not
required even in standard SEM. Although an advantage due to improved resolution,
the lack of a coating does not significantly change the ability or capabilities of SEM in
cases relevant to nanotubes in polymers, except as detailed in the following
paragraph.

Because nanotubes are electrically conductive and most polymers are insulat-
ing, SEM can be used to image the interior of a sample and not just the surface
through a technique termed charge contrast imaging. The contrast is due to the
charging ability of nanotubes relative to the insulating matrix. However, this
technique seems to require that the sample be sufficiently above the percolation
threshold to be useful.>' This technique was first used on SWCNT samples, and one
interesting result was that some tubes were highly curved (circular structures
corresponding to radii less than 50 nm), although no quantitative measures such as
persistence length were attempted.”® In terms of resolution, a single 1nm tube will
not appear as a 1 nm image in the system due to charging of the nearby polymer; the
actual apparent diameter is not known although an order of magnitude increase is
probably expected. Unfortunately as the last statement implies, the exact resolution
may be dependent on the polymer in question. The other question is the depth of
vertical probing. In one study,” the authors found that the imaging depth was limited
to 50 nm, which is consistent with the current understanding of the escape depth of a
secondary electron. In a more recent paper,”* the authors claim to image to
approximately 1000 nm, which is certainly deep enough to consider this a bulk
measurement. The micrograph from that paper is shown in Figure 3.5. The authors
calculate an average bundle diameter; however, the bundle diameter is much larger
than is likely possible, indicative of the resolution problems mentioned earlier.
Unfortunately, a limiting lower bundle size is not found, which in turn could be used
to determine the inherent resolution. Although average length was not measured in
any of these studies, determination of average bundle length is possible as well. One-
parameter statistical measures of the bundle size distribution are also found in this
paper, although the measures are different from those used in the TEM study
discussed earlier. This difference in approach in the author’s opinion highlights the
need to present dispersion characterization parameters in terms of average number of
tubes per bundle or average diameter.
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Figure 3.5 Scanning electron
micrograph (scale bar = 2 pm)
measured under high
accelerating voltages that enables
the signals from as deep as
1000 nm in the sample according
to the author. The spaghetti-like
features are SWCNTs. It is not
clear whether individually
dispersed tubes are present in this
sample. Copyright IOPscience.
Reproduced with permission
from Ref. 24.

AFM measures the topology of a surface using a very thin mechanical probe,
and is capable of imaging topology on surfaces suspended in liquids. The horizontal
resolution of AFM is on a par with SEM but AFM cannot image surfaces with
rapid changes in height. Consequently, AFM is difficult to use on surfaces created by
brittle fracture, although there are some examples in the literature.”’ AFM is truly a
three-dimensional probe of topology, while SEM is three dimensional only if
multiple images are taken at different sample tilt angles. A common use of AFM
to measure dispersion of nanotubes in a liquid is to place a drop of liquid containing
the nanotubes on a flat surface, and then evaporate the liquid and measure average
bundle size and, if more effort is taken, the distribution of bundle sizes.”>?° This
method is also the most common to measure average nanotube length. SEM or TEM
can also be used for this same measurement, but AFM is easier because of the higher
flexibility in the substrate afforded, although TEM has significantly higher resolution.
Of course, the assumption is that evaporation does not affect dispersion character-
istics, which may not be true in some cases.

The standard way in which AFM is used to characterize dispersion in
nanotube—polymer composites is to image the surface and use the characteristics
of the surface dispersion to infer the characteristics of the bulk dispersion. Although
much less common, it is possible to examine nanotube orientation in the same
manner.”’ The difference in modulus between a polymer and a nanotube can be used
in AFM imaging to distinguish between the two even in cases where the topology is
smooth. Further, use of an electrically charged tip allows for the imaging of
nanotubes not right at the surface, although the depth probed is very limited.”® One
of the more interesting sidelights is that nanotubes make excellent AFM tips because
of their small diameter and large stiffness, and a number of commercial firms offer
AFM tips made with carbon nanotubes.

Optical microscopy relies on the contrast between the dark-colored nanotubes
and the approximately optically clear matrix. The image provided by such a
micrograph can be considered to represent the bulk dispersion. Resolution is poor
compared to the previous methods, so instead of imaging individual nanotubes or
even individual bundles, optical microscopy images dispersion on a minimum of
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~1 pm length scale.?® The thickness of the sample coupled with the nanotube loading
is an issue since this measurement is made in transmission with a high-intensity
multiwavelength bulb. For proper measurements to be made, samples must be of
uniform thickness and at least mm? in area. Unless samples are extremely poorly
dispersed, nanotube levels are typically in the fraction of percent range in order to
obtain usable micrographs. Rather difficult filtering procedures can be used on optical
micrographs, which in turn allows for the calculation of the entire orientation
distribution function for the bundles being imaged.*® Fluorescence microscopy can
be used to image individual SWCNTSs by using the inherent fluorescence of an
isolated tube.® A related method, that is not a transmission method so that problems
associated with sample thickness are not an issue, is laser confocal microscopy.’!
Laser confocal microscopy allows for depth profiling, so that a true three-dimen-
sional image can be generated.?? The resolution of this method, ~0.1 pm, is much
finer than in optical microscopy. An example of the image generated by confocal
microscopy is shown in Figure 3.6. Statistical measures have been used to quantify
the distribution.

3.2.2 Spectroscopy

As described in Chapter 2, nanotubes are Raman active. Using a Raman microscope,
the intensity of Raman scattering can be used as a measure of nanotube concentration
in a given volume element with a resolution of approximately 1pum?'> Raman
measurements are often made in reflection; the depth of penetration is such that the
measurement is a bulk measurement. However, using intensity of Raman scattering to
quantify nanotube concentration is extremely risky, since some intensities are a
strong function of whether tubes are bundled or not. A number of papers have
described how Raman shifts in intensity at a given wavelength, or a shift in the
wavelength where the maximum scattered intensity occurs, can be used to semi-
quantitatively characterize dispersion in solution.**~> The use of this with respect
to solid polymers is very limited,® because changes in strain on the nanotubes as
well as interactions of the nanotube with the polymer can cause similar changes in
Raman spectra.

Raman spectroscopy also has the ability to quantitatively characterize the
orientation of the nanotubes via the use of polarized radiation. The most common
approach is to have the incoming and scattered radiation polarization directions
parallel to one another. In fact, both the second- and fourth-order Legendre poly-
nomials can be quantified using Raman spectroscopy, and with the assumption of
maximum entropy the entire orientation distribution function can be determined with
only the second- and fourth-order polynomials.>’ At least three different relative
orientations of the polarization axis with the sample axis must be measured in order to
determine the second- and fourth-order moments. Nanotubes are much more
amenable than polymers to orientation measurements with Raman spectroscopy,
since in polymers knowledge is required of the angle between the molecular vibration
responsible for a given Raman feature and the polymer chain axis. In nanotubes, all
Raman-active vibrations can be assumed to be active only in the direction of the
nanotube axis. In other words, there would be no Raman activity if nanotubes are
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Figure 3.6 Four different images showing SWCNTs dispersed in PMMA at 0.5 wt% tube
fraction. The difference in the images is due to the method of dispersion. Copyright Elsevier
Ltd. Reproduced with permission from Ref. 32.

perfectly orientated and the polarization directions are 90° different from the
orientation direction. Given the importance of orientation, the number of studies
that have examined orientation in this manner is actually rather limited.*”*® A more
common approach is to measure the intensity when the sample axis is parallel to the
two parallel polarization directions and to measure the intensity when the sample axis
is perpendicular. The ratio of these intensities can be used to determine the orientation
function, that is, the second-order Legendre polynomial.”’40

Related to the complete bundle size distribution would be the fraction of tubes
that are in bundles versus those that are not. In papers by Regev and coworkers,*' ™
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Absorption

Figure 3.7 A schematic
representation of how the resonance
ratio is determined. The resonance
ratio would be the ratio of the lightly
shaded area to the dark gray shaded
500 700 900 1100 1300 4rea. One or more than one peak can
Wavelength (nm) be used in this determination.

Tan and Resasco,44 and Haddon et al.,45 the intensity of a UV absorbance band
(or multiple bands) can be used to monitor the relative concentration of individually
dispersed single-walled tubes in water since only individual tubes will have a
relatively narrow absorption band. Figure 3.7 is a schematic representation of how
the resonance ratio can be defined, and the higher the resonance ratio, the higher the
fraction of individually dispersed tubes. Since the incremental effect on the nonreso-
nant background by adding another tube to a bundle is much less than that on the
resonant band by adding an individual tube, it is many times perfectly reasonable to
consider the peak height as a measure of exfoliation. Other groups'*>? have quali-
tatively extended this concept to a nanotube—polymer composite; however, many
polymers have significant absorption in the UV region and hence this technique is of
limited utility. Of perhaps more importance is the fact that it is not clear how this
technique treats a single tube of which part is bundled and part is isolated.

Scattering methods, either neutrons or X-rays, have the capability of measuring
both nanoscale dispersion and orientation. In contrast to Raman scattering where
intensity is measured as a function of energy difference at a fixed angle between the
incoming and outgoing photons, in X-ray or neutron scattering of the type being
discussed here there is no energy difference between incoming and outgoing photons,
and intensity is measured as a function of scattering angle. Because of the charac-
teristic size of nanotubes and their bundles, scattering angles being probed are in
the small-angle regime, that is, less than 5°. The scattering pattern of a perfectly
dispersed sample of nanotubes will have slope of —1 in a log-log plot of scattering
intensity versus g at certain angles when ¢ and scattering intensity both have the
same units of inverse length. Bragg’s law in Equation 3.2 relates the magnitude of
the scattering vector (g) to the distance (d) being probed with ¢ defined in terms of the
wavelength A of the scattering radiation and scattering angle (20).

_2n _ 4msin6

d g 1T (3.2)

The high-angle limit of the —1 dependence will be determined by the diameter
of the nanotubes, that is, the larger the diameter, the smaller the angle where the
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deviation from —1 will occur. The low-angle limit, in the case of perfect dispersion,
will be determined by the average flexibility of the tubes, or the average length of a
tube if all tubes are perfectly straight. Practically, because the angles achieved are
usually not small enough to be affected by flexibility or length, a transition away from
the —1 slope at low ¢ indicates bundling, and the length scale corresponding to the
deviation from the —1 dependence is a measurement of some average run length of an
individually dispersed tube prior to bundling. In many cases, including to the author’s
knowledge all polymer systems, the value of the slope is typically between —2
and —3 indicating that dispersion is far from perfect. Some authors argue that it is
possible to use the magnitude of the deviation away from —1 as a measure of the
nanoscale dispersion.*®*’

Scattering methods definitely work best on liquids for a number of reasons.
Although an amorphous polymer should in theory have a flat scattering profile, it is a
well-known (but unpublicized) fact that most amorphous polymers do not because of
long-range density fluctuations that are difficult to eliminate. A semicrystalline
polymer will have significant scattering due to crystalline-amorphous scattering;
since nanotubes usually affect the crystalline superstructure of a polymer (see
Section 4.2), this component cannot be appropriately subtracted. Neutrons are better
to use than X-rays because the intensity of scattering relative to background sources
is typically much larger. In the angular regime where a slope of —1 would be found
with perfect dispersion, the slope is typically —2 to —3 as mentioned earlier. At very
low angles, the slope transitions to a different value, and this value has been
interpreted as being caused by micron-scale inhomogeneity in the carbon nanotube
spatial distribution.***® Other interpretations for the characteristic slope in this
regime have been given representative of the ambiguity of such measurements as
applied to nanotube dispersion.7’49

The use of neutron or X-ray scattering methods to measure nanotube orienta-
tion in polymers has been semiquantitative. In the case of perfect uniaxial orientation,
the scattering due to nanotubes in the direction perpendicular to the orientation
direction will be a maximum, while that in the parallel direction will be zero over the
angular range that can be probed. The more perfect the distribution along
the reference axis, the more narrow the width of the peak at a given scattering angle
in the perpendicular direction. This peak width has been used to characterize the
relative orientation;” this type of procedure has been mathematically formalized to
produce a quantity analogous to the orientation function.”’ However, the meaning of
that function is not the same as the orientation function defined previously, because
the off-axis scattering intensity does not vary in a simple manner as does the off-axis
Raman signal.

Light scattering can also be used to characterize nanotube dispersion, although
the wavelength of light is such that the micron length scale is imaged. As with X-ray
and neutron scattering, intensity as a function of scattering angle is measured where
the incoming and outgoing light have the same wavelength. Light scattering has
much the same issues as optical microscopy; hence, light scattering has only been
used in a couple of cases to examine dispersion since optical microscopy gives a
much easier-to-interpret image and is simpler to set up and perform. Light scattering
can provide a value for the average macroscale cluster size.*®
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Light scattering can also be used to measure nanotube orientation, which has
been used to some advantage. However, the situation is much more complicated than
with X-rays or neutrons. Individually dispersed carbon nanotubes as well as small
bundles will not contribute to the signal perpendicular to the nanotube axis, because
the wavelength of light is much larger than that of the diameter. However, in this case
nanotube length is not longer than the wavelength of light, so there is some small, but
finite, contribution of the signal from the length. As the bundle size grows, bundles
can now contribute to the signal. Further, nonhomogeneous variations in nanotube
concentration on the micron scale could very well have some preferred orientation,
and this will also contribute to the anisotropy of the signal. Using polarized incoming
and outgoing radiation, the location of the intensity peak maximum relative to the
reference axis is a measure of orientation; with no orientation, the value will be 45°
and will decrease as the orientation becomes more perfect.’® Using unpolarized
radiation allows for the calculation of the various moments of the Legendre
polynomials;’ however, the meaning of those moments is not clear as it is in Raman
spectroscopy.

Other techniques, not applicable to solid polymers, have also been used to
measure dispersion. Fluorescence spectroscopy (or photoluminescence) is
reported as a sensitive measure of SWCNT dispersion in solution, since one
metallic tube in a SWCNT bundle negates the fluorescence associated with the
band gap of the semiconducting SWCNT species. In other words, fluorescence,
like UV absorption, gives a measure proportional to the number of isolated tubes in
solution. Because fluorescence is very sensitive to any adsorbed species on the
surface, comparing the efficiency of debundling via fluorescence should
be confirmed via the use of a second technique. Fluorescence in general cannot
be used in most polymers because of interference. Size exclusion chromatography
has also been used to separate bundles by size in solution, which in turn allows for
a size distribution characterization.’® Since separation is on the basis of hydrody-
namic volume, differing lengths will confound the measurement. In order to
convert the size distribution to a bundle size requires a calibration that will be
difficult if not impossible to achieve. Finally, as mentioned previously, rheological
methods can also be used to monitor dispersion in low-viscosity liquids and
polymers.>*7 Normally, a maximum in viscosity is interpreted as the best
dispersion in a Newtonian ﬂuid;54 however, in one case a minimum in viscosity
was interpreted as the best dispersion.’® The latter is not intuitive and is explained
by the authors as aggregates interfering with one another, that is, accidental
jamming, and the authors noted erratic rheological properties in support of this
hypothesis. However, the viscosity will also decrease with nanotube length and the
authors might have been measuring tube breakage. A general procedure to separate
the two characteristics, dispersion and average length, via rheology has not been
presented at the time of the writing of this book. Although microscopy is normally
used to characterize nanotube length, colloidal hydrodynamic fractionation has
been used to characterize nanotube length in a solvent after sonication.’® Dynamic
light scattering can also be used to determine nanotube length assuming that
nanotubes behave as rigid rods.>
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3.3 METHODS TO DISPERSE NANOTUBES INTO
LOW-VISCOSITY LIQUIDS, INCLUDING MONOMERS

There are four different protocols that involve the dispersion of nanotubes into a low-
viscosity liquid in order to eventually achieve a polymer—nanotube mixture: (1) dis-
persion of nanotubes into a monomer followed by polymerization; (2) dispersion of
nanotubes into a liquid that also contains dissolved polymer followed by evaporation
of the liquid; (3) dispersion of nanotubes into a liquid that also contains dispersed
polymer or monomer followed by polymerization (if necessary) followed by
evaporation of the liquid; (4) dispersion of nanotubes into monomer followed by
infusion of monomer/nanotube followed by polymerization, for example, impreg-
nation methods. In methods 1 and 4, the monomer may also contain a solvent to
improve dispersion, which has to be evaporated either before or during polymeriza-
tion. Hence, a separate section that discusses dispersions of nanotubes into low-
viscosity liquids is required because of its importance to nanotubes in polymers. This
section also has particular relevance for most other applications as well, since good
dispersion in both places in this sentence is critically important for most applications
and the use of low-viscosity liquids is the best method to achieve debundling.

Dispersion of carbon nanotubes into low-viscosity liquids is best viewed as being
comprised of two different components. The first component is a kinetic process and
consists of reducing the average bundle size, that is, debundling, and eliminating large
yarn-like particulate aggregates. Except possibly for the aforementioned superacids,
simply placing nanotubes into a solvent either with or without a dispersing agent will
not yield a dispersed nanotube system without significant energy input in terms of
either high-velocity mixing or ultrasonics. In other words, this process is an activated
process having a substantial energy barrier that must be overcome. During this stage,
the energetics between the nanotube surface and the solvent are essentially irrelevant.
The second part is the prevention of reagglomeration, which is where the energetics of
the nanotube surface and the solvent are critically important. An interesting corollary to
this analysis is that a original sample and a sample that was well dispersed and allowed
to reagglomerate will have very different characteristics, which is the fundamental
principle implicitly used in many impregnation methods.

Some estimates of the energy barrier are possible. In a calculation by Girifalco,
the van der Waals interaction is estimated for 1 nm diameter tube to be 0.36 eV/A at
the graphite separation distance,’® which is equivalent to an energy of 5.8 x 10~ *Jto
separate two tubes that are 1 um long. A calculation based on classical mechanics can
be used to estimate the energy required for separation for MWCNTSs. The energy is
given by

ALd1/2H73/2

E f tion =
nergy of separation 7

(3.3)
where A is the Hamaker constant (~2 x 10~'?J for nanotubes in a low-permittivity
medium6l), L is the length, d is the diameter, and H is the separation distance at the
point of closest approach. With the same parameters as used previously for H and L,
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the energy required to separate two 10 nm diameter MWCNTSs has a value roughly
1/3 of that for the SWCNTs.

Centrifugation is often used to improve the apparent dispersion. After a given
procedure to disperse the nanotubes, the material is centrifuged and the material that
settles at the bottom is discarded. The amount of material that is discarded is often
used as a quick quantitative method to characterize dispersion. Because centrifuga-
tion characteristics are typically not controlled from laboratory to laboratory, it is a
very difficult matter to compare results from different laboratories, similar to the
difficulties encountered in sonication as will be described below. Of course,
centrifugation does not really improve the dispersion; centrifugation just eliminates
material that cannot be dispersed so that the material does not appear in subsequent
processing steps.

An interesting method to compare the quality of all the different types of
dispersing media for SWCNTSs (presumably from an identical source, although that
issue was not entirely clear) was presented in a recent review paper by Coleman'® and
is represented in Figure 3.8. From a practical perspective, the most efficient
dispersing medium will be the one where a large absolute number of nanotubes
are debundled into individual tubes. For a perfect medium, that number will increase
linearly with concentration (see dotted line in the graph) but for an imperfect one that
value shows a maximum with concentration. The concentration where that maximum
occurs was used as the measure of dispersion efficiency. The graph clearly shows that
functionalization is most effective at dispersing tubes, and that solvents vary widely
in their ability to disperse tubes (CHP represents cyclohexyl pyrrolidone, while GBL
represents y-butrylactone). The best dispersing biomolecules and surfactants were
roughly equivalent.
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Figure 3.8  Graph showing the efficiency of dispersion for SWCNT dispersion for various
types of liquids with and without dispersants. Efficiency is measured by the concentration
where a maximum occurs when the number of individual nanotubes per unit volume is
plotted versus nanotube concentration. The former is determined via AFM. For details
regarding the source of data as well as more specifics, please consult the original reference.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from
Ref. 10.
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This section is divided into three separate components. The first describes in
some detail the mixing processes used, that is, sonication (also termed ultrasonica-
tion) and high-shear mixers. Water is the so-called “universal” solvent, but for
nanotubes water is actually a very poor dispersing liquid. The relatively nonpolar
graphene ring has a relatively unfavorable energetic interaction with the polar water,
and either a dispersing agent or functionalized tubes are required. The second section
provides a discussion of nanotube dispersions in water. The third section includes
organic solvents, including most monomers, and superacids; these low-viscosity
liquids do not necessarily require dispersing agents although in certain cases these
are required. In this latter case, functionalization does often improve the dispersion,
so functionalization will be discussed as well.

3.3.1 Mixing Protocols: Sonication and High-Shear Mixing

The amount of energy required to reduce the average size of a bundle is not
insignificant; the energies given previously (10~'° J) are approximately 10,000k,T.
The use of low-viscosity liquids means that the forces generated by mixing are not as
substantial as those that can be generated by higher viscosity materials such as
polymer melts. To overcome this force limitation, ultrasonic mixing is often used.
Sonication works on the principle of generating alternating low- and high-pressure
waves at a frequency corresponding to the frequency of sound waves. The low-
pressure waves lead to the formation of bubbles that have an internal pressure less
than atmospheric pressure, e.g. vacuum bubbles, while the high-pressure waves cause
violent collapse of the bubbles. The collapse of the bubbles in turn generates the high
forces associated with ultrasonic processing. The phenomenon of the generation and
collapse of bubbles is termed cavitation. There are two typical devices used for
sonication, sonicating baths and sonicating probes. The latter are also termed horn
sonicators. The latter generally produce much higher forces because the energy is
localized to a very small area and hence ultrasonic probes are generally preferred for
the separation of nanotubes.

In the case of a probe, the mechanism for producing high- and low-pressure
waves is by oscillating the tip of the probe along its long axis. Two of the three of
amplitude, frequency, and power must be specified; in general, the frequency is fixed,
the amplitude is specified, and the power is measured. The power required for a given
amplitude and frequency, as well as the efficiency of cavitation generation, depends
on solution viscosity. To account for varying conditions, a feedback control mecha-
nism is typically operative that forces the power to be constant. Typically, horns work
at much lower frequency (~25 kHz), which means that the bubble size is smaller than
that in the case of baths (~50-75 kHz). Baths create an essentially uniform operating
zone, while horns create a conical zone that occurs immediately below the tip of the
device. Because the tip diameter is typically of the order of 1cm, forces are very
localized. The important parameters that control the efficiency of debundling are the
ultrasonic amplitude and frequency, and the presence and amount of dissolved gases.
For horns, the location of the ultrasound source relative to the geometry of the
container is also critically important. Sonication is often viewed as more of an art than
a science because of the difficulty of control of these parameters from laboratory to
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laboratory. Surprisingly, solvent viscosity does not seem to be an important factor in
the ability of the sonicator to create good mixing. Local temperatures higher than
5000 K are possible in sonication; sonication also creates an overall temperature rise
that usually requires some sort of cooling.

From a dispersion perspective, the first consideration is the magnitude of the
shear forces involved. Calculations performed elsewhere suggest that the shear rate
in an implosion process (e.g., collapse of a bubble) can reach as high as 10" s~ ',
which is much higher than the few thousand s~ ' shear rate possible in an extruder or
a high-shear mixer. A very simple calculation not reproduced here indicates that the
mechanical forces involved in sonication are in the tens of gigapascal range.®® This
simple analysis demonstrates why sonication is very effective in debundling
nanotubes; the reader should remember that the tensile strength of nanotubes is
in the tens of gigapascal range as well indicating that sonication has the capability of
breaking nanotubes. This calculation agrees with observation; it is well known that
sonication can reduce the size of carbon nanotubes.®*%> For MWCNTs, there is also
a “peeling” of layers, that is, tubes become thinner as well as shorter.®* The fact that
both temperature and mechanical forces are involved requires a determination of
whether the reduction in size is due to chemical or mechanical effects, although
obviously the cause will depend on the chemical identity of the solvent. If chemical
effects are dominant, then the expectation would be that the length would be reduced
over time until the length becomes almost zero. If mechanical forces dominate, then
the nanotube length will reach some constant limiting value over time. In water at
approximately neutral pH, the length reaches a constant limiting value, indicating
that mechanical forces dominate.”*%® The same result was found for dispersions
in toluene.” However, interestingly, different rates of length reduction have been
seen; in one case a cubic dependence with time was found,” in another case a square
dependence.®®

In systems where a dispersant is necessary to maintain a stable dispersion, for
example, water, a key parameter becomes the time required for the dispersant to
diffuse to the surface of the nanotube relative to the characteristic time that the tubes
are separated. Taking the latter as the inverse of the shear rate, for example, 1077 S,
this suggests that diffusion rates must be of this order in order to form a stable
dispersion. It is well known that macromolecules are much less effective in sonica-
tion processes than small-molecule surfactants, and the time required for diffusion of
100nm is in the 10~’s time frame for small molecules but not for polymers,
suggesting that this approximate analysis is reasonable. Another important consid-
eration is the polydispersity of the sample with respect to diameter. With SWCNTs,
specific synthetic processes that produce a more narrow SWCNT diameter distribu-
tion are generally more difficult to separate and maintain separation.

A fundamental important question is whether it is possible to completely
debundle tubes without any tube breakage using sonication. Because of the
difficulty in controlling the parameters that affect the efficiency of sonication,
there is no simple answer to this question. A related question is whether there is an
optimal time for sonication. Maximum debundling seems to occur prior to maxi-
mum length reduction, at least according to one study.”* Most laboratories do not
concern themselves greatly with the question of the optimal sonication time because
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it is difficult to characterize dispersion and nanotube length. Generally, laboratories
will set the sonication time and parameters by some simple criterion, such as the
minimum time required to minimize the amount of material that can be separated by
centrifugation.

Shear mixing with low viscosity liquids at very high shear rates is generally
only successful at dispersing MWCNTs; the forces involved are not large enough to
significantly reduce the average bundle size for SWCNTSs. Typical forces involved in
high-shear mixing are in the tens of kilopascal range, which is typically not large
enough to cause mechanical breakage of tubes although contact with solid surfaces
involved in the mixing can cause breakage. The advantage of a high-shear mixing
process vs. sonication is that parameters that affect the mixing process are much
easier to control. The mechanics of screw extruders are very different from the type
of mixers that are the focus here, and a discussion of this type of dispersion will be
delayed until Section 3.5. High-shear mixers include injector nozzles, which have
been shown to cause severe tube breakage under these circumstances.” A rather
detailed study of a Couette system with a high-viscosity poly(dimethyl siloxane)
liquid used the point at which the viscosity was constant to set the minimum time
required for mixing and found that this minimum time was linearly dependent on the
nanotube concentration.’® A quantitative or semiquantitative measure of tube
dispersion was not given, however. A high-speed vibration mill can also be used
to disperse nanotubes in a low-viscosity solvent; this mixer works on the principle of
putting nanotubes and a solvent in a vessel that contains balls and oscillating the
vessel at 10-100 Hz. This procedure is able to suspend nanotubes well,%” although
one would expect significant breaking of the tubes. Calendering, which involves two
rollers with a small (1-100 um) gap between them, has also been used to debundle
nanotubes.®® Calculation of the actual shear rate experienced is not a simple
problem, because smaller gaps coupled with faster and more different velocities
of the two rolls increase the shear rate. Further, samples with the viscosity of water
are unsuitable for calendaring; uncured epoxy resins that have a thousand-fold
higher viscosity of water are appropriate for this approach. A qualitative comparison
to horn sonication using electron microscopy for the dispersion of DWCNTSs has
been presented,®® and these researchers found that calendaring was superior in terms
of smaller and less numerous microscale aggregates. A more detailed study using
electron and atomic force microscopy indicated the presence of both individual and
bundled nanotubes indicating that it is possible to use calendaring to achieve
significant debundling, at least in multiwalled nanotubes.”' The author is unaware
of any studies with more quantitative nanoscale characterization.

3.3.2 Dispersions of Nanotubes in Water

Water has many advantages as a dispersing liquid for carbon nanotubes. Water is
inexpensive, nontoxic, nonflammable, and is easily removed via evaporation. These
advantages mean that water is a very important dispersing liquid for many uses of
carbon nanotubes. Even though most synthetic polymers are not water soluble, there
has been a great deal of work with nanotube dispersions in water that also involve
synthetic polymers. The importance of water-dispersible polymers is growing
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irrespective of nanotubes, for the same reasons that water is preferred as a dispersing
liquid for carbon nanotubes. Hence, mixtures of polymers and nanotubes both
dispersed in water are growing. Water-soluble polymers also play a role in the
importance of water dispersions of nanotubes, with particular importance for
biological systems. As stated previously, discussion of interactions between biologi-
cal moieties and nanotubes is beyond the scope of this book, although interactions of
water-soluble macromolecules with nanotubes in solution are certainly not and will
be covered in this section.

As stated previously, water and nanotubes do not have a favorable energetic
interaction, and without either a dispersing agent or functionalization nanotube
dispersions in water are not stable. Dispersing agents will be considered first.
Surfactants are the most common dispersing agents used to disperse nanotubes in
water because surfactants have a propensity to accumulate at surfaces. Surfactants
are water-soluble small molecules with a hydrophobic tail and a hydrophilic head
group; a good schematic representation is an eraser (hydrophilic part) on the end of
a pencil (hydrophobic part). The active ingredient in the common-use definition of
the word “soap” is a surfactant. Head groups can be ionic, typically quaternary
amines [-N(CHj3)s;"] if cationic, typically sulfates [-SO, ] or carboxylates
[-CO, 7] if anionic, and typically ethylene oxide (-CH,CH,0O-),, if nonionic. The
pencil part is a hydrophobic chain; examples include saturated hydrocarbons,
(-CH,CH;,-),,, and propylene oxide, (-CH,CH,CH,0-),,, although there are many
other types of common hydrocarbon chains. Some common surfactant structures
are shown in Figure 3.9. Ionic surfactants have hydrophobic chain lengths
typically between 8 and 18 carbon atoms because shorter chains do not have
surfactant properties, while longer chains are not water soluble. Nonionic surfac-
tants can have much longer hydrophobic lengths, because the hydrophilic part can

@ Anionic Cationic Nonionic
CH,(CH,),,-0S0,” Na* CH,(CH,),s-N(CH,), Br CH,(CH,);40)-0-(CH,CH,0), H
Sodium dodecyl sulfate Cetyltrimethylammonium bromide Nonylphenol ethoxylate (n = 6-12)

_ +
CH,(CH,),,<O)-50;” Na* CH,(CH,),5-NO)Br~  H-(OCH,CH,),- (CH,CH,CH,0), -
Sodium dodecyl benzenesulfonate Cetylpyridinium bromide (CHZCHZO)n_H

Poloxamer (Pluronics®) (n~5-20, m~30-100)

> > /)j’j

Figure 3.9 (a) Structures of some common surfactants. (b) Schematic representing
mechanism of how nanotubes are debundled with surfactants; initially the tubes are bundled,
then a tube is removed from the bundle, and finally a surfactant dispersant adsorbs to the
bundle.
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also be much longer. Other structures such as those having multiple charged
groups on one molecule, a combination of water solubility from both nonionic and
anionic parts, or multiple tails are possible. Surfactants have the ability to disperse
nanotubes in water because the hydrophobic tail is able to energetically interact
with the nanotube favorably while the hydrophilic head is able to interact with the
water. Using the same pencil—eraser analogy, it should be noted that the diameter
of the pencil and the eraser can be different, and that a stiff pencil is not accurate;
the stiffness of the hydrophobic part of the molecule is typically more reasonably
approximated by a flexible wire. For ionic surfactants, an eraser is a reasonable
representation; nonionic surfactants also typically have more flexible units than an
eraser would suggest.

The ability of a surfactant to act as a good dispersing agent for nanotubes
depends on the speed at which the surfactant diffuses into the interstitial sites when
nanotubes are temporarily debundled due to high-shear forces, the energetic inter-
action of the surfactant with the nanotube surface that includes surface—surfactant
interactions as well as surfactant—surfactant interactions. This process is shown
schematically in Figure 3.9b. In one study, cationic and anionic surfactants of
identical hydrophobic chain length and type were compared and the conclusion is
that the nanotubes were better dispersed by the anionic rather than the cationic
surfactant.”® The matching of chain lengths means that the diffusion constants are
more or less identical, which allows for a direct comparison of the energetics of the
interaction. This result is very interesting, since in two cases pristine nanotubes have
been measured to have a negative surface charge that would possibly allow head-
down adsorption for cationic surfactants.”'’® This result indicates that a bilayer
adsorption mechanism (e.g., head-down adsorption at the nanotube surface) is likely
not active for any dispersion of surfactants with nanotubes, at least at relatively
neutral pH values, because otherwise better performance would be expected from the
cationic molecule. Exactly why the anionic surfactants performed better is not
entirely understood.

One structural question that has clearly been answered is the effect of surfactant
structure on the ability to disperse surfactants. Three prominent studies used
fluorescence’® and resonance ratio* and both’* to examine a wide number of
surfactants for their ability to disperse single-walled carbon nanotubes in water.
Both studies found that the more aromatic the character of the surfactant, the better
the surfactant was as a dispersant. The obvious logical conclusion is that the aromatic
group is able to better interact with the nanotube. Cholate or oxycholate surfactants
deserve special mention because these surfactants are consistently the best or among
the best at dispersing carbon nanotubes. This molecule has three six-membered rings
and one five-member ring, although none of the rings are unsaturated. A carboxylic
acid group is the anion; the rings have three hydroxyl groups that allow the surfactant
to be soluble in water. Clearly, these rings are able to very effectively interact with the
surface of the nanotubes. Along similar lines, two nonionic surfactants that differed
only in the fact that one had unsaturation in the hydrophobic tail were compared and
the one that contained the unsaturation was better able to disperse the nanotubes.”'
A study that ran counter to these statements used AFM of dried solutions to measure
the ability of surfactants to debundle nanotubes and found that the surfactants that did



84 CHAPTER 3 DISPERSION, ORIENTATION, AND LENGTHS OF CARBON NANOTUBES

not contain unsaturation did a better job in terms of dispersing the nanotubes, and
correlated this measurement to measured zeta potential.75 However, it is very
possible that reaggregation dynamics were faster than evaporation times so that the
result did not actually present a true picture of the ability of a surfactant to maintain a
dispersion at typical surfactant concentrations. Finally, the use of aromatic surfac-
tants with multiple aromatic moieties is capable of selectively adsorbing on only
nanotubes of certain helicities.”®

The amount of surfactant required to disperse carbon nanotubes should be
presented in terms of an adsorption isotherm; where the x-axis is surfactant
concentration in solution (surfactant added — surfactant adsorbed) and the y-axis
is the amount of surfactant adsorbed per unit area of surface or per unit weight. For
nanotubes, clearly the latter is preferred since determining the surface area is an
impossible task. The saturation adsorption ratio of surfactant on SWCNTS is about
0.004 mol/g of nanotube for an octylphenol ethoxylate,”” which is close to the
reported values for sodium dodecylbenzene sulfonate’® and sodium dodecyl sul-
fate.”” Normally, the amount of adsorbed surfactant is constant after the surfactant
begins to form micelles; because of the inherent nonequilibrium process involved in
sonication, the amount of adsorbed surfactant may not be constant after the surfactant
forms micelles although the number of studies that have looked at this issue is few.

The structure of adsorbed surfactants at the nanotube surface is very interest-
ing; different possibilities are shown in Figure 3.10. On flat graphene, it is well
established that alkyl tail surfactants form an effectively irreversibly adsorbed flat
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Figure 3.10 Qualitative representation of possible structures of surfactants on carbon
nanotubes as well as a schematic representation of adsorption on flat graphene. The
dimensions are drawn to represent a single-walled carbon nanotube.
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layer at the surface, that is, surfactants lie flat on the graphene surface to maximize the
interactions between the all-trans configured alkyl chain and the unsaturated carbon
hexagons, which in turn templates further adsorption of half-cylindrical aggregate.®
The preponderance of evidence, some of which is given in the previous paragraph,
indicates tail-down adsorption consistent with adsorption on flat graphene. Based on
the fact that adsorption is significantly stronger for surfactants that do not consist of
alkyl chains, it is almost certain that templated adsorption does not occur because the
curvature of nanotubes reduces or eliminates the interaction between the alkyl chain
and the hexagons. Further, no evidence has been presented in the literature of an
essentially irreversible adsorption although no experimental studies to this author’s
knowledge have investigated the reversibility of adsorption on nanotubes. An
unanswered question is at what diameter does this type of essentially irreversible
flat adsorption become possible again, although very recent molecular dynamic
simulations have begun to explore this issue.®' On flat surfaces, it is well established
that at sufficient concentrations (starting between 10% and 50% of the maximum
adsorbed amount) the critical driving force for adsorption is tail-tail interactions
within the adsorbed layer. In other words, the adsorbed layer is relatively ordered.
The geometry of the adsorbed structure depends largely on the area of the head group
relative to the cross-sectional area of the tail; spherical, cylindrical, and flat layers are
possible. Even qualitative representations such as Figure 3.10 suggest significant
problems with a relatively ordered arrangement; the tail—tail interaction that tends to
drive surfactant adsorption is difficult to achieve on a curved substrate. Given the
observation that cholate surfactants are typically among the best dispersing agents for
nanotubes provides indirect evidence that a disordered structure with significant
laying down of the surfactant on the surface of the nanotube (see schematic in
Figure 3.10) is likely the structure. Both molecular simulations®>®® and neutron
scattering experiments®® suggest that a disordered structure is likely preferred on
SWCNTs. A very interesting result suggests that nanotubes are likely to adsorb at
higher local concentration at nanotube crossings.®* However, the paucity of systems
investigated certainly leaves open the possibility that more structured arrangements
might be possible for some surfactant/nanotube combination.

Surfactants are not the only molecules that are able to disperse carbon
nanotubes; in fact, a recent study indicates that this class of molecules is not even
the best for SWCNTs when sonication is used to suspend nanotubes.’* Oligonucleo-
tides, which are molecules that contain phosphate groups, a five-carbon ring sugar,
and aromatic amine bases repeated from 5 to 30 times, were found to be as good as the
best surfactant, an oxycholate, at dispersing carbon nanotubes. These types of
materials are able to “wrap” around a single-walled tube in a helical fashion, which
is a polymer conformation unique to small diameter nanotubes. Details of this
wrapping mechanism, and polymer adsorption in general, will be discussed more
fully in Section 4.2.1. Another study, using high-speed vibration milling, showed that
the dispersibility depended strongly on the number of phosphate groups and the type
of base in the oligonucleotide.®

All three stabilization mechanisms, charge—charge repulsion, packing disrup-
tion, and steric repulsion, can be operative with polymer adsorption. As an example
of the latter mechanism, one very common approach is to use a block copolymer,
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where one block adsorbs to the nanotube and the other block is water soluble.>*3¢-37

Steric stabilization mechanisms can be very temperature sensitive partly because the
conformation of a polymer chain can be temperature sensitive.*® Wrapping, which
works on a packing reduction mechanism, is not limited to biopolymers® or even
polymers dissolved in water since polymers in other solvents have been shown to
interact with nanotubes in this fashion.”®°' The stability of nanotubes suspended in
such a manner has been found to be quite high. Further, depending on the polymer, it
is possible to separate tubes based on their ability to be wrapped by a certain
polymer.®? A significant advantage of polymer adsorption is that it is possible to dry
the nanotubes and then resuspend them without high shear or sonication,”** a
procedure that is not possible with surfactants.

Covalent functionalization is also an effective strategy for producing nano-
tubes that are easily dispersible in water, without the need for a dispersing agent.
Some of the functional groups that have been used to improve water dispersibility
include hydroxyl®® and carboxylic acids.’® Grafted water-soluble small molecules
or polymers have also been used to great effect to improve dispersibility in
polymers. The list of these molecules is far too involved to completely reproduce
here, but some prominent examples include various organic acids,”” glucosamine,”®
proteins® and peptides,'® amine-containing dendrimers,'®' other aminopoly-
mers,'%% poly(ethylene glycol),'” poly(styrene sulfonate),'® and poly(vinyl
alcohol).'® Functionalization is an excellent mechanism for improving the dis-
persibility of nanotubes; however, as made clear earlier many of the intrinsic
properties of nanotubes are severely affected.

3.3.3 Dispersions of Nanotubes in Other Solvents

The significant difference between some organic solvents and water is that it is
possible to disperse nanotubes without functionalization or the use of a dispersant. A
classical study published in 2000 tested a wide variety of solvents for their ability to
disperse single-walled carbon nanotubes.'°® Some of the solvents that were found to
disperse SWCNTs well include N-methyl pyrrolidone (NMP), cyclopentanone,
a-caprolactone, and dimethyl formamide (DMF). In general, these solvents are good
Lewis bases without hydrogen donors. Further studies in this area have not
significantly changed these conclusions. A great deal of work has been carried
out on NMP in particular because of its ability to do an excellent job at debund-
ling,'” which led to likely incorrect claims'® that this solvent is truly able to
solubilize tubes.” It should be noted that generally the concentrations achievable
with pure solvent dispersions tend to be much less than those that are possible with
dispersant-assisted dispersions.

The use of small molecules to assist dispersion in organic solvents is much less
common than in water. Surfactants have many of the same properties in organic
solvents as in water; of importance to nanotubes is that if the energetics are ap-
propriate, surfactants can still adsorb to carbon nanotubes and play the same role as
they do in water in enhancing dispersion of nanotubes in a low-viscosity liquid.'*'1°
Of course, the structure of the adsorbed layer can be different from that in
water although detailed studies of this question have not been undertaken. Other
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small-molecule dispersants are also not common; one of the rather few examples
includes trifluoroacetic acid, which has been shown to improve dispersion in solvents
such as DMF, dichloromethane, and tetrahydrofuran''! and oligomers of phenyle-
nevinylene to help dispersion in chloroform.''?

Although the use of small-molecule dispersants has not been nearly as
widespread in organic solvents as in water, the use of polymers to assist in the
dispersion of nanotubes in organic solvents is quite widespread. The logic of using
polymeric dispersants is usually not to assist with initial dispersion, since the
diffusion constant of polymers is typically too long to be effective in a kinetic
sense. Polymeric dispersants are often used to allow for the removal of the solvent
and produce a dry sample of nanotubes that can be easily redispersed in a liquid
or a polymer melt. The use of dry nanotube samples is critically important for the
practical application of nanotubes since manufacturers would much prefer to use
dry ingredients.

One particular class of polymeric dispersants for organic solvents has proved
to be of significant commercial importance. Dispersants that contain a rigid
conjugated backbone of poly(p-phenylene ethynylene)s are used commercially
by Zyvex (www.zyvexpro.com) to disperse nanotubes in organic solvents.''* The

R
basic structure of this molecule is [:—Q—] where the R groups are often alkyl

chains of 10-20-carbon length. Althougﬁthe choices of R and the end groups of the
polymer affect the dispersibility in the solvent, these groups are chosen commer-
cially on the basis of the polymer that the nanotubes are going to be mixed with to
make a composite. Further, it is possible to choose R groups so that the material is
water soluble,''® although the focus commercially has been on thermoset struc-
tural materials. Because of interactions of the conjugated backbones with the
nanotube, these materials cannot be washed off after addition.''* The original
paper also claimed''® that the materials are too stiff to wrap the nanotubes
although recent studies where the R groups are chosen to make the poly(p-
phenylene ethynylene)s water soluble do find significant wrapping via TEM and
AFM studies.''®

Functionalization is a very common strategy to improve dispersion in organic
solvents. As with water, the number of functional groups/small molecules/polymers
that have been attached to nanotubes to promote dispersion in organic solvents is far
too lengthy to list. Some commercial nanotubes sold in large quantities are likely
functionalized to promote better dispersion in organic polymers, but the author is
unaware of any of these modifications and it is entirely possible that these modifica-
tions have remained trade secrets. Certainly, functionalized nanotubes modified with
molecules designed to promote better dispersion in organic media can be purchased
at present in laboratory-scale quantities.

Superacids are very effective dispersion solvents for carbon nanotubes.
Superacids are acids that have acidity greater than 100% sulfuric acid with some
examples being oleum (100% sulfuric acid with added SOs;), trifluoromethane-
sulfonic acid, and chlorosulfonic acid. These acids are able to promote true
solubilization of nanotubes via protonation of the nanotube, which in turn allows

11,117
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the free energy of debundling to be larger than that of bundling at small, but finite,
concentrations. A key practical issue is that superacids are extremely hydroscopic,
and even small amounts of water will cause nanotube aggregation.''® Because
polymers will degrade in superacids, from a polymer perspective the only use of
superacids is with respect to infusion processes. Given the difficulty of working
with these materials, it is not clear that superacids offer any substantial advantages
over good dispersing solvents such as DMF or NMP. However, the use of these
materials to help understand the phase behavior of nanotubes has been invaluable.

3.4 POLYMER-NANOTUBE DISPERSIONS:
SOLUTION METHODS

Three different methods can be used to disperse nanotubes in polymers that also
involve low-viscosity liquids: (1) nanotubes are dispersed in a low-viscosity
monomer followed by polymerization (in some cases, the nanotubes are dispersed
in a low-viscosity liquid and then added to the monomer), (2) nanotubes are
dispersed in a liquid that also includes dissolved polymer followed by removal of
the solvent either by evaporation or by dilution of the solvent into a second miscible
liquid that is also a nonsolvent for the polymer, and (3) dispersed nanotubes are
added to dispersed monomer, followed by polymerization; or added to dispersed
polymer followed by evaporation of the liquid. The only example of this latter
scheme is where the liquid is water.

3.4.1 Dispersion-Reaction

The process is simple: choose a monomer(s), disperse nanotubes in the monomer
using one of the procedures described in Section 3.3, and polymerize the monomer.
Of course, the final dispersion is the key to making good material. Both thermo-
plastic''®~'%* and thermoset'?*~'?” materials have been manufactured using this
approach, with the latter more common. As of the writing of this chapter, dispersing
nanotubes in a thermosetting monomer and then reacting the monomer to make a
final, finished product is one of the only two methods used commercially to make
nanotube-containing polymer parts. Materials used in this type of procedure
include common thermosets such as epoxy,'?’~'*° vinyl ester,"*'~'** and poly-
imides,]34_] 36 as well as a host of less common thermosets. As with any thermoset,
the material must be formed into its final shape prior to reaction. Most commonly,
those thermoplastics that have liquid monomers such as polystyrene'*”'** and
various acrylates'®'**'4? are used in the dispersion—reaction method since solvents
that dissolve monomers are typically undesirable organics. Exceptions where
organic solvents have been used to facilitate the polymerization of other thermo-
plastics include electrically conducting polymers]‘”’142 and liquid crystalline
polymers'**'** because these thermoplastics cannot be processed as a melt without
degradation. The number of papers describing this method is in hundreds, if not
thousands.
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Although not typical, dispersants have been used to assist debundling of the
nanotubes in the monomer."'° If the dispersant remains with the solid polymer, then
the dispersant will usually have a deleterious effect on mechanical properties, and can
also have negative effects on properties such as chemical resistance. Another
approach is to first debundle nanotubes in a liquid that is able to better disperse
tubes, and then add this mixture of nanotubes and liquid to the monomer. Of course,
the liquid and liquid monomer must be miscible. This approach can lead to improved
performance versus the case where the nanotubes are added directly to the mono-
mer.'*> Not only must the solvent evaporate, but the solvent must also not interfere
with the polymerization reaction or else the properties of the composite can be
significantly degraded.'*®

Functionalization'*"'*® and polymer adsorption'*’ have been used to assist
dispersion in dispersion-reaction systems. One study compared functionalization
versus polymer adsorption versus no treatment in an epoxy, and not surprisingly
found functionalization the most effective and no treatment the least effective in
improving dispersion.'”® Strictly speaking, improving the dispersion is not the
purpose of these treatments, but rather improvement in properties, usually mechani-
cal properties, is the goal. However, as will become clear in Chapter 5, improvements
in dispersion are often correlated with improvements in mechanical properties. The
effect of various treatments to improve composite properties will be discussed at
length in Chapters 5-7, but briefly functionalization has the advantages of usually
giving better dispersion and adhesion with the disadvantages of increasing cost and
possibly affecting some desired properties of the nanotubes, in particular electrical
conductivity for SWCNTs. Practically, assigning changes in mechanical properties
to either dispersion or adhesion is very difficult to do since the two are usually
highly correlated.

Polymerization is initiated in dispersion-reaction methods by some combination
of an increase in temperature, the addition of a small amount of a chemical that initiates
the reaction, or the mixing of two monomers. Initiations with ultraviolet light are
normally common elsewhere, but nanotubes are UV absorbing, so this strategy is
usually ineffective. Although nanotubes cannot serve as the initiators of polymeriza-
tions directly, two indirect methods where nanotubes initiate polymerization do exist.
An interesting recent development, which is possible with nanotubes and only a few
other materials, has been the use of microwave radiation to induce polymeriza-
tion."*"!>? Nanotubes are strongly microwave absorbing causing a local increase in
temperature that is capable of initiating many chemical reactions on the surface.'>>'>*
Hence, it becomes possible to initiate polymerization at the nanotube surface, rather
than uniformly throughout the matrix. The issue with this procedure is control: it
becomes difficult to control the reaction because of the extremely high temperatures
that can result due to the very strong absorption of microwave radiation by nano-
tubes.'> This technique is new enough that it is not clear whether the resultant product
is any different from that produced using more typical initiation strategies.

A second indirect method is directly impregnating polymerization catalysts on
the tubes enabling growth of polymer from the surface of the tube.'**~'>° Further
processing, for example, injection or compression molding, usually must take place
because the material is not a continuous film. This method is different from
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functionalization methods where the final product is a solution of grafted-from
polymer-coated nanotubes because in the catalyst case the polymer is not neces-
sarily directly covalently bonded to the tube.'®*~'%? The upper limit of the amount of
polymer that can be grown seems to be around 95%, so further reduction would have
to come through compounding with another material. As a composite at 5%
nanotube content, the dispersion of the nanotubes seems to be quite good as
indicated qualitatively by TEM micrographs;'®> however, a more quantitative
determination of the dispersion compared to other methods still needs to
be determined.

For electrically conducting polymers, an alternative dispersion—reaction mech-
anism is electrochemical polymerization. In a typical electrochemical polymerization,
a conducting surface (electrode) has an electrical potential relative to the solution
that contains soluble monomer, and the monomer and/or oligomer is drawn to the
surface because it is oppositely charged to the electrode in that solution. A chemical
initiator is also present in the solution; the purpose of the potential is to increase the
concentration of monomer at the electrode so that most of the polymerization takes
place there (although polymerization in solution does also occur). With carbon
nanotubes, two approaches are possible: nanotubes can be predeposited on the
surface of an electrode followed by subsequent polymerization'®*'% or both the
monomer and the nanotubes can be dissolved/dispersed in solution, and simulta-
neously drawing both the electrodes is also possible.'®®'®” Nanotube coated with
electrically conducting polymer'®®'%? is generally the morphology of the materials
manufactured electrochemically, although other dispersion—reaction schemes with
electrically conducting polymers often give this sort of morphology as well.!”!7!
It should also be noted that the sometimes strong oxidizing agents used in
polymerization of monomers to electrically conducting polymers can cause nano-
tube breakage in both the electrochemical and chemical cases'’? as well as covalent
grafting of the monomer to the nanotube.'”?

3.4.2 Dissolution-Dispersion-Precipitation

In this case, the polymer is dissolved in a solvent that is the same solvent used to
disperse the nanotubes. Dispersion of the nanotubes is performed separately from
dissolution of the polymer because the typical method of sonication would likely
cause molecular weight degradation of the polymer. Also, the rise in viscosity that
would occur upon addition of the polymer reduces the effectiveness of debundling
relative to typically undesirable tube shortening. Hence, in the most typical
method, dissolution is done separately from dispersion and the two solutions are
then mixed. In a laboratory, dissolution—dispersion—precipitation is an excellent
dispersion method since very good dispersions of nanotubes are possible in low-
viscosity solvents. From a commercial perspective, an economic process with
water-soluble polymers is possible. However, unless biological applications are of
interest, water-soluble polymers are not suitable for most envisioned applications
with carbon nanotube—polymer composites. For polymers soluble in organic
solvents, the large volume of solvent required to disperse the nanotubes and
dissolve the polymer makes this method commercially unsuitable in most
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instances. Exceptions are found for polymers that cannot be melt processed and
where the cost is justified by the unique properties of the polymer, for example, a
category that includes some liquid crystalline polymers and ultrahigh molecular
weight polyethylene. Regardless, nearly all thermoplastic polymers, including
difficult to dissolve materials such as polyethylene and polypropylene, have had
nanotube composites prepared with dissolution—dispersion—precipitation. The
number of papers describing this method to disperse nanotubes into polymers is
in many hundreds, if not thousands.

An important issue in these systems is the manner in which the solvent is
removed; in particular, how fast does solvent removal take place? This question is
important because nanotubes will often reaggregate on the nanoscale”'’* as the
nanotube concentration increases in a low-viscosity liquid. One approach to remove
solvent quickly is to rapidly add the solvent—polymer—nanotube solution to an excess
of liquid that is miscible with the solvent, but for which the polymer does not dissolve
and the nanotubes are not dispersed.’™'”> In this coagulation process, some further
processing method is usually required to make continuous films. A generally slower
method, but one that can directly result in a continuous film or fiber, is to evaporate
the solvent;'’®~'7® continuous films or fibers can still result via solvent evaporation
even if higher temperatures are used.'””"'®* Surprisingly, the number of papers that
have directly contrasted different methods of solvent removal with respect to
characterizing dispersion is quite small. A recent study showed that evaporation
gave a smaller percolation threshold than coagulation.'®" This seeming anomaly is
likely due to rebundling/reaggregation during evaporation causing a lower percola-
tion threshold with an inferiorly dispersed material.

Two fiber-producing dispersion—dissolution methods should be mentioned.
Gel spinning, a technique that involves coagulation after extrusion of the polymer—
nanotube—solvent mixture through a small opening (i.e., the solvent—polymer—
nanotube fiber extrudate is passed through a second liquid), is able to produce
fibers directly.**-'®%1%3 The solvent-swollen fibers are typically wound on a drum
to make a continuous long fiber. The wet fibers can be handled and stretched when
immersed in a liquid (not necessarily the coagulation liquid), often to as much as
40 times their original length, prior to final evaporation of the solvent.'8%!8
Electrospinning is another way to take nanotubes dispersed in a solution contain-
ing polymer and make very thin fibers of polymers and nanotube;'%%'®7 the char-
acteristic diameter of electrospun fibers is between 0.1 and 1 pm, while gel-spun
fibers typically have diameters between 1 and 100 um. In electrospinning, pressure
is not used to cause the solvent—polymer—nanotube mixture to exit the small
opening, rather a ~10kV voltage difference between the metal opening (typically
a needle) and the collector is applied that forces liquid to exit (a small pressure
force may also be applied). Because electrospun fibers have very small diameters,
solvent evaporation tends to be rapid.

A related method is to mix two separate solutions using the same low-
viscosity liquid as originally developed by Poulin and coworkers. ¥ One liquid
contains nanotubes dispersed with surfactant (or possibly some other small-
molecule dispersing agent, although the author is not aware of any example other
than surfactant) and the other contains dissolved polymer. Injecting small quantities
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of the nanotube-containing solution into the polymer-containing solution causes
the polymer to replace surfactant at the surface and the nanotubes will agglomerate
into a nanotube—polymer complex. This process is possible because the desorption
rate of surfactant from the tubes is typically quite fast. The production of fibers has
been the most common use of this approach; the nanotube solution is extruded
through a small opening and the polymer-containing solution is flowing. It is not
entirely clear why significant amounts of polymer are entrapped with the nano-
tubes; likely the fact the solution is flowing plays a role.

The layer-by-layer (LBL) method uses an electrostatic driving force to cause
successive adsorption of some combination of oppositely charged polyelectrolytes
and/or colloids. The general procedure is to dip a solid such as a glass slide into a
solution containing species of one charge and hence coat with one of the layers,
then dip into a second solution with the oppositely charged species that will
overcoat the first layer because of electrostatic attraction, then dip in the first
solution to overcoat the second layer, then dip in the second solution to overcoat
the second coat of the first layer, and so on. The material can be dried and then
removed from the surface and in some cases a freestanding film results. A large
number of layers can be build quickly and easily since adsorption tends to be a very
fast (minutes) process. Because unfunctionalized nanotubes are only weakly
charged, the general procedure is to first mix the nanotubes with a positively or
negatively charged polyelectrolyte and use this polyelectrolyte/nanotube combi-
nation as one of the oppositely charged species in the adsorption process.'®''*>
Alternatively, a small-molecule salt that has aromatic rings that promote adsorp-
tion can be used to generate positively or negatively charged nanotubes.'®® Of
course, functionalized tubes with a certain charge because of the functionalization
can also be used, eliminating the need for a polyelectrolyte dissolved with the
dispersed nanotube.'**'?> In fact, with nanotubes oppositely charged layers are
not required; in one example, the poly(styrene sulfonate)-wrapped nanotubes have
a negative charge while poly(vinyl alcohol) served as the “positively” charged
layer.'”® An LBL process can yield aligned nanotubes via the application of high-
speed air across the surface during drying'®’ or via the application of magnetic
fields."”® An LBL approach can be used with nanotubes serving as the surface for
which polymer adsorption occurs via successive addition of oppositely charged
polyelectrolytes. In this way, layers of adsorbed polymer are built up on the surface
of the tubes.'”® A somewhat similar, but still different method, is to swell a thin
sheet of a polymer in solvent and then allow nanotubes to diffuse into the material,
and then remove the film and evaporate the solvent.””

One significant problem with the dissolution—dispersion—precipitation
method is the fact that no environment-friendly solvent exists that is able to both
dissolve most polymers and disperse carbon nanotubes well without the use of a
dispersing agent. Supercritical carbon dioxide, or carbon dioxide mixed with water
or alcohols, can dissolve a number of polymers, and these solvents are considered to
be environment friendly. Evaporation can be very quick by simply releasing the
pressure. Using a mixture of organic solvent and supercritical carbon dioxide,
interesting microstructures of various polymers on carbon nanotubes have been
produced.??'~2%3
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3.4.3 Dispersion-Dispersion-Evaporation

As opposed to the previous method, polymer is dispersed rather than dissolved; in
other words, polymer molecules are aggregated together instead of being individually
solubilized. The use of organic liquids is eliminated since water is used as the
dispersion liquid for the polymer and nanotubes (although in theory water would not
have to be used). Because of environmental considerations, manufacturers are
developing water-dispersible polymers regularly for the coatings market; even non-
polar materials such as polypropylene are being marketed commercially in a water-
dispersible form.?** Mixtures of water-dispersible nanotubes and polymer could be
used to produce mixtures suitable for direct application as coatings, although
rheological alteration by nanotubes would likely interfere with performance. One
disadvantage of this process is that the dispersing agent necessary for the nanotubes
will be present, unless this agent is volatile. Another disadvantage is that some water-
dispersible polymers have inferior properties compared to non-water-dispersible
counterparts. The number of papers describing this method to disperse nanotubes into
polymers is in many tens, and might reach 100. The author expects this method to
gain in importance during the coming years.

Two approaches are possible: reacting the monomer in a dispersion polymeri-
zation in the presence of nanotubes, or mixing a solution of the dispersed polymer
with a solution of the dispersed nanotubes. A potential problem with the first
approach is that the dispersing agent can migrate from the nanotubes to the reacting
micelles, causing nanotube precipitation.'* Regardless, there have been examples
where this approach has been used to make composite materials with good disper-
sions.?*>2% The second approach has been more typically used. The most common
example involves mixing the dispersed nanotubes with polymer colloids, that is, a
polymer dispersed into small (<10 pm) spheres and most often stabilized via charge
repulsion. A number of polymers have been used including poly(methyl methacry-
late),>*” poly(vinyl acetate),”® polystyrene,”” polyacrylonitrile,?'® and polyure-
thane.?'" Variations include spraying polymer pellets or powder with water-dispersed
nanotubes.”'>'*> Another variation is to form a water-based emulsion with the water
containing suspended nanotubes and the suspended oil droplets containing dissolved
polymer, and then evaporating the lower boiling organic liquid.?"*

Surfactant-stabilized carbon nanotubes have served as stabilizers for emulsions,
that is, oil or polymer droplets in water.?'> Surfactants or polymers normally serve as
stabilizers for emulsions; the purpose of these molecules is to prevent coalescence of
individual droplets. Emulsions stabilized with dispersed solids rather than dissolved
molecules are termed Pickering emulsions. Because the dispersed nanotube solution
was used directly without removal of the excess dispersing surfactant, the proper
view, which was clearly stated in the paper, was that the combination of the surfactant
and the nanotubes was stabilizing the emulsion. The authors did note that the
surfactant alone was not an effective stabilizing moiety.”'> Another type of emulsion
that can be stabilized with nanotubes is termed high internal phase emulsion;?'%?!” in
these emulsions, oil is the continuous phase but water is present in high amounts.
The resulting product, because the nanotubes are located at the surfaces of the foam
cells, is conductive at a very low volume fraction of nanotubes.
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Figure 3.11 Scanning
electron micrograph showing
nanotubes at the edges of
original polymer particles
after coating the surface of the
polymer and then
compression molding under
conditions that do not allow
for complete interdiffusion of
polymers and nanotubes.
Copyright Elsevier Ltd.
Reproduced with permission
from Ref. 220.

In order to analyze the resulting polymer after mixing the dispersed polymer
and the nanotubes, the sample must be dried. Often, further processing is required
to make a continuous film without significant porosity, unlike the dissolution—
dispersion—precipitation method where nonporous continuous films can be usually
easily directly cast from solution. The percolation threshold, when samples are
processed in such a way as to lead to a uniform microscale dispersion in a one-phase
sample, can be quite low?***'® indicating that the nanotubes are relatively well
dispersed on the nanoscale. The relatively uniform microscale dispersion means that
diffusion of the polymer chains into the nanotubes and diffusion of the nanotubes are
significant enough at typical polymer melt viscosities so that the tubes can migrate
away from one another. Films with nanotubes concentrated at the dispersed polymer-
dispersed polymer interface can also be produced using this method. Such films can
be cast directly from this mixture, as first demonstrated by Grunlan et al.>°*!°
However, these cast films had a significant void level since the conditions were not
adjusted to cause sufficient flow of the polymer. Films without voids having
nonuniform microscale distributions can be made if the viscosity of the polymer
is controlled so that the sample becomes uniform without causing complete inter-
diffusion of polymer.??>*?! After drying, nanotubes are isolated at the edges of the
polymer particles as shown in Figure 3.11. Because of the nonuniform microscale
dispersion of nanotubes, the percolation threshold tends to be quite low and the
maximum conductivity quite high. The mechanical properties of these films with
nanotubes aggregated at the polymer particle interface are likely inferior to those
films where the polymer flows out fully to produce a uniform distribution of
nanotubes on the microscale; however, a study to address this question has not been
published to the author’s knowledge.

3.5 POLYMER-NANOTUBE DISPERSIONS:
MELT MIXING

Melt mixing consists of melting the polymer and mixing with nanotubes in a high-
shear process. High-shear forces are responsible for producing well-dispersed
nanotubes on both the micro- and nanoscale. In general, the amount of nanoscale
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dispersion resulting from melt mixing is inferior to that resulting from solution
methods. The reason for the generally inferior dispersion is the fact that small
molecules are generally not available to help exfoliate the tubes via diffusion, and,
compared to sonication, the forces involved are orders of magnitude smaller, with
shear rates on the order of 10° s ™! instead of 107 s!. Still, because of its commercial
importance, the number of papers describing this method to disperse nanotubes into
polymers is in many hundreds, if not thousands. The vast majority of papers involve
multiwalled carbon nanotubes since single-walled carbon nanotubes do not disperse
very well using forces generated by shearing a high-viscosity polymer. For thermo-
plastic polymers, melt mixing is the most desirable way to combine nanotubes and
polymers for most applications. A great deal of the reason for the increase in the
percentage of papers published with MWCNTSs versus SWCNTs over the past 10
years shown in Figure 1.3 is because MWCNTs can be dispersed adequately in a
twin-screw extruder while SWCNTSs cannot.

A twin-screw extruder has generally been used to mix polymers and nano-
tubes in order to generate the high forces for maximum dispersion. The corotating
mode is generally used as opposed to counterrotating one because of the higher
dispersive mixing of the former. However, a very recent paper suggests that the
mode of mixing (counter versus co) has no effect on the dispersion achieved.?*
Small conical twin screws have been very popular because of the small amount of
material required and because such devices are equipped with recycle capability so
as to control the residence time independent of shear rate.’***** As expected,
higher shear rates tend to provide better dispersion, to the point where masterbatch
manufacture with a high-viscosity resin followed by a reduction in concentration in
the lower viscosity resin that has the desired properties seems to improve dispersion
(as measured by the percolation threshold) as opposed to simply mixing with the
low-viscosity resin.”?* This was the result found for polycarbonate; a more recent
study with polypropylene found the exactly opposite behavior; that is, masterbatch
formation with a lower viscosity resin followed by dilution with a higher viscosity
resin led to a lower percolation threshold that the authors attributed to better wetting
by the lower viscosity resin.”?® One conclusion from these results is that for high
surface energy resins, high-viscosity resins for masterbatches are better, while
low surface energy resins are best served with lower viscosity resins. Overall the
best choice of masterbatch resin likely depends both on chemical identity as well as
tube characteristics especially of the type shown in Figure 3.2. A recent study on
various configurations and speeds of a twin-screw extruder indicated that
mixing sections, as opposed to kneading sections, improved dispersibility.**’ In
that paper, the size and number of black aggregates in optical micrographs were
used to assess dispersion. Also, as expected based on experience with other fillers,
the addition of a small amount of polymer containing highly adhesive functional
groups, for example, maleic anhydride, to a polyolefin—nanotube mix improves
dispersion®*®2%? although the effect may be reduced at high nanotube loadings.**°
Another study found that extensional flows were much more effective at dispersing
nanotubes than shear flows.?’

With the prevalent use of ultrasound to disperse nanotubes in low-viscosity
liquids, an obvious modification to standard twin-screw extrusion is to use ultrasound
to assist in the dispersion of nanotubes. Overall, the results from the addition of
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ultrasound on the outlet of a twin-screw extruder showed minimal, if any, improve-
ments in dispersion as measured by the various percolation or mechanical property
measurements.”>> Perhaps the most interesting thing about this study was that a
significant reduction in tube breakage occurred, which was attributed to a reduction
of pressure at the outlet.

One concept that is in theory possible with a number of different dispersion
protocols but is most obviously adopted for melt mixing is the use of phase-separated
polymers to control the location of nanotubes within a bulk polymer.'”***> The
concept of “double percolation” becomes important, that is, the idea that the
nanotubes are percolating in one phase of a two-phase material as the one phase
is also percolating in the second phase. In order for double percolation, the nanotubes
must be localized to one component of the two-component blend and one component
must be continuous. In fact, such localization has been achieved in a number of
different systems with resulting low percolation thresholds.'”*****> Nanotubes
might also be able to serve as morphology stabilizers in polymer blends, in particular
if reactive groups are attached. As mentioned previously, nanotubes can act as surface
stabilizers in water-based Pickering emulsions; one paper claims that nanotubes
might be able to act as morphology stabilizers in polymer—polymer blends.**

Maintenance of a nonprecipitating solution after the application of shear was
a very important consideration in dispersion of nanotubes in low-viscosity liquids
(this concept will be further explored in Section 5.2); in polymers, the inherent
viscosity is much higher providing a significantly higher kinetic barrier to reaggrega-
tion. However, as recent work has showed, reaggregation in viscous polymers is
critically important.'***%7-2*! Reaggregation has been measured via both rheology
and electrical conductivity; effects on other properties are at this time unknown.
Because reaggregation is a highly kinetically dependent phenomenon, the ability to
control dispersion is complicated dramatically. Further, this phenomenon is not limited
to nanotubes; carbon nanofibers**! and carbon black show such behavior as well.
Reaggregation is very disquieting in the sense that seemingly small changes in
processing could have dramatic impacts on observed behavior.

3.6 POLYMER-NANOTUBE DISPERSIONS:
NO FLUID MIXING

Without a fluid to disperse the tubes, the ability to debundle tubes is extremely
limited. The total number of papers that have used no fluids during mixing is less than
50. Nonetheless, examples exist where a nanotube powder is dry blended with a
polymer powder and the mixture is processed in a low-shear environment.
The obvious materials for such a procedure are polymers that cannot be processed
as melts, such as ultrahigh molecular weight polyethylene.?** Nanoscale dispersion
would not be expected to be very good, and there is no evidence to suggest that this is
not the case. One study showed substantially lower dispersion quality as opposed to
the dispersion—dispersion—evaporation method.>*> However, percolation thresholds
obtained by powder mixing protocols can be quite low, because the nanotubes were
localized to the interface between the powder particles.?**
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Using a high-shear process when mixing the two solid materials together might,
on the other hand, yield good dispersions. A variety of high-shear powder—powder
mixing methods have been used including ball milling,”****® pan milling,**’*** and
solid-state shear pulverization.”***** The polymer is then usually treated in a normal
melt-mixing process, for example, twin-screw extrusion. The dispersion that results
after these methods, at least in some cases, seems to be better than what was found
without the high-shear environment in the solid state, although these high-shear solid
mixing processes tend to shorten nanotube length.

3.7 POLYMER-NANOTUBE DISPERSIONS:
IMPREGNATION/INFUSION

Previous methods all had in common significant movement of the center of masses of
nanotubes during the mixing process. Another set of processes involves the formation
of nanotubes into their final shape, and then adding low-viscosity monomer followed
by polymerization, although a solution of polymer can also be used in some cases. Neat
polymer is generally not suitable for this process because flow will not be sufficient to
prevent significant voids in the final product. However, two papers, one with high-
density polyethylene®" and the other with poly(ether ether ketone),>>* were able to
infuse melted polymer into buckypaper using a compression molding approach,
although in neither case was the void content reported. The number of papers on
composites made via these types of processes is around 50. The author believes that the
number of papers in this area will grow rapidly in the future. There are three common
shapes for the final form of the nanotubes: nanotube fibers, nanotube sheets, and
nanotube forests. A separate subsection is devoted to each of these forms, and a brief
description of how to manufacture the various forms is given as well. In addition,
nanotubes can be grown or deposited on already existing fibers or fiber mats followed
by resin infusion; a separate subsection is devoted to this process as well.

3.7.1 Nanotube Fiber-Polymer Composites

A number of methods are used to make nanotube fibers. Nanotubes can be synthe-
sized in a CVD process performed in such a manner so as to enable capture of the
nanotube fibers on a spindle. The starting material in this process is ethanol
containing ferrocene and thiophene; using a hydrogen carrier gas, it is possible to
form nanotubes in a hot zone at temperatures between 1100 and 1200°C; either
SWCNTs or MWCNTs can be formed depending on the conditions and composition
of the ingredients. The density of the fiber is about 0.01 g/cm® compared to the actual
nanotube density of about 1.3 g/cm®, indicating that the fibers contain a great deal of
air. After a post-reaction densification procedure, which involves running the fiber
through an acetone vapor stream followed by surface tension-driven densification
caused by evaporation, fibers with a density of about 1.0 g/cm?, strengths of 9 GPa,
and stiffnesses of 350 GPa have been reported.”>* These values are significantly
larger than the typical values for a high-strength polymer fiber such as Kevlar® (about
4 and 130 GPa, respectively) and are the highest ever reported for nanotubes.
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However, the tensile strengths quoted throughout this section are easily misconstrued
as will be explained more completely in Section 5.3.2.

Another approach uses nanotubes grown on a flat surface, that is, vertically
oriented nanotubes or nanotube forests (Section 2.2.3). Through a simple mechanical
technique, for example, using tweezers to grip a portion of the tubes and then pulling,
fibers can be produced.**?*> The width of the nanotube forest can be used to set the
diameter of the fiber, and twisting during pulling can improve mechanical properties.
The highest strengths and moduli reported via drawing from nanotube forests are 1.9
and 330 GPa, respectively.”> The fibers produced by this method are very long.
A similar technique that uses nanotube dispersions in a low-viscosity liquid instead of
vertically grown carbon nanotubes has also been used to produce fibers.”>®

The third method used to produce carbon nanotube fibers involves spinning the
fibers from solution. This process is essentially identical to that used to produce fibers
for difficult to process polymers such as ultrahigh molecular weight polyethylene
and liquid crystalline polymers such as poly(p-phenylene benzobisoxazole) (PPTA;
i.e., Kevlar®) and poly(p-phenylene-2,6-benzobisoxazole) (PBO; i.e., Zylon®). The
process is also similar to the gel spinning techniques described in Section 3.4.2 except
that no polymer is used in the solution. The tubes are dispersed in a liquid and then
extruded through a nozzle and the solvent is evaporated or the fiber is immersed in a
miscible liquid, that is, a coagulation process, or the two are done in series. Solvents
that have been used to form fibers in this manner include superacids,257 water,>>8 and
ethylene glycol.>>® Controlling the rheological properties of the nanotube-liquid
mixture in order to produce continuous fibers is a key requirement. The stiffness of
fibers produced in this manner is roughly equivalent to that of Kevlar®, while the
strength is typically an order of magnitude or more lower than that of Kevlar®.

The fourth and final method used to produce fibers cannot readily be adapted to
make continuous (long) fibers, but has been used to make the highest strength and
modulus fibers reported. A nanotube film is made by direct synthesis onto a quartz
tube in a chemical vapor deposition process.?®° Fibers are formed by taking the films
and twisting them into fibers; typical lengths were on the order of 4-8 cm. As with the
directly formed fibers in the gas, these fibers also need a densification process with
acetone to achieve high strengths; strengths as high 850 MPa and modulus as high as
18 GPa were reported.®!

For most of the applications of high-strength fibers, for example, hard body
armor, the high-strength fiber is encased in a polymer, almost always a low-viscosity
thermoset such as an epoxy. The fibers may be weaved into a mat prior to
encapsulation or may be laid down parallel to one another. Weaving of neat nanotube
fibers into mats has been reported in the literature.?** A concern during weaving is not
to damage the fibers. The resin must have low viscosity in order to properly infiltrate
into the fibers and between the fibers. In addition, wetting of the fibers is a large
concern; if the nanotubes are not properly wet by the resin, then voids will result and
composite properties will be compromised. A solution containing dissolved polymer
can be used to infiltrate into the fiber mat to help with wetting issues.

Exceedingly poor quality fibers (tensile strength = 0.001 GPa; tensile modulus =
0.1 GPa) made via drawing from nanotube forests were infiltrated with methyl meth-
acrylate and there was a marked improvement in properties.”> Using much higher
quality fibers (tensile strength = 0.55 GPa; tensile modulus = 22 GPa) with an epoxy
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gave results after infiltration that were roughly equivalent to a rule of mixtures at a
nanotube level of about 25% by volume, similar to the results obtained for an unsized
carbon fiber. The authors point out that in these carbon nanotube fibers there is a great
deal of void space, making proper determination of the pure fiber properties difficult.
More common fiber strength and modulus values that normalize to weight rather than
cross-sectional area are more informative for the case of nanotube fibers.*®*

3.7.2 Nanotube Sheet-Polymer Composites

A nanotube sheet has preferential in-plane orientation of nanotubes. As described in
more detail in Section 8.2.3, thin sheets of carbon nanotubes, often termed bucky-
paper, infiltrated with polymers have possible commercial applications as transparent
electrodes.

The most common method used to make nanotube sheets is to simply filter a
nanotube solution through a medium that can trap nanotubes. The thickness and void
content of the sheet is controlled by nanotube concentration, the volume of liquid that
is filtered, and the dispersion conditions. The bundle size distribution depends on
dispersion conditions as well. Nanotubes in the film show curvature and are randomly
oriented. Very thin sheets can be made by dissolving the media*®® because the forces
required to lift the nanotube membrane from the substrate are the limiting factor in
terms of the minimum thickness that can be manufactured. Epoxy monomer has been
infused into a thin sheet of SWCNT film and then cured, but acetone was required to
reduce the viscosity in order to properly infuse the sheet.?°27 A preformed polymer,
poly(vinyl pyridine), in solution has been used to infiltrate nanotube sheets; the effect
of molecular weight was tested with the higher molecular weight material giving
better improvements in reinforcing capability.’*® Other polymers in solution have
been used as well. 27" Laminates of sheets with thermoplastics and high-viscosity
epoxies, where the elimination of voids will be a challenge, have been constructed
using vacuum bagging or compression processes common in the composite indus-
try.?>"*”! The use of electrically conducting polymers, which are polymerized on the
sheets directly, represents an obvious way to make highly conducting sheets of
material,>’* although transparency will be lessened. Electrical conductivities of
composites using buckypapers can be significantly higher than 100 S/m, which is
much higher than that found for randomly distributed systems that result from the
procedure described in Section 3.4.1.

Langmuir-Blodgett (LB) film formation is another process used in the
formation of nanotube films. The LB process involves the formation of a film at
a liquid—air interface followed by lifting off of the film. Moving surface boundaries
that are used to compress the film on the liquid—air surface increase the nanotube
surface concentration and eventually induce and/or increase orientation of the tubes.
Horizontal lifting of the film is done by positioning a solid substrate parallel to the
air-liquid interface and lifting the film off carefully. More standard LB procedure is
vertical dipping; that is, the substrate surface is normal to liquid—air surface and
dipped into the liquid, which is the same orientation and procedure used in the LBL
process. However, the LB and the LBL processes are different; in the LBL process
material suspended in bulk comprises the majority of the film, while in the LB process
material at the liquid—air interface comprises the majority of the film. In both vertical
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and horizontal dipping, the film must be removed from the substrate to achieve a
freestanding nanotube film. The thickness of the film can be controlled via multiple
dips, just as in the LBL process, although typically more time between dips is used in
the LB process to allow diffusion to the air-liquid interface. Colloidal solids as well
as surface-active species such as surfactants are routinely made into films using the
LB process.

Both horizontal and vertically dipping were used in studies reported by one
group,”’**”* while in another only horizontal dipping yielded a cohesive film.?”
In all these cases, modified tubes were used; using a solvent other than water enabled
the use of unfunctionalized tubes.?’® In the latter case, the organic liquid dichloro-
ethane containing the nanotubes was spread on a water surface and, upon the
evaporation of the organic liquid, a LB film was vertically lifted from the surface
after compression. An aromatic polymer was also present in the organic solution, and
presumably was part of the LB film as well. A similar process to the LB method
utilizes the addition of a few drops of a less dense miscible liquid that will form a
surface layer on another bulk liquid, and the surface liquid has a greater affinity for
nanotubes than the bulk liquid. Nanotubes that are initially dispersed in the bulk
liquid will be drawn to the surface under these conditions. The particulars are the
solvents being water and ethanol, and DWCNTs were used in the process. This
process deserves special mention because of the high modulus, 12.2 GPa, and high
strength, 0.75 GPa, measured for the films. The density was also quite high at 0.8 g/
cm®.”7 None of the LB films has been infiltrated with polymer at this time.

Other miscellaneous methods have been used to produce all nanotube films
including the LBL process using negatively and positively charged functionalized
nanotubes.>’® In one case, simply drying a water dispersion of tubes led to film
formation on a substrate that was repellant to nanotubes.””’ Producing buckypaper
with orientation in one direction instead of in a planar direction can be achieved via
the use of magnetic fields during filtration. The buckypapers were infiltrated with
polycarbonate to yield final CNT concentrations in the 40-60 wt% range. The
modulus and tensile strength for the buckypaper were about 2 GPa and 6.5 MPa
and increased by a factor of ~2.5 with the addition of polycarbonate, and the
electrical conductivity dropped by about a factor of 3 to about 100 S/cm.*’® A unique
method, which is more like an aerogel rather than a sheet, involves removing the
polymer from a nanotube composite after a procedure such as melt mixing or
dissolution—dispersion—evaporation, and then infusing this material with a thermo-
setting polymer.”*® A CVD process similar to that described earlier to manufacture
nanotube fibers directly in the reactor can be used to manufacture sheets. A substrate
is used and the thickness of the films can be controlled by controlling the substrate
position and deposition time. The films are freestanding and have sufficient mechan-
ical integrity to be handled.?®'*** Laminated composites were manufactured by
compression molding poly(ether ether ketone) with a SWCNT CVD film.>>*
Although small increases in properties occurred, no attempt was made to quantify
void content of the films.

Nanotube forests can be used directly to make nanotube sheets. By using a
flexible, somewhat adhesive microporous membrane and pushing down starting on
one end yields flat buckypaper with a uniaxial nanotube orientation in the pushing
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direction in the plane parallel to the substrate, and the film can then be lifted off the
membrane with the possible assistance of a liquid. After infiltration, this method has
the capability of yielding a composite with very long tubes, since vertically grown
tubes can be quite long as discussed in Section 2.2.3. The density of this method is
quite large compared to other buckypapers, about 0.6 g/cm®.>**> Another method uses
the fiber method as described in the previous section for nanotube forests but with a
wider drawing implement than tweezers to yield a film with uniaxial oriented
nanotubes in a plane. Infusion of numerous plies of this drawn sheet after surface
tension-driven densification with a dimethyl siloxane monomer was used to form a
composite with a negative Poisson’s ratio.?®*

3.7.3 Nanotube Forests—-Polymer Composites

Nanotube forests on a substrate can be infused directly with a low-viscosity resin
and then cured, yielding a product with nanotubes oriented in the thickness
direction. Although macroscopically geometrically identical, nanotube sheets have
fibers oriented in the sheet plane while these materials have nanotubes oriented
perpendicular to the sheet plane. Removal of nanotubes from the supporting
substrate prior to infiltration, if feasible, eliminates the issue of removal after
infiltration and curing. As with the other methods, good wetting is the key to
achieving a product with no voids, and in one study three different epoxies with
three different viscosities were used and in all cases the lack of void formation
indicated that the resin properly infused the nanotube forest.”*> Modulus enhance-
ment in the direction of nanotube alignment as measured by nanocompression tests
was over 200%.%*¢ Biaxial surface tension-driven densification of the forests prior
to resin infusion has been used to increase the volume fraction of tubes to 20%.%%”
The rule of mixtures with respect to modulus is off by about a factor of 10 after
densification and infusion, which the authors attribute to the imperfections in
nanotube orientation, and the electrical conductivity is between 0.1 and 1 S/cm.?88
Electrically conducting polymer has also been introduced into nanotube forests via
monomer vapor deposition followed by polymerization.*’

3.7.4 Nanotubes on Already Existing Fibers

Nanotubes can be grown or deposited on already existing fibers, followed by resin
infusion. Essentially, this procedure adds an extra step to the already used
production of continuous thermoset composites. In a simplified description, with
the extra step in italics: fibers are weaved into mats, mats are placed in a mold,
nanotubes are then deposited on the mats, and then the resin is added and the
material is cured. One deposition process involves simply spraying the fibers with a
solution containing nanotubes followed by evaporation;*°® a more subtle approach
uses electric fields to deposit nanotubes on the surface of the fibers. 291 Another
approach is to disperse nanotubes into the infusing resin, either with or without a
dispersing solvent, and then infuse the resin/nanotube mixture into the fiber mat.
This procedure has the disadvantage of creating a nonuniform distribution of
nanotubes due to filtering by the fibers located on the outside of the mat.>** Finally,
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the fiber can be drawn through a resin that contains dispersed nanotubes and
conditions adjusted so that nanotubes become part of the coated fiber.>**> More resin
is then added to the coated fibers, which is then cured.

Direct deposition of a nanotube catalyst on a unique substrate for use in a
polymer was already detailed in Section 3.4.1, where the catalyst for nanotube
growth and catalyst for polymer growth were deposited on the same support. Growth
of nanotubes on an already existing fiber, most commonly carbon fiber, is another
case where nanotubes are put in their final location prior to infusion of resin.?**2%’
Although certainly more difficult than infiltrating the nanotubes into the fiber
directly, growth of the nanotubes on the fibers has the following advantages: more
uniform concentration of nanotubes spatially; nanotube adhesion may be improved;
and nanotube orientation will be perpendicular to the fiber direction. The latter is of
great importance if the properties in the thickness direction, that is, electrical or
thermal conductivity, are of interest. However, the high temperatures used to grow
CNTs typically lead to undesirable fiber damage. The use of alumina fibers
eliminates this concern, although alumina fibers are not nearly as common as
carbon fibers.?”®

3.8 CHALLENGES

One obvious challenge is the use of better and more consistent dispersion metrics.
Average bundle size, or something related to that, is a good nanoscopic metric to use.
The use of microscopy to assess microscopic dispersion is appropriate, but needs
to be more widespread. The use of percolation threshold as a dispersion metric,
although widespread, is not optimal. A simple-to-use indication of dispersion at the
nanoscopic level in particular would be useful.

As stated in Chapter 2, the development of easily dispersible tubes is a
challenge. The author does not feel that there are likely to be new dispersion
methods available, and hence only through changing the nanotubes are significant
improvements in dispersion likely. A better understanding of the interrelationships
between nanoscopic and microscopic dispersion with properties is necessary. The
increasing recognition that reaggregation occurs in a high-viscosity melt polymer
complicates the pursuit of this understanding dramatically. An unanswered question
is whether nanotubes that are easily dispersible in one medium via one procedure, say
water via sonication and surfactant addition, are also easily dispersible in another, say
a polymer via melt mixing. The number of studies that have examined this question is
few,2?%3% although certainly anecdotal evidence suggests that nanotube qualitative
dispersibility is independent of the media being investigated.

Infiltration/infusion processes have been not nearly as well studied as their
importance suggests. The reason for this delay is the difficulty of making sheets
and fibers with consistent high strength over large length scales. However
significant advances in this area are occurring. The number of studies of these
types of processes is increasing, driven by the advances of making good sheets and
fibers. Of likely lesser impact, but still important, is the ability to understand how
to use dispersed nanotubes to make good coatings.
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CHAPTER 1

EFFECTS OF CARBON
NANOTUBES ON POLYMER
PHYSICS

4.1 OVERVIEW

The effect of a solid surface on the static and dynamic characteristics of polymer
molecules has long been an active area of research because of the large number of
applications where such interactions are important. With the introduction of solids
having very small dimensions into polymers to form nanocomposites, this area has
recently gained enhanced importance since geometric considerations force the
conclusion that a large fraction of the polymer is “close” to a surface, and hence
the contribution of the “interfacial fraction” to the global properties of the polymer
should be expected to become significant. This interfacial fraction is clearly
applicable to amorphous polymers, that is, a liquid or a solid that contains no
crystalline component. The interfacial fraction concept is also important for semi-
crystalline polymers, that is, polymers that have both crystalline and amorphous
regions. However, if the surface is able to initialize crystallization, that is, nucleate
crystallization, then a second complication is added. The effect of nanotubes on
amorphous polymers will be discussed in Section 4.2, while that for semicrystalline
polymers will be discussed in Section 4.3. Both static and dynamic effects will be
considered.

On a molecular level, there are a number of reasons for the configuration
(conformation) of a polymer to change when a solid surface is introduced into an
amorphous polymer. Impenetrability of the surface causes alterations in polymer
chain configuration; changes in free energy and hence changes in configuration due to
impenetrability can be well described mathematically. Gauging the static and
dynamic properties of the molecules near the interface that occur as a result of
configuration-change energies and repeat unit-surface interaction energies is non-
trivial, but molecular dynamic simulations in particular are helping to answer some of
these questions, at least for amorphous polymers. The application of well-known
polymer thermodynamic concepts relevant to molecular weight should be able to
explain perturbations in surface interactions caused by the fact that polymers are not
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monodisperse. The chemical identity of end groups could play a role if these groups
have different interaction energies with the surface than does the repeat unit;
however, as with other properties, only at very low molecular weights would such
effects be expected to be important. One characteristic that is exceedingly difficult to
account for in any theory is induced compositional or structural changes of the solid
surface induced by the polymer. Of course, nanotubes will not change surface
composition due to introduction of a polymer unless of course a covalent bond forms.
Overall, a strongly interacting surface does change the conformation of a chain near
its surface; such effects are more clearly seen in solution. In bulk, these effects are
more difficult to discern. This chapter will discuss how nanotubes change the
conformation of a polymer in bulk and in solution.

This molecular view of how a solid surface, in this case nanotubes, affects
amorphous polymer behavior can be complemented by a thermodynamic, that is,
macroscopic, view. For small-molecule liquids, characteristics of the solid-liquid
interaction depend only on the interfacial energies of the liquid and the solid, which in
turn are a function of the atomic level interactions between the surface and the liquid.
Favorable interfacial energies, that is, the interaction of the polymer with the surface
is stronger than the interaction of the polymer with itself, lead to adhesion of a bulk
polymer and adsorption if the polymer is dissolved in a liquid. In general, high
interfacial energies result from high surface energies, and high surface energies result
from polar and/or polarizable functional groups being present on a surface or
polymer. The addition of functional groups that increase the surface energy of
nanotubes is an important strategy to strengthen the attraction between a polymer and
asurface. Even more important is the compatibilization of nanotubes with groups that
can react with the polymer or functionalization with the same type of polymer to
provide possible entanglements with the bulk polymer.

The dynamics of polymer chains are affected as well as chain configuration.
The glass transition is the simplest measure of polymer chain dynamics. The effects
of carbon nanotubes on the glass transition temperature (T;) are by no means
universal for all types of polymers; depending on polymer identity both increases
(indicating a reduction in chain mobility) and decreases (indicating an increase in
chain mobility) have been measured. The amount of material participating in the
glass transition can also decrease with the introduction of nanotubes, suggesting that
at least some interfacial material is phase separated in a dynamic sense. The polymer
chain diffusion coefficient is a molecular-level measure of chain mobility. A first-
order approach to diffusion coefficient changes in the presence of nanotubes would be
to assume a change in the average diffusion constant of the polymer, while a second-
order approach consistent with dynamic phase separation would be to model the
system as having two spatial regions with one region where the diffusion constant is
unaffected by the solid and the other where the diffusion constant is significantly
affected. More complicated approaches are of course possible. Experimentally, as
will be described later in Section 4.2.2, in some situations the diffusion constant
shows a decrease at low nanotube content followed by an increase at higher
concentrations, which can be explained by an anisotropic diffusion coefficient.

The fundamental building block of the crystalline region, the unit cell, is
unaffected by the introduction of nanotubes. However, the rate of formation of
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crystals, which in turn affects properties including crystallite size, shape, and so
on, can be affected by the introduction of nanotubes. Crystallization is conve-
niently divided into two parts, nucleation and growth. Nucleation phenomena are
not well understood even in the case of monodisperse homopolymers in the
absence of any other added fillers. Nucleation in the presence of a solid substrate is
even less understood. For example, enumerating surface characteristics that will
induce nucleation cannot be done reliably, or, alternatively, whether nucleation
of a certain polymer by a certain surface will occur cannot be predicted either.
Clearly, the molecular level understanding of nucleation in the presence of
nanotubes is poor. However, as will become clear, nanotubes do nucleate crystal-
lization in most systems having a profound effect on the resultant crystalline
morphology. The effect of a solid surface on crystal growth is better understood
than nucleation. A solid surface affects growth both dynamically and spatially.
Dynamically, the ability of polymer chains to diffuse to the growing crystal face
will be affected. Spatially, a growing crystal encountering a solid has three
choices: stop growing, change its growth direction, or force a change in the
position of the solid. The effect of nanotubes on the growth rate of crystallization
will also be explored.

Some of this chapter will concern evidence gleaned from surfaces having a
chemical or geometric structure different from nanotubes. Common chemical
surface identities studied include silicon dioxide, aluminum oxide, clays, and
graphite; results from the latter, in particular, should likely be very applicable to
nanotubes. The two most important geometries are flat 2D surfaces, which have
been heavily studied because of the wide variety of characterization techniques
available, and porous solids, where confinement is almost in all three directions
and for which bulk measurements can be made. As might be expected, studies of
polymers confined in porous solids are rare because of the difficulty of confining a
polymer inside a pore. Although a nanotube surface in a composite is different
from either of these geometries, it is certainly expected that the characteristic
behavior of polymers near a surface gleaned from these studies could be applicable
to nanotube—polymer composites. In fact, polymer—nanotube interactions do not
seem to be affected, in most cases, by the radius or length of the nanotube. This
statement arises from the fact that the fundamental interaction is at the repeat unit/
hexagonal carbon length scale, and the curvature of the tubes is usually of a length
scale much larger than the interaction distance. However, there are some instances
where nanotube geometry plays a critical role; two of the most important are
wrapping and crystallization in oriented systems. Wrapping describes how certain
polymers wrap around a carbon nanotube adopting a helical-type configuration;
only a small diameter cylinder can force this type of configuration. For crystalli-
zation, nucleation by a solid causes growth perpendicular to the surface (in this
case, perpendicular to the nanotube long axis); hence, a small diameter cylinder
will cause some very unique morphologies.

Each of the next two sections will begin with a short discussion that will
introduce relevant concepts in polymer physics. With that discussion serving as a
basis, the remainder of the section will explore the important effects of nanotubes on
the amorphous and crystalline regions of a polymer.
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4.2 AMORPHOUS POLYMERS

This section will discuss polymers having no crystalline regions, and includes
polymer melts, polymers in solution, and solid amorphous (glassy) polymers. This
section does not address what effect nanotubes have on the amorphous regions of
semicrystalline polymers. If nanotubes do not nucleate crystallinity, then nanotubes
must be excluded from the crystalline regions. A number of questions can be posed
about the relationship between the amorphous regions of a semicrystalline polymer
and nanotubes; for example, is there some preference for the interfacial region of
the crystalline/amorphous boundary to preferentially interact with carbon nano-
tubes versus the noninterfacial amorphous region? However, detailed analyses
of the interactions of nanotubes with the amorphous region in semicrystalline
polymers have not yet been performed in a significant manner. These analyses
have not been performed not because of the lack of expected importance; the
characteristics of the amorphous region of a semicrystalline polymer, including
material in the crystalline/amorphous boundary, are important for mechanical
properties in particular. However, such analyses are difficult and hard to perform.
The few studies that have given information on the amorphous regions in
semcrystalline polymers will be described in Section 4.3 on crystalline polymers.

4.2.1 Statics: Adsorption and Chain Configuration

A solid surface will change the conformation of a polymer chain under most
conditions. Figure 4.1 shows the conformation of a polymer chain not at a surface
calculated from a self-avoiding random walk. The conformation of a polymer chain is
normally quantified in terms of its radius of gyration (R,) both because R, can be
measured experimentally and because R, is a convenient way to quantify conforma-
tion. The radius of gyration is defined as the root mean square distance of a polymer
mass segment from the overall polymer center of mass. For a homopolymer, the
radius of gyration can be calculated from

() = -3 (i) = 51 3 (7 (@)

©ONE 2N ij

where 7;, 7j, and 7 are vectors from an arbitrary point to a point that contains the
center of mass of the i, j, or k repeat units, respectively, Fpean 18 the vector from the
same arbitrary point to the center of mass of the polymer chain, and N is the total
number of repeat units. The angle brackets represent the “ensemble average,” which
is a quantum mechanical way of saying the average for a large number of structurally
identical chains. For a polymer chain in an amorphous, unoriented pure sample,
<Ri) 1/2 (the square root of the ensemble average radius of gyration squared) is
typically between 10 and 200 nm and defines a sphere for which about 60% of the
mass of that polymer chain is contained. However, the mass concentration of repeat
units from a single chain in its R, sphere is quite small, between 1% and 10% for most
polymers (the amount increases as the molecular weight decreases). In other words,
within the sphere defined by R,, most of the volume is occupied by repeat units from
other chains (in bulk) or solvent (in solution).
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Figure 4.1 Conformation of an amorphous polymer chain. One thousand repeat unit
poly(ethylene oxide) is shown and a self-avoiding random walk was used to create this
configuration. Courtesy of Liu Shu and Alberto Striolo.

Under “theta” conditions, (Ri> is proportional to N, the number of repeat units.
“Theta” conditions exist in neat amorphous polymers, either melts or glasses, and also
occur for polymers in solvents relatively close to their precipitation temperature.
The radius of gyration is perhaps not as simple to understand as the end-to-end distance
(i.e., the distance from one end of a chain to the other); under “theta” conditions, the
ensemble average end-to-end distance squared = 6(R§>. Not only do the radius of
gyration and the end-to-end distance scale with N'/* under theta conditions, but a
number of other thermodynamic quantities also exhibit simple scaling behavior or have
specific values under “theta conditions.” The thermodynamic consequences of “theta”
conditions are beyond the scope of this book; an introductory polymer physics textbook
will describe these consequences in more detail.

Adsorption by polymer chains onto nanotubes where both are found in a liquid
will be considered first. In the case of an attractive interaction between polymer and
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nanotube, polymer molecules can adsorb on the surface of a nanotube; that is, some or
all of the repeat units will be in close proximity to the nanotube surface. Other than
covalent bonding (which is not adsorption in the context of this book since covalent
bonding to a surface is termed functionalization), the strongest forces involved in
adsorption are electrostatic this situation occurs in a high dielectric constant liquid
where the charge of the adsorbing species has a charge opposite that of the surface.
By far, the most important case of electrostatic adsorption occurs in water, and in
fact electrostatic adsorption is a very important mechanism of polymer adsorption to
functionalized nanotubes. Other types of forces relevant to adsorption on a nanotube
surface include dispersion forces and various other forces, the most important of
which for nanotubes is m—m stacking. The solvent, and its interaction with both the
polymer and the surface, is also a key to the behavior of the adsorbed polymer at
the interface since a given polymer chain can stay surrounded by solvent or adsorb on
the surface.

The general configuration of an adsorbed chain from solution onto a flat surface
falls into one of three patterns: pancake, mushroom, or brush. The pancake pattern of
a single polymer chain at a flat surface has three different types of segmental
conformations: trains, tails, and loops. These different characteristics are schemati-
cally shown in Figure 4.2. Although developed for flat surfaces, these qualitative
descriptions should be valid for polymers adsorbed to nanotubes. The following is
generally found for homopolymer adsorption on a relatively flat surface:

¢ Polymer adsorption tends to be temperature insensitive.

¢ Polymer adsorption increases with molecular weight in a poor solvent, but is
rather insensitive to molecular weight in a good solvent.

\ 4

Increasing polymer concentration
Increasing solvent quality

Loop Loop
Tail

Train Train

Figure 4.2 Classification of the way in which polymer chains can interact with a surface.
Upper diagram represents the three main classifications of morphology for adsorbed
polymers (from left to right pancake, mushroom or brush) while the lower represents, for a
single chain, possible features of adsorption.
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Polymer adsorption increases as solvent quality decreases.

Although polymer adsorption occurs on the timescale of minutes, to reach the
final equilibrium state can take many hours, or even days, due to a great deal of
rearrangement that can occur at a surface as well as replacement of longer
chains by shorter chains.

Lower molecular weight species tend to adsorb at a surface because there is less
loss of configurational entropy for the smaller chains.

Polymer adsorption can usually be thought of as “effectively irreversible” in
many situations. Specifically, adding more solvent, or even a small molecule
that will adsorb on the surface, does not cause desorption of the polymer even in
cases where the polymer will stay in solution if not already adsorbed. The
reason is that deadsorption requires all adsorbed polymer segments to release
from intimate contact with the surface at the same time, and the probability of
this happening is small even when energetics favor deadsorption. A notable
exception is when the adsorption is due to oppositely charged polymer/surface;
changing the charge can cause deadsorption. Another notable exception is
when a more strongly adsorbing polymer is added, because the new polymer
literally burrows under the adsorbed polymer.

o A reasonable value for the adsorption of polymer molecules is 1 mg/m?
indicating that the thickness of the adsorbed layer is on the order of 1 nm
assuming a bulk density. However, an adsorbed polymer chain can extend tens
to hundreds of nanometers into solution depending on molecular weight and
solvent quality indicating that a large amount of solvent is involved.

In general, homopolymer adsorption from solution tends to be of the pancake
type, unless of course the end group of the polymer has a very high affinity for the
surface while the polymer does not. To achieve mushroom and brush configurations
usually (but not always!) requires a polymer with at least two different types of
moieties, which is most often done either with a reacting group at a chain end or with
a block copolymer where one block is adsorptive and the other is not.

The theory of pancake-type adsorption was considered in the seminal work of
DeGennes,'> who considered a weakly attracting wall, with the wall-repeat unit
interaction length scale equal to A, which is also the repeat unit length. The
concentration was semidilute, that is, the concentration was slightly greater than
the overlap concentration. The volume fraction of repeat units was separated into
three regions based on the proximity to the interface: a region z <A (z is the distance)
termed the proximal region where volume fraction of repeat units depends strongly
on the interaction energy, the central region that is self-similar where the number of
entanglements and hence the concentration scales as Y 3, and finally the distal
region where the concentration is controlled by a few large loops and tails and where
the concentration scales as e ~.

Clearly in the pancake type of adsorption from solution, the chain would be
expected to spread in the two directions parallel to a flat surface, while contracting in
the direction perpendicular to the surface. Whether this change occurs and the
magnitude of this change depend on the strength of the interaction of the polymer
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with the surface. This change is quantified by the radius of gyration in the parallel
direction relative to that in the perpendicular direction. Simulations®* indicate that
the radius of gyration in the perpendicular directions can be one to two orders of
magnitude lower than that in the parallel direction; however, the three-dimensional
radius of gyration, which is easily measurable, will show little change because the
sum of the square of the two radii of gyration is approximately constant.

Nanotubes in a bundled state will present a surface that has a roughness varying
periodically in a manner that is a function of the nanotube diameter. The question that
naturally arises is whether the nature of polymer adsorption from solution is altered
by the periodic roughness presented by a nanotube bundle. The author is unaware of
any study that examines this question, although a computational study on surfactant
adsorption showed that such effects increase adsorbed surfactant amount.” For both
individual nanotubes and small bundles, the diameter of the adsorbing surface will be
less than the radius of gyration of a polymer chain in the direction perpendicular to
the bundle long axis, in essence forcing the adsorbed chain to align in the direction of
the bundle axis. Again, to the author’s knowledge no studies have been done that
might, for example, suggest that adsorption might be more facile on larger bundles
since the orientation requirement is less severe. However, the bulleted points listed
earlier and the theory of DeGennes are expected to hold in the case of adsorption to a
nanotube bundle.

As stated previously, thermodynamics favor the adsorption of lower molecular
weight species because of entropic considerations. However, two authors found that
rheological measures such as melt strength and storage modulus decrease with the
introduction of nanotubes at very low nanotube concentrations consistent with
the selective adsorption of high molecular weight species.®” Such decreases are not
unique to nanocomposites made with carbon nanotubes; nanocomposites with poly-
styrene spheres® also show this effect. In fact, using a more narrow molecular weight
distribution polymer eliminated the decrease in storage modulus.” The explanation for
this phenomenon is likely kinetic. Although adsorption of shorter molecular weight
chains is thermodynamically favored, displacing adsorbed longer polymer chains
is very difficult due to the necessity of removing all contacts with the surface.

As the nanotube diameter gets small, a unique configuration is possible for the
polymer chain; that is, the theory of DeGennes will not apply and some of the bullet
points listed earlier will be violated. Specifically, the polymer chain can wrap around
the nanotube and form a helical-type structure as shown in Figure 4.3. Most of the
work has been performed with biological polymers, for example, DNA and proteins,
because of the possible importance of nanotubes in biological applications. However,
synthetic polymers have been shown to wrap around nanotubes as well. To directly
image this wrapping requires scanning tunneling microscopy, which is capable of
providing the molecular level resolution necessary to distinguish wrapping from
some other chain configuration. Scanning tunneling microscopy uses an electric
current between a tip and a surface to determine topological variation, and has
significantly more resolution that atomic force microscopy that uses mechanical
force between a tip and a surface. DNA” and poly(3-hexylthiophene)'® have been
shown to wrap around single-walled carbon nanotubes. STM allows the determina-
tion of the chiral angle and the polymer spacing along the nanotube. For DNA and a
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Figure 4.3 A schematic that represents how DNA might wrap around a (10,0) single-
walled carbon nanotube. Copyright Nature Publishing Group. Reproduced with permission
from Ref. 266.

(6,5) tube, the angle and distance were ~63° and ~3.3 nm, respectively, which agreed
well with computer simulations of the structure. For poly(3-hexylthiophene), the
angle and distance were ~45° and ~1.7 nm, respectively. However, in the DNA
study,” there was a regular periodic height variation along the DNA chain (e.g., the
distance from the DNA to the nanotube was not constant) that could not be explained
and was not predicted by computer simulations. One interesting question is the
maximum diameter where wrapping is possible. DNA has been shown to wrap
MWCNTs of diameter ~10nm; of course, the exact specifications depend on the
polymer and nanotube.!' The same study found another interesting adsorption
conformation: polymer could be inserted inside a nanotube. In this study, DNA was
found to insert using STM into specially synthesized MWCNTs with an inner
diameter of ~0.35 nm. For insertion, tubes must have larger openings than the typical
0.1-0.2 nm diameter given the cross-sectional area of most polymer chains.

The reader should be cautioned because a great number of papers claim
wrapping where the evidence for such a configuration is lacking. In some studies,
the claim is given that wrapping is occurring even without any evidence that
individually dispersed tubes or at least bundles with a very low number of tubes
are present! AFM studies cannot be used to determine whether wrapping occurs
because the probes do not have sufficient resolution to distinguish wrapping from
some other type of arrangement such as adsorption as a linear chain rather than a
helix. Computer simulations'>' have been of great utility in predicting the nature of
polymer—nanotube adsorption; however, under certain conditions, both random'*"?
and inserted polymers'®'” have been found to be the lowest energy adsorptive state.
In the author’s opinion, the number of experimental studies that have confirmed such
predictions is not large enough to fully trust such computer simulations. However, the
author believes that such studies will eventually prove that computer simulations are
generally correct and it really is not necessary to prove experimentally that wrapping
is occurring if computer simulations indicate that wrapping is the lowest adsorptive
energy state.

Macroscopically, polymer adsorption from solution is described by an adsorp-
tion isotherm. An adsorption isotherm is a plot of adsorbed amount on the ordinate
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(v-axis), ideally expressed in terms of mass of adsorbent/surface area of solid.
Because the available surface area is typically unknown since the dispersion state is
unknown for nanotubes, plotting the y-axis as weight of adsorbent/weight of
nanotubes is acceptable. The abscissa (x-axis) should be plotted as concentration
of polymer in solution after adsorption. If the amount of added polymer is plotted on
the abscissa instead of the amount of polymer in solution after absorption, then the
plot is only relevant for the solid amount, solution volume, and polymer concentra-
tion used in that experiment. Although such graphs have been published for
surfactant adsorption to nanotubes,'®!'? studies of polymer adsorption have been
quite rare. In one particularly imaginative study,zo a layer of single-walled carbon
nanotubes was sprayed onto a silica surface enabling a constant nanotube surface
area. Optical reflectivity was used to determine the amount adsorbed; surprisingly,
the roughness of the surface did not distort the laser light to levels that were
unmanageable. Both adsorption rate and amount were monitored, although the
nominal surface area, that is, not the nanotube surface area, was used for normali-
zation. The authors showed that a protein monolayer on the order of 1 nm thick was
formed under conditions near the isoelectric point of the protein; thinner layers
formed when the protein was charged. Further, the characteristic shapes of adsorp-
tion isotherms were similar to those found with polymers on other surfaces as shown
in Figure 4.4. In another study where the nanotubes were dispersed in solution,?' the
authors presented the ratio adsorbed polymer/total polymer (from which the
adsorbed amount could be calculated); however, the x-axis was presented in terms

Adsorbed amount (mglmz)

Figure 4.4  Adsorption of

bovine serum albumin

polymer on carbon nanotubes
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of amount added instead of amount in solution after absorption, and the polymer/
nanotube mass ratio was fixed at 1 : 1. The authors showed that there was a relative
maximum in the ratio adsorbed polymer/total polymer at an added polymer or
nanotube concentration of about 10™* kg/mS, while a relative minimum occurred at
about 10~ kg/m>. The former would seem to indicate a maximum dispersion level
under the conditions of this experiment, which is simple to understand since
diffusion of the polymer plays an important role in debundling kinetics and higher
polymer concentrations lead to lower diffusion coefficients due to higher viscosities
and entanglements. The relative minimum is harder to understand, unless this is due
to better sonication efficiency at higher viscosities. The authors analyzed the data
using an adsorption/desorption model, which is likely irrelevant to the physics of the
problem since desorption of a polymer is unlikely except in cases driven by
molecular weight fractionation. This study does illustrate the difficulty of measuring
adsorption isotherms of polymers on nanotubes; the changing surface area driven by
different debundling levels will make the adsorption isotherms not follow the “true”
isotherms because the adsorption surface area is not constant.

In the absence of a solvent, for example, in a polymer melt or glassy
polymer, how does the introduction of nanotubes affect the radius of gyration of a
polymer chain? This question is hard to answer because of the lack of experimental
tools that are able to address this question, and the author is not aware of any study
that measures the radius of gyration for polymers adsorbed on nanotubes. Some
studies have been made on thin films adsorbed to flat surfaces. Unfortunately, such
studies generally have two interfaces: a polymer—air interface and a polymer—solid
interface. Further, the structures are, in most cases, inherently nonequilibrium
structures since surface tension forces would tend to drive the film into droplets,
and it is only due to the high viscosities that such droplets do not form. In such
studies, the results have been mixed; some studies have found no change in the
radius of gyration in the plane of the surface for poly(methyl methacrylate) on
glass®? and polystyrene on hydrogen-passivated silicon,?® while others have found
a significant lengthening for polystyrene on glass.***> A very detailed and precise
study on nanoscale silica with no agglomeration exhibited no changes in chain
dimensions upon the addition of filler.”® The latter paper critically examined the
literature and concludes that with proper conditions, in particular monodisperse
chains, no chain extension should occur. However, these authors do not consider
nanocomposites that have two nanoscale dimensions such as nanotubes. The
authors do acknowledge a “correlation hole” effect in filled systems, which occurs
because of a decreased interpenetration/entanglement of chains near a solid
interface.”’*® Although a direct connection has not been established, it is very
likely in the author’s opinion that this “correlation hole” is related to some of the
dynamic phenomena discussed in the next section.

4.2.2 Dynamics: Glass Transition and Diffusion Coefficient

The effect of filler on chain mobility is difficult to predict. A filler is an impediment to
movement, since the filler is not permeable to the polymer. However, movement
along the surface of the filler could be enhanced relative to movement in the bulk
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polymer. Enhancement can be easily rationalized in the case of an unfavorable
energetic interaction of the polymer with the filler; the polymer is able to “slide by”
the surface more easily. However, even in the case of a favorable interaction,
enhancement could occur if a layer at the surface is pinned by the solid, allowing
chains next to the pinned layer to move more easily since the entanglement density
with the pinned polymer can reasonably be expected to be smaller than that in the
bulk system, that is, the “correlation hole” effect discussed above.

The diffusion coefficient (D) is the measure of the speed of a molecule to
move through a stationary medium and is defined in one dimension by Fick’s law at
steady state:

dc

J=-D o (4.2)
where c is the concentration of the diffusing species, x is the direction of diffusion,
and Jis the flux (molecules/area x time). Fick’s law states that the rate of movement
will be proportional to the gradient in concentration; that is, a difference in
concentration causes molecules to move from one place to another and the greater
the difference, the faster the movement. How do nanotubes affect the diffusion
coefficient of a polymer? In two recently published studies by Winey and cow-
0rkers,29’30 the authors found a minimum in diffusion constant with nanotube
content in the case of single-walled and multiwalled nanotubes. Experiments were
performed with a polydisperse high molecular weight polystyrene sample and the
diffusion of deuterated tracer polystyrene molecules of various molecular weights
was followed. To explain the minimum, the authors postulated that there was a
decrease in diffusion coefficient at low concentrations due to the impeding effect of
the nanotubes. An increase in diffusion coefficient occurred at higher nanotube
concentrations because polymers diffuse more quickly along the nanotube surface,
and, when a percolating network is formed, diffusion over long distances in
directions defined by the nanotube surface is now possible. In fact, at high enough
concentration, the diffusion coefficient is higher than that in pure polymer. Faster
diffusion than in the pure polymer suggests that the interaction of the deuterated
chains is not with the nanotube, but rather with polymer that is immobilized on the
surface of the nanotube since the interaction between nanotubes and polystyrene is
known to be adhesive. This observation of a minimum in diffusion coefficient held
when R, of the deuterated polymer was greater than the average radius of the
nanotube (or nanotube bundle); when R, was less than the average radius, the
diffusion constant was independent of nanotube level. The independence of
diffusion constant with nanotube addition is even more surprising given the
increase in viscosity (although perhaps the viscosity does not increase in a local
sense as pointed out by one group of authors)®' as well as the increase in path
tortuousity. The authors explain this result as a lack of entanglements for the lower
molecular weight deuterated polymer with the nanotube. However, this explanation
suggests that the lower molecular weight material does not interact well with the
nanotubes, which is counter to the known effect that lower molecular weight
polymers tend to adsorb better than higher molecular weight polymers; although
deuteration might affect the relative strength of these interactions and/or
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nonequilibrium, higher molecular weight adsorption might be occurring. Two other
studies also found no change in diffusion constant with the addition of
nanotubes.>' 2

The glass transition is another way to measure polymer dynamics. The glass
transition is a change from an amorphous solid to an amorphous liquid. The most
common technique used to characterize the glass transition is differential scanning
calorimetry (DSC). DSC involves heating or cooling a sample at a constant rate, that
is, °C/min, and precisely measuring a quantity that is proportional to the amount of
energy being added or removed from a sample, which in turn allows for the
calculation of the heat capacity. In the absence of a transition, the heat capacity
of a polymer increases approximately linearly with temperature; in the glass transition
region, there is a steep increase in the heat capacity. The change in the heat capacity
over the temperature range that defines the glass transition is proportional to the amount
of amorphous material that changes from an amorphous solid to an amorphous liquid.
Other thermodynamic measurements such as volume, as well as dynamic measure-
ments such as viscosity and diffusion coefficient, can also be used to characterize the
glass transition.

Nanotube composites are one example of the more general area of the behavior
of the glass transition for polymers under spatial confinement. In fact, nanotube
composites are not the ideal system for studying such effects because of the
difficulties in precisely characterizing dispersion. Even in easier systems to study,
as pointed out in the review by Alcoutlabi and McKenna,*® observations of the glass
transition under confinement are not consistent and in fact sometimes contradictory
to one another. This section will give some background about 7, of confined materials
in order to be able to discuss how nanotubes affect the glass transition in polymers.
Two geometries are of particular interest: molecules confined in pores and molecules
in thin films. Both geometries have limitations relative to nanotube composites that
will become apparent during the discussion; however, both of these geometries can be
defined more precisely than nanotube composites.

Theoretical® and experimental studies®>® of the glass transition of small-
molecule glass formers in pores indicate that there are likely two species, one which
shows a higher T, than the bulk 7}, and another that shows a T, that is lower than or
equivalent to the bulk T,. The obvious explanation is that some material is strongly
adsorbed to the surface raising the T, of that material relative to the bulk. The
unadsorbed material can have the same or lower T, than the bulk, likely depending on
the characteristics of the adsorbed layer. There is some controversy on the separated
glass transition temperatures; some studies show a decrease in a single T, upon
corlﬁne:mezrlt,34’37 while others show a decrease followed by an increase with
decreasing pore size.*®* To reconcile the studies with only one T, with those that
show two T, values, it is only necessary to postulate that in some cases the surface
adsorbed phase is either so strongly adsorbed or adsorbed in such small quantity so as
to not give a measurable 7. Unfortunately, studies of polymers inside of pores are
difficult because of the difficulty of filling pores with a high-viscosity polymer.

The diversity of behavior, as well as the quantity of data, is much larger in
studies of the glass transition in polymer thin films. The preparation of polymer thin
films is almost always done in a nonequilibrium matter, so the nonequilibrium state of
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the film is convoluted with the nonequilibrium nature of the glass transition! This
simple statement is perhaps part of the reason for the very inconsistent nature of the
results that will be described. In particular, the choice of solvent used to create thin
films can have an effect on the observed behavior; of course, annealing for a long time
can remove such effects but recent work has shown that annealing to reach an
“equilibrium” state can be quite long at temperatures far above the glass transition.*’
Further, calorimetry has been infrequently used as a measurement of the glass
transition temperature in thin films; a full discussion of the different methods used to
measure the glass transition temperature in thin films is beyond the scope of this text
and the interested reader is encouraged to consult Ref. 33.

Free surfaces (i.e., the polymer—air interface) are an interesting case of surface
confinement, and free surfaces can be reasonably assumed to be the most highly
repulsive surfaces available. In fact, the term “repulsive surface” functionally means
that poor wetting causes the presence of voids of some unspecified character near the
solid, which confirms why free surfaces can be considered as being the most highly
repulsive surfaces. Polystyrene has been the most studied polymer in thin film studies
of the glass transition. 7, decreases at thicknesses roughly below 100nm in
freestanding films (i.e., two free surfaces) or for samples supported on one side by
a nonstrongly adhesive surface. The decreases become larger as the film thickness
becomes smaller reaching levels as much as 50-100 K.*'** A representative example
of the drop in T, is shown in Figure 4.5. Poly(methyl methacrylate) and poly(vinyl
acetate) showed a much smaller drop*® or almost no drop in 7,,** respectively, with
film thickness in such situations.

An increase in glass transition temperature caused by a surface that interacts
strongly with the polymer, either because of grafting of polymer to the surface*® or
because of strong adsorption of the polymer to surface,*® has been found. One
criticism of this field is the lack of measurement of interfacial energies for various
polymers and substrates, which does not allow for quantitative relationships to be
developed; however, it is not entirely clear the temperature and/or concentration
(which is relevant depends on the method of making the samples) at which such
measurements should be made. In general, the number of studies that found a
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decrease in Ty is significantly larger than the number of studies that have found an
increase in T, although the presence of one free surface in these experiments skews
the results. A group of studies that illustrate the subtleties inherent in these
experiments were performed by Grohens et al.*”**® for supported isotactic and
syndiotactic PMMA films. Using spin-coated films on silicon and aluminum and
infrared spectroscopy to quantify polymer—surface interactions, the authors found a
decrease in T, for the more lightly bound syndiotactic PMMA, and an increase for the
more strongly interacting isotactic PMMA. Hence, changes in stereochemistry,
which presumably would not significantly alter polymer—surface interactions, do
in fact alter those interactions to such an extent so as to cause a qualitatively different
response in the effect of film thickness on T.

One of the key questions that have been examined in thin films is whether the
glass transition temperature changes as the polymer becomes closer to the substrate.
Flat surfaces offer an interesting way to study that question, since depth profiling
measurements of the 7, might be possible. The use of fluorescence probes has
allowed for such an ability, and these probes have been used to show that in at least
one case, there is a depression in 7T, near the free surface and increase in T, near the
solid surface.*® This type of spatial separation, that is, two T, values, has not been
noted in most studies of the T, in thin polymer films. However, most probes of the
glass transition in thin films do not allow for distinguishing two glass transitions, even
if such separation occurs.

Nanocomposites offer an interesting geometry that is intermediate between
that of thin polymer films and polymers in pores. With respect to thin polymer films,
nanocomposites are a simpler system since the contribution from the free surface can
be safely ignored. Nanofillers having only one dimension that is nanoscale, that is,
platelet fillers such as graphene sheets or nanoclays, have a geometry that is in a
practical sense identical to that offered by the surfaces used in the studies of thin
polymer films, except perhaps for roughness. Polymers filled with spherical nano-
scale objects have a geometry that is qualitatively the mirror image of porous
systems. Nanotubes, of course, are the case where the nanofiller has two nanoscale
dimensions. This discussion will, of course, focus on nanotubes; however, all
nanofillers tend to affect the glass transition in a similar manner, although not
necessarily identically, as will be pointed out when appropriate.

The simplest hypothesis is that the interaction of the filler with the surface will
determine whether the glass transition temperature increases, decreases, or does not
change. Unfortunately, in nanotubes, it is impossible to vary the surface energy of the
filler and/or nanotube and know that the dispersions are identical, so the assignment
of changes to a particular variable are difficult. Nanospheres are much easier to
disperse without aggregation, and hence the interfacial energy can be varied while
maintaining perfect dispersion. One study with nanospherical silica showed that the
three types of changes in T, could be obtained with three different polymers and
hence three different surface energies: poly(2-vinyl pyridine) showed an increase in
T,, PMMA showed a decrease in T, and polystyrene showed no change in Tg.5 O With
nanotubes, a similar study was performed where the surface was changed rather than
the polymer. Using a dispersion—reaction scheme (see Figure 3.2 and the associated
discussion), a polyimide was mixed with unfunctionalized, acid-functionalized, and
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amine-functionalized tubes.>! In the former case, the T, decreased, while in the latter
two cases, the T increased. As an approximate measure of dispersion, the percolation
threshold in conductivity was between 2% and 3% for all materials. Similar
differences in the change of T, with nanotube surface chemistry have been found
elsewhere as well.”>”?

Although the surface energy of the nanotubes can be altered in order to change
the interaction between the polymer and the nanotube, another mechanism is also
available as described in a unique study by Koning and coworkers.>* For a low
molecular weight polystyrene having a very low T, of 90°C (about 10°C below that of
a polystyrene sample with a more typical molecular weight), there is an increase in T
of about 8°C/wt% nanotube with added nanotubes until a plateau is reached at a
nanotube content of 2 wt%. For a material of more typical molecular weight, there is
essentially no change in the glass transition temperature with added nanotubes after
the effect of surfactant is accounted for (surfactant is used to disperse the tubes).
Finally, adding a small amount of low molecular weight material to the typical
molecular weight material causes the glass transition temperature to increase by
about 1°C/wt% nanotube. The authors attribute the increase to the ability of the low
molar mass material to displace surfactant on the surface of the nanotubes; however,
whether surfactant is necessary to see this effect has not been determined.

Table 4.1 presents the results of papers that have examined the effect of adding
nanotubes on the glass transition temperature as a function of nanotube content and is
believed to be comprehensive. The column “T,/wt% nanotube” is the amount of
change in T, for every weight percent nanotube; a linear relationship is assumed in
this table. Within a good approximation, a linear relationship is correct for all studies.
This linear relationship usually does not extend to higher concentrations; instead the
glass transition temperature often plateaus and reaches a constant value. This value is
also given in Table 4.1. The conductivity percolation threshold is listed to give the
reader some idea of dispersion; for most if not all of the entries, the percolation
threshold is a reasonable measure of dispersion for these materials. All entries suffer
from some “nonequilibrium” effect; that is, none of the studies annealed samples for
a long time to eliminate effects due to sample history. Eliminating such effects is
expected to be more difficult in these materials than in polymer thin films, and, as
stated earlier, eliminating such effects in thin films is very, very difficult.

The results shown in Table 4.1 have little, if any, discernible patterns with
respect to surface or interfacial energies; the inconsistency of behavior represented
by Table 4.1 is not unique to nanotubes as discussed in a recent review article on
spherical silica nanofillers.”® The most common shape of a curve of T, versus wt%
nanotube is an increase followed by a plateau at higher concentrations, an example of
which is shown in Figure 4.6. This qualitative shape cannot be easily explained; the
glass transition temperature should continue to increase (or decrease) with increasing
nanotube content, or perhaps show a maximum or minimum as was found with the
diffusion coefficient. A theory that fits experimental data rather well at low con-
centrations does not predict a plateau under any circumstances.’® Perhaps other
nanofillers might be able to provide some explanation for the plateau. To examine
nanocomposites made with nanoclays is not appropriate, because the surfactant
required to disperse the clays can cause plasticization of the polymer. Graphene
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CHAPTER 4 EFFECTS OF CARBON NANOTUBES ON POLYMER PHYSICS
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sheets offer an interesting parallel to nanotubes; one study using a dissolution—
dispersion—precipitation mixing scheme did show an increase of 600°C/wt% gra-
phene with a plateau at 0.05 wt%.>” One obvious explanation for the plateau is that
the amount of available surface area and hence the amount of polymer near a surface
does not grow with an increase in filler content because of increased agglomeration;
however, proving such a hypothesis is difficult. One study using gold nanoparticles in
polystyrene, where the nanoparticles were imaged with transmission electron
microscopy, did find both a plateau and definite evidence of agglomeration; however,
evidence of agglomeration was found at a 1% nanoparticle level while the T, plateau
occurred at about 0.5%. Interestingly, the plateau and agglomeration weight percents
did not shift upon changing the molecular weight of a grafted coating, although 7,
shifted from a 10°C decrease to a 5°C increase.’® Table 4.1 includes only changes that
occur upon mixing a polymer with a nanotube and not covalently bonding a polymer
to the nanotube; covalently attaching a polymer to the nanotube consistently
increases the glass transition temperature of the attached polymer.’®°

Some of the large slopes found for some entries are due to an effect other
than simply introducing a nanotube surface into a polymer including molecular
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weight reduction catalyzed by nanotubes that might be occurring for polycarbonate
as noted in Table 4.1. Materials created via dispersion-reaction schemes could have
effects on the T, due to reaction completeness; that is, nanotubes may alter the
chemical reaction that in turn causes changes in conversion that will affect the glass
transition temperature. This effect was examined quantitatively by changing the
cross-link density of an epoxy system by changing the ratio of mono- to difunctional
amine and monitoring the change in glass transition temperature with added
nanotubes.®! At low cross-link densities, that is, when the mono/di ratio was greater
than 1, the glass transition temperature increased at a rate of 5—-10°C/wt% nanotubes.
When the ratio was less than 1, the glass transition temperature decreased at
approximately the same absolute rate. The authors explained this behavior as a
complex interplay between surface immobilization, a change in the length (due to a
change in cross-link density) over which a change in interfacial mobility can affect
the system, and a change in reaction kinetics. As pointed out in a series of papers,®>®3
to properly determine the effect of adding carbon nanotubes to dispersion—reaction
systems requires confirmation that the reaction itself is not affected by nanotubes.
Possible interference is certainly more critical for thermosetting resins because of the
strong effect of the crosslink density on the T, and more difficult to measure.

Nanotubes can have two other effects on the glass transition behavior of a
polymer besides changing the glass transition temperature: nanotubes can change
the broadness of the transition and/or decrease the amount of material participating
in the glass transition. The latter will arise due to material that is strongly adsorbed
to the interface, as was discussed previously. In other words, the dynamics have
been altered for a fraction of the material to such an extent so as to cause a
separation between regions of the polymer in a dynamic sense. This separation
could cause a noticeable second glass transition at a higher temperature, or could
cause no noticeable second glass transition if the second glass transition is above
the degradation temperature of the polymer. Only a few papers have reported
measuring the heat capacity change in amorphous polymer—nanotube composites,
with a very detailed study recently published by the author’s research group.®*
As Figure 4.6 shows, a decrease of about 20% in the heat capacity change was
found at low nanotube levels (~1wt%) in agreement with studies on polyur-
ethanes® and polyisoprene,®® but was much smaller than a factor of 3 decrease
found in an epoxy composite.>® Our work was unique in that we examined samples
out to very high nanotube contents. At high nanotube contents, an increase in the
heat capacity was found without any change in T; that is, the T, was still in the
plateau region. To our knowledge, this increase in heat capacity has not been
reported in any other polymer nanocomposite. Further unpublished studies by the
author’s research group on other systems suggest that the increase at high nanotube
contents can be due a poorer relative dispersion, but the possibility of a confor-
mational rearrangement of isolated single-walled tubes as suggested in the paper
cannot be ruled out.

Broadening (or narrowing) of the temperature range over which the steep
increase in heat capacity occurs is a second effect that can be caused by the addition
of nanotubes. None of the studies listed in Table 4.1 reported significant changes in
the width of the glass transition. However, one study described the production of poly
(vinyl alcohol) fibers with 20% nanotubes having such a broadened glass transition,
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as measured by the storage modulus; in fact the broadness became so large that
the value of T, was not clear.®” Still, the preponderance of evidence suggests that the
introduction of nanotubes does not cause a wide variety of environments for the
polymer chains in a dynamic sense that in turn would lead to broadening of a single
transition. Introducing nanotubes can, however, cause the formation of a second
dynamic environment, which presumably is due to strongly adsorbed polymer in the
immediate vicinity of the nanotubes.

4.3 SEMICRYSTALLINE POLYMERS

Figure 4.1 is a reasonable representation of a single polymer chain, and it is a simple
matter to visualize how thousands upon thousands of these chains would form a bulk
polymer. In the classroom, I often take 50 long pieces of string of various sizes, put
them into a pile and announce to students “Here is what an amorphous polymer
looks like.” In other words, understanding, at least in a qualitative sense, the
morphology of an amorphous polymer is not difficult. However, a complete
qualitative description of semicrystalline polymer morphology is extremely difficult
to generate. A semicrystalline material has regions that are both amorphous and
crystalline, and a picture of a representative individual chain similar to Figure 4.1
does not exist since individual chains have many different configurations. To
describe the morphology of a semicrystalline polymer, three length scales must
be considered: the angstrom length scale, tens of nanometer length scale, and
micron length scale.

Three relevant regions at the angstrom-level length scale must be considered.
To a first approximation, the angstrom-level arrangement of molecules in the
amorphous region is the same as that shown in Figure 4.1, and hence will not be
discussed further. Of course, a single polymer chain can have part in a crystal and
part not, but for that part of the chain in the amorphous region, Figure 4.1 is a
reasonable representation. The angstrom-level arrangement in the crystalline
regions is fundamentally no different from that for a small molecule, that is,
atoms are found in discrete positions in one of seven types of “boxes” (e.g., lattice
systems) and the same 230 space groups (i.e., symmetry operations related to the
position of the atoms within one of the seven types of lattice systems) as for small
molecule crystals. The description of unit cells found in any elementary materials
science textbook is sufficient for understanding the angstrom-level length scale
morphology of polymers at the level required for most scientists and engineers
working with nanotube composites. The third region is the interfacial component,
that is, the interface between the crystalline and amorphous regions. Chain folding,
described in the next paragraph, is part of this interfacial region; relatively little is
known about the interfacial region compared to other two regions.

Tens of nanometer is the next length scale to consider. Polymer crystals are
usually lamellar, with the chains oriented and folded as shown in Figure 4.7.
Thicknesses of lamellae are typically on the order of 10 nm, while the other two
dimensions for the lamellae are on the order of 100—1000 nm. The frequency of chain
folding determines the lamellar thickness with the preferred thermodynamic state
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(a) (b)

Figure 4.7 Schematic showing morphology at two of the three length scales of
crystallization: (a) tens of nanometer level (lamellar structure, top; fringed micelle, bottom)
and (b) micron level (spherulite structure). The fringed micelle structure would extend in a
direction orthogonal to the paper so that a granular-type morphology would result.

being no chain folding. Hence, treatments that allow longer time for crystallization
and/or more molecular mobility will yield thicker crystals. How do chains, after
folding, reenter the crystal? For simplicity, adjacent reentry is shown in Figure 4.7;
that is, a chain reenters the crystal in the unit cell next to the one from which the
polymer exited. The actual reentry point depends on the conditions under which the
crystals are formed, but the best description seems to be one where the most
energetically favored reentry is a couple of unit cells away from where the polymer
exits the crystal. Not all polymer chains reenter the same crystal; the fraction of
chains that do not is not a well-characterized parameter but does seem to depend very
strongly on the processing method (and chains that span lamellae are believed to have
a great deal of influence on large-strain mechanical properties!). Most of the
discussion of this section will focus on the effect of nanotubes on the growth and
shape of the lamellae. An alternate morphology to chain-folded lamallae that occurs
in polymers in special situations is a fringed micelle.”*** As shown in Figure 4.7,
fringed micelle crystals form without chain folding. During the first half of the
twentieth century, most scientists believed that polymers crystallized into a fringed
micelle rather than a lamellar morphology; today it is known that the fringed micelle
morphology occurs only for polymers with a high level of substitution along the
polymer backbone. However, the fringed micelle morphology has special signifi-
cance with nanotubes, since nanotubes at sufficient concentrations in solution or in a
polymer almost certainly have a fringed micelle structure.

The final length scale to consider is the micron length scale. The morphology
on this length scale can be quite different depending on the conditions under which
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crystals are formed. With little or no external stress, lamellar units will organize into a
spherulitic structure as depicted in Figure 4.7. In spherulites, lamellae begin at a point
and radiate outward with the thickness direction of the lamellae being orthogonal (or
close to orthogonal) to the radius of the sphere. Growth of lamellae in between radial
arms is possible as well. In solution, spherulites will generally form in the absence of
large stress fields. Under very special conditions, polymers in solution will form
single crystals with a diamond-shaped morphology; these structures are very
important in terms of the historical development of the understanding of polymer
crystals but are of no relevance to this text.

Two other types of morphologies are possible with carbon nanotubes. One type
occurs more frequently with nanotubes but only under special conditions with pure
polymers, and the other type occurs frequently both with nanotubes and with other
cylindrical fillers such as glass or carbon fibers. The first morphology is termed the
shish-kebab morphology, where, in pure polymers, elongated chains serve as the
shish and lamellae serve as the kebabs. This morphology occurs when polymer
crystallization transpires under very high elongational stress fields and can occur
either in solutions or in melts. With nanotubes, this shish-kebab morphology will
form with or without a stress field; however, in this case, carbon nanotubes serve as
the shish. Such structures are shown in Figure 4.8 and have been termed nanohybrid
shish-kebabs (NHSKs). The second morphology is termed transcrystallinity, and has
the crystal growth direction perpendicular to the nanotube axes just as in NHSKs, but
in this case lamellae have a high enough density so as to overlap in the nanotube axis
direction to the point where individual lamellae cannot be distinguished. Both shish-
kebabs and transcrystallinity result from the same phenomena, nucleation of
crystallinity by carbon nanotubes. The morphologies differ only in the nucleation
density; in NHSKs nucleation sites along the nanotube axis are widely separated,
while in transcrystallinity nucleation sites along the nanotube axis are close together.
Further discussion of both morphologies is given in Section 4.3.1.

(c)

i
‘Er“- Folded
\polymer
single
/ crystal

¥

Figure4.8 (a) SEM, (b) TEM, and (c) schematic representation of shish-kebab structure of
polymer crystals growing on a surface of a nanotube. Parts (a) and (b) are micrographs of
solution-crystallized polyethylene. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission from Ref. 267.
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Another important structural aspect of polymer crystallization is the equilib-
rium melting temperature. The equilibrium melting temperature is defined as the
melting temperature for infinitely thick crystals, that is, crystals with no chain
folding. Generally, the determination of the equilibrium melting temperature is done
in one of the two ways. The first is to plot measured melting temperature (7,) versus
measured isothermal crystallization temperature (7;). The intersection point of the
extrapolation of this line with the 7T, =T, line yields the equilibrium melting
temperature. The second method is to plot isothermal crystallization temperature
versus (1/lamellar thickness) and extrapolate a line back to x =0 to determine the
equilibrium melting temperature. The lamellar thickness is usually determined via
small-angle X-ray diffraction.

The rate of the amorphous—crystal transition depends on the rate at which a new
crystal begins to grow (nucleation) and the rate at which a crystal grows (growth).
Because nanotubes nucleate crystallinity for a number of polymers, nanotubes can
have a large effect on the nucleation rate. Nanotubes can also affect the growth rate of
crystals, because nanotubes can alter chain mobility as well as provide spatial
impediments to growth. The growth of crystals is usually divided into two regimes,
aprimary regime where crystallization is rather quick and due primarily to the growth
of lamellae in the arms that radiate outward from the spherulitic centers and secondary
crystallization due to growth of crystals between arms. In some cases, secondary
growth leads to a bimodal distribution of crystal thicknesses. For some polymers,
nanotubes have been shown to increase the overall amorphous—crystalline conversion,
which is normally attributed to an increase in nucleation rate; in other cases, the growth
rate has slowed, which is normally attributed to slower diffusion/impediments.

The rate at which crystals form in polymers is most often quantified in one of
the two ways. DSC measures the fractional crystallinity versus time since the
formation of crystals from an amorphous phase causes the release of energy. Hence,
DSC measurements cannot be used to independently quantify changes in nucleation
and growth rate. Optical microscopy follows growth only because spherulitic
(or transcrystalline or kebab) dimensions with time are measured. Because of the
fundamental difference with respect to what is measured, crystallization data from
DSC and optical microscopy are analyzed differently. For the former, relative
crystallinity (¢.) is defined as the instantaneous fractional crystallinity (i.e., frac-
tional crystallinity at some given time) normalized to the fractional crystallinity at
infinite time. For a DSC crystallization experiment, ¢, is simply the fraction of heat
released. The relative crystallinity plotted versus time for crystallization that occurs
at constant temperature yields a curve with sigmoidal shape. For the temporal region
corresponding exclusively to primary crystallization, which is usually a relative
crystallinity between approximately 0.05 and 0.75, the Avrami equation is used to
describe the crystallization rate. The Avrami equation assumes constant and random
nucleation, spherulite growth that is isotropic and constant, and a constant melt
composition. In practice, these assumptions are met for most polymers if temperature
is constant. The Avrami equation has the form

¢, = 1—exp(—k(t—19)") (4.3)
In(—In(1—¢,) = n(t—70) + Ink
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The linearized form shown in the second equation is the typical way in which
data are plotted in order to more easily find the fitting parameters (n, k, and 7). The
knowledgeable reader might note that the induction time, t, is usually not shown in
this equation; practically it is necessary to choose some time where crystallization
begins and this form of the equation makes this necessary choice explicit. The value
of n is indicative of the dimensionality of growth: theoretically n =4 represents
three-dimensional growth, n =3 represents two-dimensional growth, and n=2
represents one-dimensional growth. Practically, n should be viewed as a fitting
parameter with a decrease in n representing a decrease in the dimensionality of
growth. The rate constant, k, represents the rate at which crystals nucleate and grow.
The crystallization half-time, defined as the time required for the relative crystal-
linity toreach a value of 0.5, is often used as a one-parameter measure to quantify the
change in crystallization rate. Scattering, not used as frequently as calorimetry
because of poorer time resolution, gives kinetic data almost equivalent to the kinetic
data from calorimetry.

The Avrami treatment cannot distinguish between an increase in nucle-
ation rate and an increase in growth rate, although constancy of n is usually
taken as evidence that any rate changes are due to a change in nucleation rate.
A clearer indication of an increase in nucleation rate via DSC experiments is
given by nonisothermal experiments. In nonisothermal experiments, a polymer
is cooled from the melt at a constant rate (°C/min) and the temperature
corresponding to either when the crystallization exotherm begins or when it
reaches its maximum value is recorded. A higher temperature with the addition
of filler indicates nucleation by the filler. Nonisothermal data at constant cooling
rate can be analyzed more quantitatively, for example, the Ozawa method, but
such approaches are inherently more difficult and more susceptible to artifacts
than isothermal experiments, so those methods are left for the interested reader
to explore elsewhere.

Data from optical microscopy is analyzed in terms of the radial growth rate
versus time. Until spherulites begin impinging on one another, that is, in the
primary growth region, the radial growth rate tends to be linear at a given
temperature. A plot of the logarithm of the radial growth rate versus crystallization
temperature can be used to identify the way in which lamellae grow, as given by
Hoffman’s theory of crystallization. In general, a plot of radial growth rate versus
temperature will show a maximum where the interplay of thermodynamic driving
force (favored at lower temperatures) and fast chain diffusion (favored at higher
temperatures) balance one another. A detailed description of Hoffman’s theory is
beyond this tome and is available in any standard polymer physics textbook, but
Hoffman’s theory is applicable to high crystallization temperatures, and a change
in the slope of radial growth rate versus crystallization is used to distinguish the
three regimes as defined by the theory. In short, at the highest temperatures, termed
regime 1, growth of a lamellar length occurs after one nucleation event; at
intermediate temperatures (regime 2), multiple nucleation events occur before
growth reaches a lamellar length; and at lowest temperatures (regime 3), nucle-
ation occurs as fast or faster than growth.
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4.3.1 Statics: Unit Cells, Lamellae, Spherulites,
and Shish-Kebabs

Polymorphism in polymers, that is, a polymer that will crystallize into more than one
unit cell, is not uncommon. Nucleating agents are one very common way to induce
the formation of one unit cell versus another, and since carbon nanotubes are
nucleating agents for a number of polymers as evidenced by an increase in nucleating
temperature in nonisothermal DSC experiments (see Table 4.2), it certainly is
possible that nanotubes might promote one crystal form over another. For example,
nanotubes favor the alpha crystalline form in polyamide 6 filled with MWCNTs,”>~%®
which is opposite that of nanoclays that favor the gamma form.”**'%° Nanotubes favor
the beta phase of poly(vinylidene fluoride) over the alpha phase for both pristine
tubes'?"192 and fluorine-functionalized tubes.'®® In poly(1-butene), the transition
from the kinetically favored tetragonal form to the thermodynamically favored
hexagonal form was enhanced by MWCNTSs.'% In syndiotactic polypropylene, the
addition of carbon nanotubes causes an increase in the more ordered helical form I of
this polymer, as opposed to the disordered trans-planar form 1'% An early paper by
the present author suggested that nanotubes favored the beta phase in isotactic
polypropylene based on multiple endotherms in DSC experiments,'°® while other
papers suggested that the alpha form was favored.'®”~"'” Nanotubes can induce
complicated melting—recrystallization phenomena, indicating that claims about
polymorphism in isotactic polypropylene must be substantiated with X-ray diffrac-
tion measurements casting significant doubt on the conclusions reached by the
present author in the early paper. Other than the specific polymers listed, the
introduction of carbon nanotubes has not been reported to change other unit cells.

To discuss the role of carbon nanotubes on lamellae and spherulites character-
istics, it is first important to discuss the nucleation mechanism. Carbon nanotubes
cause the growth of crystals so that the chain axis direction is parallel to the nanotube
axis; that is, the growth of crystals is in a direction perpendicular to the growth
direction. Example micrographs of this type of crystallization are shown in
Figures 4.8 and 4.9. In order to get large separation between lamellae as found in
the NHSK structures shown Figure 4.8, the growth rate must be fast relative to the
nucleation rate. In the transcrystalline morphology, lamellae growing in the normal
direction to the fiber axis impinge upon one another in the direction along the fiber
axis and hence the lamellar thickness is set by the nucleation density. Normally of
course, interplay between thermodynamics and kinetics determines when chains
fold, which in turn sets the lamellar thickness. Further, the characterization of
transcrystalline morphologies in bulk is significantly more difficult since nanotubes
are so small; with macroscopic fibers such as carbon or glass, such studies are
typically done using optical microscopy with single fibers embedded in the polymer.

For shish-kebabs grown in solution, a very interesting observation is that the
orientation of the chain is always perpendicular to the nanotube, irrespective of its
chirality,"'! indicating that growth is likely induced by a geometrical constraint rather
than an epitaxial (lattice matching) constraint. However, the lattice matching
constraint is still possible if growth causes a “straightening” of the lamellae relative
to the chain axis. As the diameter of the nanotube becomes larger, and again the
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Figure 4.9 Bright-field TEM micrograph of isotactic polypropylene nonisothermally
crystallized from the melt. Scale bar is 500 nm. Copyright 2008 American Chemical
Society. Reprinted in part with permission from Ref. 108.

nucleation density is controlled, it is possible to get off-axis orientations of the
lamellae relative to that of the fiber axis."'' NHSKs grown in solution can then be
used as fillers themselves for polymers crystallized in solution, which can lead to very
unique morphologies.''*'"? Just as with polymeric shish-kebabs, the formation of
NHSKs is not trivial and a great many variables (temperature, solvent quality,
molecular weight) will control the exact type of morphology that results.
Whether shish-kebabs or transcrystallinity is the morphology in a melt-
crystallized nanotube composite is unanswered in the general case; in other words,
are the nucleation and growth rates such that the nucleation density along the fiber
axis is low or high? In the most general case, the exact identity of the morphology for
a given situation is not known. The author is not aware of microscopy showing a
shish-kebab type morphology in a bulk material under quiescent cooling conditions;
in isotactic polypropylene, a transcrystalline morphology was found.'%%!!4113
Whether a transcrystalline or shish-kebab-type morphology results in melt-spun
nanotube composites has been addressed for high-density polyethylene (HDPE). In
unfilled linear polymers such as HDPE, shish-kebab structures from the melt form
easily with materials with bimodal molecular weight distributions: a small amount of
easy to orient high molecular weight material forms the shish and a larger amount of
low molecular weight material forms the kebabs. The addition of a highly orientable
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nanotube should be expected to increase the ability to form shish, although the
question of whether kebabs will form or transcrystallinity occurs depends on
nucleation density as described earlier. Two studies''®!'” have examined HDPE—
nanotube fiber crystallization behavior in detail, and both found behavior consistent
with shish-kebabs rather than with transcrystallinity. In particular, scattering reflec-
tions in both small- and wide-angle X-ray scattering were consistent with an increase
in the formation rate of kebabs. These experiments are not able to distinguish
between polymer and nanotube shish. One key element in determining that nanotubes
serve as nucleation sites in oriented systems is whether the shish-kebab morphology
remains after melting and recrystallization; only in the case where nanotubes are
nucleating will orientation remain. A quantitative examination of this issue indicated
that the orientation did decrease after melting and recrystallization in high-density
polyethylene but some orientation did remain.''®

In theory, the nucleation rate on the surface of the carbon nanotubes could
overwhelm other nucleation events and hence no spherulites would form in a
quiescently crystallized polymer. A study that used an oscillatory shear field during
cooling of injection molded bars and used acid to etch away the amorphous HDPE
showed micrographs consistent with no spherulites.''® In the case of spherulites,
do carbon nanotubes have an effect on spherulites? Certainly, micron-sized fillers
such as carbon or glass fibers arrest spherulitic growth. However, nanotubes, because of
their small size, may not arrest growth; instead, the polymer could possibly simply
grow around the nanotubes. At present, this question must be regarded as unanswered.

The introduction of carbon nanotubes should not affect the equilibrium melting
temperature, yet three studies using a Hoffman—Weeks approach have found that the
equilibrium melting temperature in the presence of nanotubes is lower than that for
pure polypropylene,mg’l 19 and decreases with additional nanotubes.'*® This differ-
ence is not surprising since nanotubes likely act as a local heat sink lowering the
temperature immediately next to the growing crystal and yielding thinner lamellae
than in the case where such particles are not present. Such a reduction has also been
found in nanoclay composites.'?! Under more normal industrial processing condi-
tions, which is more closely represented by nonisothermal experiments, thicker
crystals might be expected since crystal growth should occur at higher temperature
due to the nucleation ability of carbon nanotubes. In one study on high-density
polyethylene using specialized DSC experiments, an increase in crystal thickness
was found as expected,'?* and peaks in small-angle scattering experiments generally
shift toward lower angles indicative of thicker crystals with the introduction of
nanotubes.''>'?*> However, the number of studies that have looked at changes in
crystal thickness with nanotube addition is small, and this issue should still be viewed
somewhat as an open question.

4.3.2 Rate Effects: Glass Transition, Crystal Nucleation,
and Growth

Nanotube addition could affect the glass transition region in a semicrystalline
polymer. Of course, the cause of changes in T, with the addition of carbon nanotubes
is complicated by possible changes in either the size or fraction of crystals in the
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system; both of these can have significant effects on the glass transition of the
amorphous phase independent of any effect nanotubes might have. Changes, if any, in
the glass transition temperature with nanotube addition in semicrystalline polymers
tend to be small. For example, in PET the T, decreases very slightly (—1°C/wt%
nanotube) and the transition breadth does not change.'* A similar result has been
found for polyamide 6; the glass transition was 3°C higher at 20 wt% MWCNT
compared to that at 10 wt% MWCNT content.”> For syndiotactic polypropylene, no
change in the glass transition temperature was found with MWCNT addition.'** In a
study of three isotactic polypropylenes with three different melt indices, one of the
samples showed a decrease in T, of about 1°C/wt% nanotube, the second showed an
increase of 7°C at 1% tubes, and then the increase dropped to about 5°C for
concentrations from 3 to 10 wt%, and the third dropped 2°C with the addition of
1% nanotubes and was constant thereafter.'?° However, in one case for isotactic
polypropylene filled with acid-modified tubes, a 16°C change with 10% tubes was
found as measured by mechanical methods, while unmodified tubes showed a more
typical rise of 5°C at 10% nanotube content.'?’

As described in Section 4.2.2, the introduction of nanotubes to an amorphous
polymer can cause the formation of a portion of the material that does not participate
in the glass transition. Crystallization can also cause the formation of material that
does not participate in either the glass or melting transitions, which has been termed
the rigid amorphous fraction (RAF). As described previously for amorphous poly-
mers, the RAF corresponds to the situation where the dynamics of a portion of the
amorphous phase have been altered to such an extent so as to cause a separation
between parts of the amorphous regions of a semicrystalline polymer.'*® Quantifi-
cation of the RAF amount is done by quantifying the heat capacity increase at the
glass transition and the enthalpy of melting; material that does not participate in
either of these transitions is assumed to be part of the RAF. As of the end of 2009, only
one study to the author’s knowledge has quantitatively examined changes in the RAF
with the addition of nanotubes. In a study performed on electrospun crystalline poly
(ethylene terephthalate) fibers with acid-functionalized MWCNTs, the RAF amount
increased from 23% to 64% as the nanotube content increased from 0 to 2 wt%.'**
As-spun fibers were noncrystalline, and crystallinity in these systems was produced
by annealing at 130°C, which is above T, but below T,,. An increase of trans
conformers in the semicrystalline PET with the addition of nanotubes was found
along with the increase in the RAF; in previous work, the RAF has been correlated
with the amount of frans conformers in the amorphous region.'?>'*° Hence, this
result suggests that the nanotubes cause alignment of polymer chains along the
nanotube axis since amorphous frans conformers would be expected to be aligned
along the nanotube axis. Interestingly, in the amorphous as-spun fibers, there was no
increase in the number of trans conformers with nanotube addition. Further, a
different study with poly(ethylene terephthalate)-nanotube composites manufac-
tured using melt extrusion and compression molding showed an increase in the
crystalline fraction at the expense of the frans conformer in the amorphous phase.'*!
The RAF was not quantified in this study, however. Polyamide 6 showed a decrease in
the heat capacity change at the glass transition, which could not be explained in terms
of an increase in crystallinity and hence must be attributed to a growth in the RAF.*°
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The result presented in the previous paragraph that the introduction of
nanotubes caused an increase in the RAF raises the question of whether the RAF
and the material that disappears from the glass transition in an amorphous polymer
are the same. Most authors believe that the RAF is due to material near the
crystalline—amorphous interface. If the RAF and an amorphous polymer’s “lost”
material are different, then in a semicrystalline polymer calorimetry cannot
determine whether material that does not participate in the glass transition or
the melting transition is the material at the crystalline—amorphous interface or at
the amorphous—nanotube interface. Further, dynamic phase separation of amor-
phous material is not limited to nanocomposites or semicrystalline polymers;
ionomers that form very small phase-separated ionic regions can also cause a loss
of material participating in the glass transition.'*? From a dynamic perspective, all
of these phenomena appear identical. However, from a chain configuration/
entanglement perspective, the phenomena are likely different; in particular, it is
hard to imagine how immobilization of a chain on a surface is similar to the way in
which amorphous chains interact with polymer crystals. Clearly details of phases
that do not participate in the glass transition temperature or melting temperature
need to be more fully investigated.

A related question is whether the presence of immobilized material on the
surface of nanotubes affects crystal growth. With the application of a sinusoidal
varying temperature profile on a typical isothermal hold in isothermal crystallization
experiments, a reversible (i.e., melting and recrystallization occur on the timescale of
the oscillations) and irreversible part to crystallization can be quantified. In one study,
the authors found a decrease in the reversible part for a strongly polar ethylene—vinyl
acetate copolymer, which was attributed to a decrease in polymer mobility. Func-
tionalized nanotubes with moieties expected to interact with the copolymer showed a
larger effect. Further, the effect with nanoclay was much more significant, not
surprising given the much more polar nature, that is, higher surface energy, of
the clay.'®

For samples where nucleation occurs, the general shape of the crystallization
half-time versus nanotube content plot (isothermal), or the crystallization tempera-
ture versus nanotube content plot (nonisothermal), typically has a steep increase at
low nanotube contents followed by a plateau at high nanotube contents as indicated
by the data in Table 4.2. The magnitude of the increase with nanotube content, as was
seen with the glass transition, is not consistent for the same polymer, which is most
likely a function of the inconsistency of dispersion. However, it is clear that poly
(ethylene terephthalate) shows larger increases in the nucleation rate with nanotubes
than other polymers on the list. Other than an aromatic ring being present, no obvious
reason exists for such a difference. Certainly, it is unreasonable to believe that
dispersion is that much better in PET and percolation measurements do not support
such a conclusion.

The qualitative shape of an increase followed by a plateau is similar to that
found for the glass transition temperature versus nanotube content. An important
difference, as representatively shown in Figure 4.10, is that the plateau in crystalli-
zation kinetic data is usually better described as a slowly increasing nearly linear
section, unlike T, where the plateau is more frequently constant. This difference
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might be due to the fundamental molecular difference in the glass and melting
transitions. Alternatively, the explanation might be that the dispersion quality in
semicrystalline polymers is generally lower because the less effective melt mixing
dispersion methods are more common for semicrystalline polymers while the
dissolution—dispersion—precipitation or dispersion—reaction methods are more com-
mon for amorphous polymers. Changes in both glass transition and crystallization
behaviors are expected to scale with nanotube surface area, and perhaps less effective
dispersion methods might see a relatively larger increase in nanotube surface area
with an increase in nanotube content leading to a slow increase rather than a plateau.
Improving dispersion in melt mixing by increasing either shear rate or mixing time
has been shown to increase crystallization rate, and eventually a plateau with shear
rate or mixing time was reached.'**

Nucleation of crystallization by carbon nanotubes not only causes a shift to
higher crystallization temperatures in nonisothermal crystallization experiments, but
more often this shift is accompanied by a broadening of the exotherm as well. In a few
studies with polyamide 6, the exotherm separates into low- and high-temperature
peaks,””*® which in one case the authors convincingly showed was due to normal
spherulitic crystallization and carbon nanotube nucleated crystallinity, respec-
tively.">® The latter study found that the ratio of the high- to low-temperature peak
increased with an increase in dispersion quality. Generally separation, if present, is
not enough to noticeably cause two peaks. A superposition of two characteristic
nucleation peaks is understandable, but a single broader increase in the temperature
range over which crystallization occurs is much more difficult to explain. Another
observation from Table 4.2 is that, not surprisingly, in the majority of situations the
Avrami exponent n decreases with the addition of nanotubes.

Another technique besides calorimetry, scattering, and microscopy used to
measure crystallization kinetics is theometry. The rise in the shear storage modulus
is proportional to the fraction crystallized, although the relationship between amount
crystallized and modulus is not generally known. Although some authors’'**'*” have
used the modulus to define the half-time of crystallization, this half-time a priori has no
direct correspondence to the crystallization half-time determined via calorimetry or
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scattering. A quantitative relationship for crystallization rate determined from rheo-
metry requires that the relationship between amount crystallized and a specific
rheological parameter must be developed, which is essentially never done. Using the
onset time for a rise in storage modulus under isothermal conditions to characterize
crystallization rate should match the onset time from calorimetry. One advantage
of rheometry is that crystallization after shear can be measured. For example, in
isothermal polypropylene, the rheological half-time, as measured by when the storage
modulus reached half its maximum value, reduced by 10-20% with preshear at higher
isothermal crystallization temperatures in a nanotube-filled sample. Unfortunately,
results for pure polypropylene were not given.138 A similar study on poly(butylene
terephthalate) found no change in crystallization rate with shear, although the addition
of nanotubes caused a drop by a factor of 10—100 in the half-time as measured by small-
angle X-ray scattering. X-ray scattering was used to show that shear did, however,
increase the fraction of oriented material dramatically, although the orientation of that
material did not change substantially with higher shear rates.'*

The addition of nanotubes typically does not change the fractional crystallinity
greatly for melt-mixed samples; the most common response is either no change or a
slight decrease in fractional crystallinity. Although more commonly the addition of
nanotubes does not change the fractional crystallinity for samples cast from solution,
in a few cases samples cast from solution can show significant changes in fractional
crystallinity with nanotube addition. These changes are more likely related to the
interrelationship between drying conditions, viscosity, and nucleation by nanotubes.
For example, poly(vinyl alcohol) cast from solution has shown substantial increases
in fractional crystallinity with the addition of nanotubes;'**'*! in one case from 0.48
to 0.84.'* Another exception was found for the semiconjugated polymer poly(m-
phenylenevinylene-co-2,5-dioctyl0xy—p-phenylenevinylene),143 where an increase
from a fractional crystallinity of 0.2 to 0.55 took place with the addition of 3% carbon
nanotubes. Finally, polypropylene, for which numerous studies have shown only
small changes in crystallinity when melt mixed,'®”'#*~'4¢ showed an increase in
fractional crystallinity from 0.35 to 0.50 with added nanotubes when the two were
mixed in a dispersion—dissolution—precipitation manner.'*’

As stated previously, the spherulitic growth rate can be measured indepen-
dently using optical microscopy. In a study of polymer spherulites, it was found that
at high undercoolings (low temperatures) there was a drop of 25% in the radial growth
rate with the addition of 0.2—1% MWCNTs to isotactic polypropylene; such a change
corresponds to roughly a change of 2°C in the crystallization temperature. However,
no change in spherulitic growth rate occurred at lower undercoolings (higher
temperatures). This difference with undercooling was explained by a change in a
longer range diffusive mechanism (at lower temperature) limiting crystal growth to a
diffusive mechanism (at higher temperature) that is short range in character.'*
Another study at relatively low undercoolings on polycaprolactone showed a
decrease of about 33% in spherulitic growth rate at 0.25 wt% versus the pure
polymer, as opposed to an increase of to 25% and 100% at 0.5% and 1.0% nanotubes,
respectively.*® The observed nonmonotonic behavior suggests two competing
effects: a likely hypothesis is that nanotubes reduce chain mobility as well as serve
as heat sinks for the heat that is given off during the crystallization exotherm. A
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detailed study on single carbon nanotube fibers showed that the growth rate of the
transcrystalline morphology for isotactic polypropylene approximately matched that
measured for carbon or Kevlar fibers, indicating that the surface characteristics do not
affect the growth rate.''

4.4 BLENDS AND BLOCK COPOLYMERS

This section focuses on changes in blend/block copolymer morphology and/or
characteristics caused by the introduction of nanotubes. If nanotubes are concen-
trated in one of two components and the domain sizes are much larger than the size of
the nanotubes, it is reasonable to assume that the changes in mobility, crystallization,
and so on in that phase should be identical to those in the one-phase material. This
section is more concerned with the location of nanotubes in a two-phase material,
changes that nanotubes might have on the phase-separated morphology, and changes
in nanotubes that might occur as the domain size of the preferred material begins to
approach the nanotube length.

Most polymer blends are immiscible; that is, a blend of two polymers will
spontaneously separate into two relatively pure phases whose sizes and shapes
depend on composition, processing, and so on. In fact, there has only been one paper
published on miscible polymer blends filled with nanotubes and no changes in
miscibility were reported with the addition of nanotubes.””' With immiscible
blends, the first issue to consider is the location of nanotubes, which in turn will
depend on the interfacial energies of the three surfaces (polymer 1-nanotube,
polymer 2—-nanotube, and polymer 1—polymer 2). The most direct way to examine
this issue is through microscopy and this technique has been used to determine the
location of nanotubes in blends.>>*>~2>* Not surprisingly, carbon nanotubes with or
without functionalization tend to be concentrated mostly or exclusively in the higher
surface energy component.”>>~>® This concentration is supported by theoretical
work; even for very small differences in surface energies localization is expected to
be much more significant for high aspect ratio fillers like nanotubes versus low
aspect ratio fillers.*>’

If nanotubes thermodynamically are going to reside in one phase, how fast does
the transfer occur from one phase to the other? If maleic anhydride-functionalized
MWCNTs were initially mixed with one component of a two-phase polypropylene/
ethylene vinyl acetate (PP/EVA) blend, the effect on crystallization kinetics of the
PP was much larger when the nanotubes were dispersed in the PP than when
dispersed in the EVA initially, indicating that the nanotubes did not migrate to their
final equilibrium position in the EVA over the conditions of the twin-screw melt
mixing used in this experiment.?®® However, this result contrasts with results in
SAN/PC blends where the monomer fraction in the former was adjusted to give a
very low interfacial energy between the two polymers. Complete transfer of
nanotubes from the less favored component to the more favored component
occurred in less than 5min in a melt-mixed system.?®' The contact time in the
extruder of the PP/EVA blend is not given; however, a few minutes is likely correct.
Kinetics of transfer are likely to be heavily influenced by the aggregation state of the
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nanotubes, with more highly dispersed nanotubes being faster to transfer. Hence, the
difference in these observations could simply be a difference in dispersion
characteristics.

Transfer kinetics will be dependent on the diffusion constant of the nanotubes
in the two polymers. A simple study examining diffusion constants used two films, a
polypropylene film that contained nanotubes and a polycarbonate film that did
not.”®* Since nanotubes prefer to reside in the polycarbonate, nanotubes diffused
from the polypropylene film to the polycarbonate. According to the solution to
Equation 4.2 with idealized boundary conditions, the thickness of the nanotube film
in the polycarbonate should be proportional to time'’. This dependence was found,
with an apparent diffusion constant of 6.5 x 10~°m?%s. The self-diffusion constant
for a polymer above the entanglement molecular weight in a melt is typically
significantly smaller than 6.5 x 10~ m?/s, while a nonentangled polymer can have a
diffusion constant in this range or even higher. The molecular weight of polypro-
pylene used in this experiment is almost certainly above the entanglement molecular
weight, while the molecular weight of polycarbonate is likely not. For this experi-
ment, it is not clear what the appropriate conditions are; that is, is the measured
diffusion constant more of a reflection of the diffusion constant in polypropylene or
polycarbonate? In simpler terms, this diffusion constant corresponds to a velocity of
about 2 pm/min.

Nanotubes can actually reduce the tendency to phase separate.?*>*%* In other
words, nanotubes can reduce the size of the dispersed phase in a discrete blend system
or reduce the size of both phases in a cocontinuous system. There are three
mechanisms possible to reduce the tendency for phase separation. In the first,
nanotubes can increase the viscosity of the low-viscosity phase (whose coalescence
tends to regulate domain size). In the second, the nanotube could reduce the free
energy of mixing. The third possibility is that the nanotube could serve as an
interfacial stabilizer, e.g., a Pickering emulsion. In one study, it was found that
nanotubes were selectively located at the interface after functionalization via TEM
while without functionalization the nanotubes were only located in one of the two
phases.?®> Another study did show some selective enhancement of nanotubes at the
polymer—polymer interface.?>> In fact, polymer-functionalized nanotubes might be
particularly effective as emulsion stabilizers if the functionalized polymer was
soluble in the lower surface energy component.

Much of the same arguments can be made in block copolymers; however, in
this case the size of the phases is much more constrained than in blends. Further, to
the author’s knowledge as of the end of 2009 there have been no experimental
studies that have quantitatively looked at how nanotubes will partition in a block
copolymer. A very interesting question is the following: if interfacial energies
favor nanotubes being found in one phase and that phase is the dispersed phase
and has a characteristic dimension much smaller than the nanotube, then what is
the resulting morphology? In one case for a blend, small dispersed spheres of the
phase that contained the nanotubes elongated and became irregular after the
addition of nanotubes.*> In block copolymers, domain sizes are primarily dictated
by molecular architecture rather than processing conditions as for blends. So
another question is whether it is possible for nanotubes to force miscibility in a



176  CHAPTER 4 EFFECTS OF CARBON NANOTUBES ON POLYMER PHYSICS

block copolymer with a geometric constraint driving force? Such questions are
very interesting and have not been explored to any substantial degree in the open
literature.

4.5 CHALLENGES

The entire subject matter of the effect of confinement on the physics of amorphous
polymers is not well understood. One area that certainly needs further study is the
relationship between interfacial energies between the polymer and nanotube with
respect to the observed behavior. Wrapping is certainly a phenomenon that arises
because of the unique geometry of nanotubes. Related to wrapping, an unanswered
question is how prevalent is wrapping, or entanglements in general, between
polymers and nanotubes in bulk. A more general related question is how the
conformation of the polymer chain is affected by an almost one-dimensional surface;
does the general picture of loops, trains, and tails for two-dimensional surfaces still
apply? Certainly, entanglements should be added to this description for nanotubes! Is
there any preference for a single chain, adsorbed at one point to a nanotube, to
preferentially be adsorbed at another point on the same nanotube?

Diffusion is also an interesting question, in terms of both how nanotubes affect
the diffusion of the polymer and how fast nanotubes diffuse. The importance of
diffusion to polymer—nanotube composites means that studies should become more
plentiful in the future.

The concept of a rigid amorphous fraction for crystalline materials is well
established. The concept of an immobilized fraction near an attractive surface is
also well established. However, there is a great deal more unknown than known
about these phenomena, especially the latter. How are the rigid amorphous fraction
and immobilized fraction related? Is there a method to distinguish between chains
immobilized at the nanotube interface and those immobilized at the crystalline
interface? Does this immobilized fraction at the nanotube interface contribute in
any meaningful way to mechanical properties? (As will be seen in Chapter 5, this
phase does seem to affect some rheological properties.) How can an increase in
diffusion constant be reconciled with this immobilized fraction? Why does the
glass transition temperature reach a plateau in most cases?

Without question, nanotubes nucleate crystals in a large number of polymers.
To state that nanotubes nucleate crystallinity in all polymers is a bit strong, but results
that show little or no nucleation can for the most part be explained by poor dispersion.
However, there is no question that in cases of excellent dispersion, the change in
temperature with nanotube nucleation is much higher in poly(ethylene terephthalate)
than in other polymers; what is the reason for this difference? Measurements of
growth rate should be done more commonly; however, the few systems where such
measurements have been done certainly do not paint a uniform picture of a drop in
growth rate as expected. The question about whether nanotubes slow crystal growth
rates significantly must still be considered unanswered.

Finally, work with understanding how nanotubes affect the morphology of
blends and block copolymers is much further behind than in single-component
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systems. A host of questions related to these materials are either poorly understood or
not studied at all; chief among these is how nanotubes might change morphology in
systems where the nanotubes either are longer than maximum characteristic dimen-
sion of the higher surface energy phase or are functionalized with a polymer that is
soluble in the lower surface energy phase. Block copolymers, where chain architec-
ture is the primary determinant of domain size, are of particular interest.
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CHAPTER 5

MECHANICAL AND
RHEOLOGICAL PROPERTIES

5.1 OVERVIEW

A famous (some would argue infamous!) possibility for the use of polymer—nanotube
composites is in the construction of a space elevator, that is, a cable that would travel
from the earth to the moon. Although the premise sounds like science fiction, an
annual ongoing contest (as of 2010) is in place to design systems that are precursors to
achieving this goal, including a contest to design high-strength fibers (www.space-
ward.org). Carbon nanotubes are universally recognized as being the only material
currently available that could be considered for such an application. When nanotubes
were first invented, mechanical property enhancement in composites was one of the
first uses envisioned. With perfect dispersion, orientation, and load transfer, adding
~15% nanotubes to polypropylene or some other common low-performance polymer
fiber would transform this material into having strength and stiffness similar to the
highest strength polymer fibers known, and adding 10% nanotubes to a high-strength
fiber would increase the strength and stiffness by a factor of 2 or more, with little or no
increase in weight. As will be seen, such improvements have not been found. For
high-viscosity polymers, results have been within a factor of 2 of expected perfor-
mance at low volume fractions for stiffness. Deviations become worse at higher
contents, especially above 1% nanotube content. In most cases, theoretical predic-
tions far outstrip actual performance at much lower loading levels for strength; in
fact, in many cases, strength decreases with nanotube addition. In thermoset systems
using premade pure nanotube fibers or sheets, the technology is not as advanced but
the results are so far much more promising.

The words “mechanical properties” and “rheological properties” encompass a
great deal. Although certainly not universally defined in this manner, most would
agree that the two differ in that mechanical properties are measured on solids, while
rheological properties are measured on liquids. This convention will be used
throughout the text.

Rheological or mechanical tests can be classified as one of the two types:
oscillatory and nonoscillatory. Another classification system for rheological or
mechanical tests exists: steady-state versus non-steady-state; that is, are the values
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measured time independent? Tensile tests are an example of a non-steady-state
measurement; the sample is stretched at a constant rate and the force is measured;
clearly, the force depends on strain and hence time. Non-steady-state mechanical
tests are performed more frequently than steady-state tests. Conversely, more steady-
state rheological tests are performed than non-steady-state tests. A common example
of a steady-state rheological test is where a liquid is placed between two parallel disks
and one of the disks is spun at a constant speed (e.g., revolutions per minute) and the
torsional force is measured. If the measurement is made at long enough time after
starting the rotation, the torque will be constant. Although not as frequently
performed, non-steady-state rheological tests and steady-state mechanical tests will
be discussed where appropriate.

A single mechanical or rheological test can thus be considered to be of one of
the four types: oscillatory, steady-state; oscillatory, non-steady-state; nonoscillatory,
steady-state; and nonoscillatory, non-steady-state. Geometry must also be
specified (tension, torsion, bending, etc.). Mechanical measurements will be consid-
ered first.

There are common steady-state and non-steady-state oscillatory mechanical
measurements. For the steady-state type, termed dynamical mechanical analysis
(DMA), measurements are typically done at fixed frequency with a change in
temperature using small strains so that no permanent sample deformation takes
place. In this measurement, done in tension or bending, the modulus that is in phase
with the applied strain is termed the storage modulus (E’) and is a measure of energy
stored, while the out-of-phase modulus is termed the loss modulus (E”) and is a
measure of viscous loss in the sample. The ratio E”/E’ is termed tan 6. The storage
modulus is often used as a measure of stiffness instead of the Young’s modulus; the
two are numerically different, but usually trend the same (but not always, especially
in filled systems). If the oscillatory measurement is done at high deformations, then
the test is termed a fatigue test and is a non-steady-state test. One important parameter
for a fatigue test is the number of cycles to failure that will depend on the amplitude
and frequency of the oscillating stress (usually stress rather than strain is controlled in
these tests). The other commonly measured parameter from fatigue tests is the crack
growth rate, which is the rate (distance/cycle) at which a crack grows and obviously is
a function of the stress amplitude. Normally the growth rate is assumed to be constant
with time, which strictly speaking makes this a steady-state parameter. Fatigue tests
are also done in geometries other than tension, although tests in tension are most
commonly performed.

Nonoscillatory mechanical tests are almost always non-steady-state. Mechan-
ical properties are most often measured in tension. Tensile properties for polymers
are measured by stretching a dog-bone-shaped sample at a constant rate, for example,
mm/min, at room temperature, and stress (force/beginning cross-sectional area) and
strain (change in length/beginning length) are recorded. The latter is more precisely
termed the engineering strain; the actual strain has a different definition, but the
engineering strain is always reported unless noted otherwise. Important parameters
from this test are the tensile (Young’s) modulus (see Equation 2.4), the stress and
strain at break (opreax and éprear), and the stress at yield (YS, if applicable). A yield
stress occurs in a polymer if there is a relative maximum in a plot of stress versus
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Figure 5.1 Top: Various
geometries for mechanical
tests. Left to right: Tensile
test, three-point bend test
w (top), compression test
(bottom), and impact test.
Bottom: Possible

Stress at break representative result of tensile
@ || Slope = modulus test of a polymer with various
S |i parameters indicated on the
-] ! . .
o |y graph. This particular

polymer does not have a clear
yield stress; if one existed, it
would appear as a relative

maximum close to strain = 0.

Area under curve = toughness

Strain Strain at break

strain. In most cases, the maximum stress, termed the tensile strength (TS), is the
same as the stress at break, but in a few cases the yield stress is the maximum, that is,
the TS. The area under the stress—strain curve, which has units of energy and is
termed the toughness, is also an important parameter from tensile tests. Figure 5.1
graphically illustrates the various parameters from a tensile test.

Predictions of the tensile modulus, in particular, are quite simple and accurate
for macrofillers in an amorphous polymer when all fillers are isolated, and
these predictions should apply to nanotubes as well if the nanotubes are isolated.
In the case of perfectly oriented fibrous fillers with high aspect ratio (> 100), the
modulus in the direction of fiber alignment can be described by this rather simple
mixing law:

E = EV;+EY, (5.1)

where Ey and E, are moduli of the fiber (nanotube in this case) and polymer,
respectively, and V; and V;, are the respective volume fractions. Modifications to this
expression for the case of fibers aligned randomly in a plane and for three-dimension-
ally randomly oriented fibers add a multiplicative term in front of the E;V; where this
termis 3/8 and 1/5, respectively. A more rigorous and accurate approach for anisotropic
filler particles, with diameter D and length L, is the Halpin—Tsai theory that has the
following form for perfect orientation in the stretch direction:'

E_ [l (e
E, Ve | " T (E/Ey) +2(L/D)

(5.2)
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and the following for randomly oriented fibers:

E_3 {1 +2(L/D>nLVf] §[1 +2nva} _ (Be/Ep)—1
E, 8 1—n Vs 8| l—neVe |” ' (Et/E,) +2(L/D)’
(Ei/Ep)—1

U W (5.3)

A less commonly used model is the Mori—Tanaka model. The discussion of this model
is beyond the scope of this book; however, the interested reader is referred to Ref. 2.
Equation 5.3 is often used to fit data from nanotube composites and a comparison
between this theory and experimental results can be an excellent measure of dispersion
quality. However, this comparison must be done somewhat carefully. First,
manufacturing samples with no nanotube alignment is very difficult because of the
propensity of nanotubes to align. Also, Equations 5.1-5.3 implicitly assume no change
in the matrix modulus with the addition of nanotubes. Changes in crystallinity and/or
changes in polymer alignment can change the polymer matrix modulus. If the glass
transition temperature is near the measurement temperature, changes in 7, relative
to the measurement temperature can also change the matrix modulus substantially.
Some changes in modulus in the literature have been incorrectly attributed to good
reinforcement/dispersion instead of simply changes in these other factors.
Equations 5.2 and 5.3 require a value for the aspect ratio of the nanotubes,
which is not possible to determine after addition to a polymer except with very
laborious electron microscopy measurements. AFM measurements on nanotube
length prior to mixing are often not appropriate because, as pointed out in Chapter 3,
processing methods can result in nanotube breakage. Hence, this value is usually
assumed, or this value is allowed to vary and the aspect ratio from a fit to the data is
compared with that for perfectly dispersed, unbroken tubes. A simpler approach, as
described by Coleman et al. in his review article,! is to calculate the slope (dE/dVE) at
low volume fractions and use this value to compare processing methods, tube types,
and so on. With the same nanotubes and polymer and assuming no changes in
nanotube orientation or polymer modulus, changes in this value are indicative of
changes in the filler aspect ratio due to either tube breakage or changes in dispersion.
Note that the effect of two different starting polymer moduli can be ignored
(assuming that moduli do not change with the addition of nanotubes) as derivations
of Equations 5.1-5.3 show. In other words, the use of dE/dV; allows for comparison
between different polymers. Equation 5.1 with the given constants for the various
orientations along with an assumed nanotube modulus of 1TPa can be used to
calculate a value between 200 GPa (unoriented) and 1 TPa (perfectly oriented) for
dE/dVg; these are also the limiting values from the Halpin—Tsai equations for high
aspect ratio fillers. Comparisons using this formalism will be described in detail later
in this chapter. However, there will be numerical differences between values
presented in this text and in Coleman’s paper because of differences in specific
gravities assumed when weight percentages are reported; throughout this chapter, a
specific gravity of 1.35 for nanotubes is assumed for SWCNTs and DWCNTs and 2.0
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for MWCNTs. Also, in some cases, numbers had to be determined from graphs, and
this procedure could also lead to numerical differences.

The value of dE/dVE as a measure of modulus enhancement has a significant
drawback in that the value does not give any information over the range that the linear
approximation is valid. In order to exhibit significant application interest as a filler to
increase stiffness, the increase would have to follow Equations 5.1-5.3 to a minimum
of a few volume percent. In very simple terms, dispersed nanotubes have been very
unsuccessful as mechanical property enhancers because improvements are signifi-
cant only at low volume fractions (below 1%, sometimes far below 1%). The reader is
meant to compare dE/dV; values, but the concentration range over which these were
calculated varied since not all papers tested extremely low volume fraction materials
and hence the comparison is not always valid.

Schaefer and coworkers® raise an interesting countervailing view to the
approach presented in the previous paragraphs. The fundamental assumption in
Equations 5.1-5.3 and the associated discussion is that nanotubes are stretched
during stretching of the composite. However, if nanotubes are curved, they can be
straightened rather than stretched. In fact, straightening is exactly what happens with
polymers; the modulus of a single perfectly elongated polymer molecule is far greater
than the modulus of any polymer sample. If nanotubes are straightened rather than
stretched, the bending modulus should be used in a formulation of the composite
stiffness and the mathematical approaches given in Equations 5.1-5.3 are not
appropriate. Schaefer and coworkers conclude that nanotubes are flexible through
scattering experiments; certainly micrographs of nanotubes from other papers, see,
for example, Figures 3.4 and 3.5, support the significant flexibility of carbon
nanotubes. Certainly, the fact that Equations generally do a poor job in describing
the observed behavior lends credence to this argument.

Predictions of tensile properties, other than the modulus, are very complicated
and usually require a value for the interfacial adhesion (or the assumption of perfect
adhesion, which is almost certainly not true in nanotube composites). Two methods
exist to measure the interfacial adhesion experimentally. The first is to partially
embed a single fiber in the polymer of interest and then measure the force required to
separate the fiber from the matrix. The second, termed single-fiber fragmentation
testing, is to totally embed a single fiber in a matrix, pull the matrix, and measure the
length distribution of the fiber pieces that result when fiber breakage is complete.
A somewhat quantitative measure can be made via Raman spectroscopy; the position
of the Raman G’ band is sensitive to nanotube stress in SWCNTs.* This peak shifts to
lower frequencies when a nanotube is stretched and the stress on the nanotube has
been reported by one study to be 0.2 GPa/cm,” although this value likely varies
greatly depending on the surrounding matrix. In other words, higher shifts should
correspond to more efficient stress transfer; when the stress is lost, it could be taken as
ameasure of interfacial adhesion. A similar method uses the position of the G band;
nanotubes with higher interfacial bonding in an epoxy were found to have a higher
slope for the change in peak position with heating, which in turn were much higher
than the change in slope for pristine nanotubes.®

For filled stiff thermosets, bending geometry, such as three-point bend, is more
often used than tension for a nonoscillatory non-steady-state mechanical test. In
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three-point bending tests, a stiff bar is set over two knife edge or cylindrical
supports, and the same is pushed in the middle with a third pushing knife edge or
nose. The sample experiences tensile, compressive, and shear stress components,
which makes this test extremely complicated to model theoretically. The bending
modulus and bending strength are calculated from this measurement. Another
alternative to tension is compressive testing; a cylindrical sample is manufactured
and the force required to compress the sample is measured. The analogous
parameters for tensile testing are defined for compressive tests, for example,
compressive modulus, compressive strength, and compressive strain at break. The
compressive modulus and the tensile modulus are identical, while the latter two
properties are not, especially in filled systems where the interfacial adhesion is more
important in tensile strength measurements than in compressive strength measure-
ments. This test is not the same as a hydrostatic compressive test where there is
equivalent stress in all directions toward the center of the sample; this measurement
yields the bulk modulus, which unfortunately is also sometimes termed the
compressive modulus.
Other types of mechanical testing include the following:

+ Impact Testing (Nonoscillatory, Non-Steady-State): Various methods exist
to measure the response of a material to impact. The most common are Charpy
or Izod testing; the sample is a rectangular bar and has dimensions similar to x:
x:Ax, where A is much larger than 1. A notch of specified dimensions is cut in
the sample in the plane defined by the two smallest dimensions. A pendulum
swings and breaks the sample and the energy required to break the sample is
calculated. All impact measurements, including but not limited to Charpy or
Izod measurements, have in common that the important measured variable is
the impact energy, that is, the amount of energy a sample absorbs during
fracture.

¢ Fracture Toughness (Nonoscillatory, Non-Steady-State): The same type of
sample is used as for impact testing, except the sample usually has more of a
film-like geometry (although the thickness does need to be greater than a
critical size). A notch is introduced into this sample as well; the plane of the
notch contains the line that defines the thickness direction (think of tearing a
piece of paper). Different types of stresses can be put on the sample, but in
the most common termed mode I, the sample is then pulled apart in a tensile
machine with the direction of pulling perpendicular to the notch plane.
The important dependent variable is typically the fracture toughness (K., or
Kj. for mode I fracture toughness) that has units of pressure x (distance)m.
Crack growth rate can also be measured, which has units of distance/time.
A related measured variable is the work of fracture, Kf /E, which has units of
energy/distance?.

¢ Wear Testing (Oscillatory, Steady-State): As the method name suggests, this
test measures the ability to resist loss of mass via abrasion or wear. The test is
performed by rubbing the sample with another object having specified char-
acteristics with a constant normal force or pressure. The important dependent
variable is usually mass loss/time.
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¢ Creep (Nonoscillatory, Non-Steady-State): A constant force is applied to a
sample, and the dimensions of the sample with time are measured. The
important dependent variable is usually change in length/time.

o Hardness Testing (Nonoscillatory, Non-Steady-State): A small spherical or
diamond-shaped indenter is forced into a surface using a specified force, and a
parameter related to the depth of penetration, the geometry of the indenter, and
the normal force is calculated. A relative number is assigned to the hardness
that has meaning only when compared with a standard scale of other materials.
This test is often used to quantify the scratch resistance of a surface (although
scratch resistance testing, which involves dragging a sharp object along a
surface, does exist).

Rheological properties, that is, properties measured on liquids, are also
measured in oscillatory and nonoscillatory modes, although oscillatory, non-
steady-state measurements are not performed. The steady-state oscillatory rheologi-
cal measurements are done in torsion, and the relevant parameters are storage
modulus (G’), loss modulus (G”), and tand (G”/G’) with analogous meanings to
E', E’, and tanJ, respectively. Torsional geometry with a liquid means shear
measurements, with the liquid between two parallel plates or between a cone and
aplate (the axis of the three-dimensional cone is perpendicular to the plate). One plate
or the cone is moved rotationally back and forth at a given angular frequency (w) and
the in-phase and out-of-phase parts of the force with respect to the strain are
measured. Usually measurements are done at one temperature and o is varied;
measurements can be made at multiple temperatures if desired.

The nonoscillatory, steady-state measurements often use the same equipment,
but in this case the plate or cone is spun at a constant rate, for example, revolutions per
minute, which is converted to shear rate y. The important parameter in steady shear
measurements is viscosity #, which is a proportionality constant between shear stress
(t) and shear rate: T = 7). The shear rate is not constant across the radius of the plates
if parallel plates are used (zero in the center and a maximum at the outside) and hence
an average shear rate is reported. For a cone-and-plate rheometer, the shear rate is
constant (at least to within a very good approximation) and no such averaging is
necessary. Averaging can cause distortion of results in polymers, since the stress does
not in general change linearly with the strain. Again, temperature is generally held
constant and the shear rate 7y is varied.

The nonoscillatory, non-steady-state measurements are not nearly as popular as
the steady-state measurements. If the stress, rather than the strain, is controlled and
the strain is measured, then at low enough stresses the material may not move at all. If
such a quantity exists, the minimum stress required to move the fluid is termed the
yield stress; note this has no relation with the aforementioned mechanical property
yield stress except for the unfortunate use of the same terminology. The non-steady-
state measurements such as the time-dependent stress after the cessation of shear flow
or the time-dependent stress at the start-up of shear flow can also be measured.

For steady-state shear measurements, a cone-and-plate or parallel plate rhe-
ometer is confined to an upper shear rate limit on the order of 10 s~ because at higher
shear rates the material is ejected from the rheometer. For higher shear rates, capillary
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rheometry is used in which a polymer is pushed through a die using a plunger at a
constant volumetric flow rate. Capillary rheometry is restricted to shear rates above
about 1 s~ because at lower shear rates the force between the barrel and the plunger
is larger than the force required to push the polymer through the die. The same law,
T =1y, applies, although the conversion of the volumetric flow rate to viscosity is not
nearly as straightforward. Using a procedure based on capillary rheometry, the melt
flow rate or melt flow index is a common commercial measure to characterize a
polymer. In this case, a constant weight is used to push polymer through a capillary
and the measured parameter is the amount of polymer that exits the tube for a given
amount of time, for example, g/10 min.

Other geometries besides shear are less commonly used for rheological mea-
surements. Elongational (tension) measurements in a nonoscillatory mode can be
made; such measurements are not trivial to make and describing the specialized
equipment required is beyond the scope of this text. The measured value in steady
elongational measurements is the elongational viscosity 77, which is a proportionality
constant between elongational stress 7,, and elongation rate &, that is, 7., =7é.
Performing elongational measurements for a long enough time so that steady state
isreached is not trivial. Even though the measurements are much less frequently made,
elongational rheological properties are extremely important. In particular, elongational
rheology is extremely important in fiber formation, which is an important processing
method for nanotubes since fibers represent an obvious application for nanotubes.

A particular liquid is classified as Newtonian or non-Newtonian; alternatively,
the terms rheologically simple and rheologically complex are used. The most cited
difference between the two types of fluids is that in the former the viscosity is
independent of shear rate, although other differences exist including the fact that
a Newtonian fluid cannot have a yield stress. One important characteristic of
Newtonian fluids is Trouton’s rule, which states that % = 35. Polymers are one
example of non-Newtonian fluids. A plot of viscosity versus shear rate generally has
three regions for a polymer: a Newtonian region (i.e., the viscosity is constant) at low
shear rates; a shear thinning region where the log(viscosity) versus log(shear rate) is
approximately linear with a slope between — 1 and 0 at high shear rates; and a transition
region between the two. The viscosity in the low shear rate region is termed the zero-
shear viscosity and is highly molecular weight dependent; the zero-shear viscosity
increases by roughly an order of magnitude for every doubling of the molecular weight.
The shear rate at which the viscosity begins to depend on shear rate is approximately
equal to the inverse of the longest relaxation time of the polymer chain.

In the high shear rate regime, the relationship between shear stress and shear
rate is typically written as

n=mp""! (5.4)

with n termed the power-law index. Since n is less than 1, polymer melts and solutions
are termed shear thinning; smaller values of the power-law index mean that the
material thins more with stress. Shear thinning arises in polymers because the
molecules become oriented in the direction of the flow field and the density of
chain—chain entanglements decreases. A more shear thinning fluid represents a fluid
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where orientation effects are more important. This law is empirical, although almost
all polymers melt and solutions follow this behavior. A shear thinning fluid is not
easier to push as the shear rate increases; instead, the dependence of the increase in
force is less than a linear dependence on the shear rate. Although polymers do not
generally show such behavior because chain breakage cannot be avoided, at very high
shear rates the flow will become Newtonian again. Molecularly, orientation is at a
maximum and entanglements are at a minimum in this very high shear rate region. As
will become clear, nanotubes individually dispersed in Newtonian fluids can reach
this second Newtonian region at high shear rates.

Steady-state oscillatory rheometry gives important clues on the structure and
behavior of a nanotube—polymer network. For a one-phase polymer melt, at low
frequencies, the storage modulus will decrease with a slope of 2 (G’ (a))ocwz) and the
loss modulus with a slope of 1 (G” (w)oca)l), both of which are a result of the long-
chain nature of polymers. Similar to the zero-shear viscosity, the frequency at which
this terminal region begins is the inverse of the longest relaxation time, and hence the
higher the temperature, the higher the critical frequency. In order to extend the
frequency range presented on one plot, measurements may be made at different
temperatures and then shifted horizontally on a modulus versus frequency plot so that
overlap of the moduli measured at different temperatures occurs (in some cases,
slight vertical shifts are necessary; in theory such shifts should only be necessary for
density variations, but in practice such shifts are usually considered to be whatever is
necessary to obtain data overlap). In well-dispersed filled systems with no intercon-
nectedness of filler particles, the terminal slopes of 2 and 1 should not change,
although the modulus value at a given frequency should be higher and the critical
frequency might shift. Changes in slopes from 2 and 1 at low frequencies are a result
of the emergence of an interconnected second phase, and have played an important
role in the characterization of nanotube composites as will be described in
Section 5.2.2.

An alternative way to present oscillatory shear data is in terms of storage and
loss viscosities, ' and #”. These are related to the storage and loss moduli by the
following: ' = G"/w and " = G’/w. An important semiempirical relationship is the
Cox—Merz law that has the following form:

n (@) =n(}) (5:5)

where #7*(w) is the complex viscosity [(n")* = (7")* + (7")*]. In words, the Cox—Merz
law states that the complex viscosity is the same as the steady shear viscosity when
the oscillatory frequency is the same as the shear rate. A material that follows this law
will also have the frequency where the terminal region is reached in oscillatory
measurements be identical to the shear rate where the Newtonian region is reached in
steady shear measurements. Although not universally obeyed, this law generally
holds if steady shear does not change the structure of what is measured.

Overall, the number of papers that describe mechanical and rheological
properties of nanotube—polymer composites is in the thousands for the former and
in the hundreds for the latter. Hence, to describe all, or even a majority of, papers for
the former is a task that would lengthen this book immeasurably. This chapter gives
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examples all the different kinds of mechanical and rheological properties measured
and in this task tries to be complete. As stated in Chapter 1, unless otherwise noted,
the author has tried to make all tables complete; an exhaustive table for mechanical
properties does not appear because of the size of the task. Hence, with respect to
mechanical properties, the studies that show large improvements in mechanical
properties will also be highlighted, with particular attention devoted to the repro-
ducibility by others of such results as well as the practical implications.

5.2 RHEOLOGICAL PROPERTIES (MEASUREMENT
OF MELT AND SOLUTION PROPERTIES)

Before describing the rheology of polymer—nanotube suspensions, this section will
describe the rheology of nanotube suspensions in nonpolymeric, Newtonian fluids.
Nanotubes suspended in Newtonian fluids have also complicated rheological behav-
ior, which is important to understand prior to considering the more complicated case
of nanotubes suspended in rheologically complex polymers.

From a rheological perspective, three concentration regions are usually con-
sidered: the dilute, the semidilute, and the concentrated. These regions are defined by
entanglements between different tubes; in the dilute region, there are no tube—tube
entanglements, and in the concentrated regime, each tube is involved in at least one
entanglement. In terms of volume, in the dilute regime, the number of nanotubes in
solution is significantly less than the solution volume/sphere volume ratio, where the
sphere volume is defined by a diameter that is equal to the length of a nanotube. In the
concentrated region, the number of nanotubes is significantly more than this ratio.
The semidilute region is where the number of nanotubes in solution is approximately
equal to the solution volume/sphere volume ratio. Two characteristics relevant to
nanotubes complicate this distinction dramatically. First, concentration region
characterization ignores nanotube aggregation; the definition implicitly assumes
that all nanotubes are isolated. As was clearly stated in Chapter 3, if significant
efforts are made to disperse nanotubes perfectly, then only under very special
conditions (e.g., superacids)’ will the nanotubes stay suspended indefinitely. Second,
nanotubes are not precisely rigid rods; nanotubes, especially single-walled nanotubes,
have the ability to curve® and a stress field can cause a change in nanotube curvature.
Hence, the end-to-end length, not the contour length, should be used to define con-
centration regions and the end-to-end length will change depending on conditions.

In the dilute regime, the viscosity has been shown to linearly increase with
concentration for SWCNTs suspended in water with surfactant, where great care was
taken to ensure mostly if not totally isolated tubes were present, agreeing with the
behavior predicted for rod-like fillers.” Extreme care must be taken to prevent
aggregation, since with aggregation little or no viscosity enhancement will be
seen.'™"! Even in the dilute regime, nanotube solutions are shear thinning.9
A reduction in viscosity at high shear rates occurs because nanotubes can become
oriented if the shear rate is sufficient; the shear rate of the transition is a measure of
how fast the tubes are able to rotate due to random Brownian forces. The behavior in
the high shear region was well described by a relationship where the viscosity
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dropped linearly with the logarithm of the shear rate.” Note the difference with
power-law behavior where the viscosity drops logarithmically with the logarithm of
the shear rate. Since the power-law model is largely empirical, the difference in
dependency is of note but not concern.

In the semidilute regime, nanotubes begin to overlap significantly, but not to
the point where the orientation of one nanotube affects the orientation of a
neighboring nanotube. The start of this region is similar to a percolation threshold
(see Section 5.2.2) in the sense that properties change dramatically at concentrations
bounded by this concentration, although the normal structural definition of a
percolation threshold does not apply to the dilute to semidilute transition. In the
semidilute region, one of the most interesting behaviors, of extreme importance as
mentioned in Section 3.4, is aggregation caused by a change in rheological condi-
tions. Changing from low or no shear to a higher shear state can induce aggregation in
a rheologically simple liquid'?; recall that in Section 3.4 the opposite was described,
that is, aggregation induced by reducing the shear field. In this Newtonian case,
aggregation is literally caused by moving nanotubes encountering one another and
sticking together. A different study found the opposite effect, the aggregation
decreased as the strain rate increased.'® The problem with such studies, and making
comparisons, is that the starting dispersion states are not generally identical; in a
well-dispersed initial system, flow could induce aggregation, while in a poorly
dispersed initial system, flow could increase dispersion. However, at high shear rates,
dispersion should decrease or stay the same irrespective of the starting state because
aggregates will be eliminated due to hydrodynamic forces. As a corollary to these
statements, changing aggregation state can lead to 7 versus y behavior significantly
more complicated than the three-region approach given earlier.'* Finally, from an
orientation perspective, cessation of flow was found to reduce orientation over a very
long timescale, which was attributed to changes in the bending dynamics, rather than
reorientation, of the carbon nanotubes.'>

One extremely interesting study with a liquid that is a Newtonian epoxy
monomer deserves special mention.'> In this study, nanotubes of two different
lengths were studied. Differences in the continuous networks of the two cases are
shown in Figure 5.2. The slopes for the rheological measurements shown in Figure 5.2
indicate that with short nanotubes, the aggregates of nanotubes change size/shape in
response to stress, while with long nanotubes, it is the nanotubes themselves that
change their curvature in response to stress. A yield stress occurs with the formation
of a continuous network, and non-steady-state shear stress versus shear rate curves
using a step—strain methodology (the result is similar to a modulus) for different
nanotube levels can be scaled using the yield stress to give a master curve. Similar
scalings for storage and loss moduli are possible with the constant low-frequency
storage modulus as the scaling parameter. An important point to note from
Figure 5.2c is that at about 10% nanotubes, the moduli from short and long tubes
would be the same if extrapolation holds, leading to the surprising conclusion that
shorter nanotubes may yield higher modulus nanotube networks at sufficiently high
nanotube contents. This conclusion is possible because the aggregated nanotube
networks are the reinforcing moiety, not the individual nanotubes. Length effects
were also found to be important in a steady shear experiment performed in a different



202 CHAPTER 5 MECHANICAL AND RHEOLOGICAL PROPERTIES

Figure 5.2 Optical
microscopy images of
nanotubes suspended in
epoxy monomer: (a) 60 um
MWCNTs (volume fraction
10° F 1 0.05%, width of image
1 225um); (b) 4 um MWCNTSs
(volume fraction 2.0%, width
of image 350 um).
1 (c) Concentration
1 dependence of the linear
) 1 elastic shear modulus at low
- 4 frequency (k, squares) and
102 } o’ - short 1 the yield stress (g, circles)
o with power-law fits, as
107 by i \ 4 indicated. Copyright Wiley—
0.01 0.1 1 40 VCH Verlag GmbH & Co.
KGaA. Reproduced with
¢ (% by mass) permission from Ref. 15.
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Newtonian fluid: short nanotubes showed an almost Newtonian behavior, while long
nanotubes showed power-law behavior.'®

Oscillatory steady-state behavior is also quite interesting for nanotube net-
works in the semidilute regime. Measurements of the scaling exponent at high
frequency for the storage modulus (G’ (w)aw®) have been performed. Different values
were found: 0.63,"” something slightly greater than 0.75,'° and 0.7'® (the latter value
was found for a fluid that is almost, but not quite, rheologically simple since G’ is
measurable at high frequencies). A value of 0.75 is the theoretical result for a material
that is inextensible along its contour and redistributes in length via redistribution of
its bending modes.'*~2! The increase in storage modulus at low frequencies has been
used to determine a percolation threshold for nanotubes suspended in rheologically
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simple fluids;'”** however, this phenomenon was originally observed for nanotubes
in polymers and hence this discussion will be delayed until Section 5.2.2. One study
found that the Cox—Merz relationship holds for all shear rates at concentrations below
the percolation threshold, and holds for concentrations above the percolation
threshold only at high shear rates.** In another study, the temperature of measurement
affected the oscillatory rheological behavior, which the authors attributed to a change
in the nanotube network structure.?* Temperature-induced changes in dispersion are
common in polymers where kinetic effects can be extremely important; for such an
effect to occur in a low-viscosity Newtonian fluid is a bit surprising.

At high concentrations, nanotubes would seem to be ideal for forming liquid
crystalline phases, for example, nematic phases. Theoretical arguments predict that a
monodisperse suspension of rigid rod particles with no attractive or repulsive
interactions will spontaneously transition to a biphasic mixture (both isotropic and
nematic phases) at a volume fraction of about 3.3D/L and a 100% nematic liquid
crystal at a volume fraction of about 4.2D/L.*> A nematic phase has all nanotubes
aligned in one direction; the fringed micelle model described in Section 4.3 for
polymer crystallization is a nematic phase. Polydispersity or attractive interactions
will tend to widen the biphasic phase especially toward higher concentrations.
Of course, attractive interactions will also tend to form gel phases, for example,
phases that show some local alignment, but overall the nanotubes are in an isotropic
network. This tendency to form gel phases is further exacerbated by the inherent
flexibility of nanotubes. In other words, a nematic phase may not form because
nanotubes are trapped in a nonequilibrium gel structure. This problem of gelation is a
substantial one, and the number of true observations of nematic phases has been
relatively small.”?*® Normally, such observations are made optically; however,
rheologically such phases are of great interest because if formed this would reduce
the viscosity dramatically and allow for much easier processing of nanotubes. Such
phases could be of great interest in nanotube suspensions in low-viscosity solvents
used for the production of nanotube fibers, but are unlikely to be of importance in
polymers since gel-like phases tend to dominate.

In most situations, the state of aggregation is unknown. In other words, the
concentration regime of interest (dilute, semidilute, or concentrated) cannot be
determined precisely since a single structure of aggregated nanotubes would
be considered to be an individual filler particle when determining the concentration
regime of interest. In order to perform measurements that do not change in time due to a
change in aggregation state, the measurements must be performed quickly enough so
that the aggregation state does not change or the system must be allowed to reach an
apparent equilibrium under the conditions of the experiment. Of course, in superacids
such concerns are irrelevant since nanotubes are truly solubilized in this system
and the phase diagram (and hence aggregate structure) can be predicted wholly
through thermodynamic considerations.” In one experiment with a fluid having a
viscosity of 10 Pas, the characteristic timescale for clustering as measured rheologi-
cally was estimated at 45 min, which seems quite long given the timescales found
for clustering using percolation measurements of much higher viscosity polymers.*°

As noted earlier, shear thinning behavior at high shear rates was found for a
study where the nanotubes were mostly or completely isolated, and a power law did
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not accurately describe the data. Other studies have found that a power law is a good
fit to data where the state of dispersion is unknown, and the power-law index
decreases with an increase in nanotube content (i.e., the sample becomes more shear
thinning).'®>! In other cases, a power-law expression is not a good fit to the data; the
slope on a log(viscosity)-log(shear rate) plot becomes more flat as the shear rate
increases, as representatively shown in the top part of Figure 5.3. Further, at high
shear rates (~100-1000s~"), a Newtonian region is eventually recovered that has a
viscosity approximately equivalent to the pure fluid.>*** A flat region is evidence that
the nanotubes are maximally aligned and do not rotate appreciably in this shear rate
region. As mentioned earlier, a Newtonian region at high shear rates is theoretically
possible in polymers, but only at shear rates orders of magnitude higher than the
100s~" found for nanotubes (such a region is never reached in a polymer because of
molecular weight reduction). The time evolution of rheological properties can be
used to monitor dispersion in Newtonian fluids.>*~*

Elongational viscosity measurements on a nanotube suspension with two
different nanotube lengths have been made.'® As with shear measurements, the
onset of non-Newtonian behavior occurs at much higher volume fraction for short
tubes. More interestingly, fitting the equations to a Hershel-Buckley fluid (yield
stress + power law) yields a very different yield stress for elongation and shear
measurements, which the authors interpreted as a failure of the yield stress to be a
fundamental rheological parameter of nanotube suspensions. In a different study in
an epoxy Newtonian fluid, only functionalized nanotubes could be measured reliably
in elongation because of agglomeration.

5.2.1 Nonoscillatory Measurements

The number of papers that have examined steady shear behavior of a nanotube-
filled polymer is smaller than the number of papers that have examined nanotubes
suspended in Newtonian fluids. The zero-shear viscosity increases with nanotube
concentration in most cases as was found for nanotubes in a Newtonian fluid.
A harder to predict response is whether the critical shear rate, that is, the shear rate
where a polymer fluid transitions from Newtonian to non-Newtonian behavior,
changes with the addition of nanotubes. Studies have shown a clear shift toward
lower critical shear rates with the addition of nanotubes.>>® In fact, as shown by
the representative viscosity versus shear rate plot in the bottom part of Figure 5.3,
two power-law regions were found in the plot: at shear rates in what was
previously part of the Newtonian region for the pure polymer and at high shear
rates where the power law applied to the pure polymer. As expected, shear
thinning at lower shear rates was lower than shear thinning at high shear rates
(higher n in the former).

Another key question is whether power-law behavior is maintained in the high
shear region, and, if so, what change is there in the power-law index with the addition
of nanotubes? A comprehensive oscillatory and steady shear study was made on
carbon nanotubes suspended in poly(ethylene oxide) with the addition of surfactant
to help maintain dispersion.”® The shear rates investigated were in the power-law
region only, and the slope of the power-law region did not depend on the nanotube
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for nanotubes suspended in a Newtonian fluid showing non-power-law behavior, which

is the characteristic qualitative shape for some fluids. Different letters represent

different nanotube contents (not given whether weight or volume percents): (a) pure fluid,

(b) 0.05%, (c) 0.1%, (d) 0.25%, and (e) 0.5%. Copyright Springer. Reproduced with

permission from Ref. 32. Bottom: Viscosity versus shear rate curve as a function of nanotube
content for nanotubes suspended in a non-Newtonian fluid with nanotube levels given on

graph. Copyright Elsevier Ltd. Reproduced with permission from Ref. 40.
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concentration at concentrations three to eight times that of the percolation threshold
for this material. Note that this behavior does not agree with experiments in
Newtonian fluids where the shear thinning behavior was a strong function of the
nanotube concentration. The Cox—Merz law did not hold for this material, and shear
thinning was less for the nonoscillatory steady-state experiments as opposed to the
oscillatory steady-state experiments, which the authors interpreted as a reduction in
the number of stress-bearing junctions with the application of nonoscillatory shear.
Transient, that is, non-steady-state, data also suggested that changes in the network
with the application or removal of shear tended to dominate the response. The
behavior of the pure resin was not given in these experiments, so the comparison with
the pure resin could not be made. Another experiment on a very weakly shear
thinning fluid*® (n ~ 0.9) found that the addition of nanotubes eliminated the linear
power-law relationship on a log—log plot of viscosity versus shear rate and instead
yielded a curve qualitatively similar to that for a Newtonian fluid filled with
nanotubes, as shown in Figure 5.3 (top). From the bottom of Figure 5.3, it is not
clear whether the viscosity at high shear rates would reach that of the pure resin;
however, the viscosity of the non-Newtonian fluid in this study is quite low and may
affect the ability of the fluid to align and disperse the nanotubes. Two different studies
with polypropylene, both having a power-law index of about 0.4, showed power-law
behavior with the addition of nanotubes coupled with a decrease in n with an increase
in nanotube concentration, that is, an increase in shear thinning behavior.*'"** A
similar decrease was found for linear low-density polyethylene, also from a starting
value of about 0.4.*> Another study, with z closer to 0.5, found essentially no change
in n with nanotube addition, although the viscosities between the filled and neat
systems differed by only a very small amount.**

Higher shear thinning in nanotube-filled systems versus the unfilled system
suggests that eventually the viscosities of the filled and unfilled polymer should
overlap at high shear rates (remember that the starting points are higher for the
nanotube-containing systems because the zero-shear viscosities are higher). In some
cases,”> the viscosities overlap in the shear rate region below 10s™". Overlap of the
viscosities for the nanotube-filled and unfilled systems at high shear rates appears to
be generally true, although this statement relies a great deal on extrapolation that may
not be accurate. However, the shear rate where such overlap will occur varies
substantially depending on the system investigated.

Although the general observation is that the viscosity increases with the
addition of nanotubes, in a few cases the steady shear viscosity decreased.*>*® This
effect was attributed to selective adsorption of the high molecular weight fraction of
the polymer. Lowering occurred only at low volume fractions of tubes; at higher
volume fractions, the viscosity was higher than that of the pure polymer.** Further,
this lowering was eliminated with the use of a polymer that had a more monodisperse
molecular weight distribution.*® Power-law behavior was still found with the
addition of tubes even though the viscosity was lower.*

Non-steady-state elongational viscosities were measured using polypropylene
and compared with functionalized and unfunctionalized tubes, where the former had
better dispersion than the latter. The viscosity was certainly higher in the nanotube-
filled samples, and the treatment that led to better dispersion led to very weak strain
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hardening, that is, a higher viscosity at higher strain times. The elongational and shear
viscosities were not compared quantitatively.*’ In another study with poly(ether ether
ketone) where the percolation threshold was found to be about 1 wt%, the elonga-
tional viscosity at 1s~" increased roughly linearly with nanotube content. At 5 wt%
nanotube concentration, strain softening occurred with no evidence of this behavior
at 2 wt% and lower concentrations. Trouton’s rule was followed for the low nanotube
content composites, while the elongational viscosity was much less than that
predicted by Trouton’s rule at 5 wt% nanotubes. The same data used melt strength
data and a rather complicated model to estimate the elongational viscosity as a
function of elongation rate; a maximum in viscosity was found at about 0.5s " (e.g.,
strain hardening) followed by a power-law type decrease with more thinning for the
sample containing more nanotubes.*’

Another interesting rheological behavior of polymer fluids is normal stress.
When a polymer is sheared in one direction, in the two orthogonal directions a stress
occurs that molecularly is due to contraction of molecules; the stress is in the opposite
direction of the contraction (i.e., the stress is due to the molecules wanting to return to
the uncontracted dimension). The proper term is normal stress difference, and only
one of the two normal stress differences is simple to measure. The most common
positive normal stress difference pushes against the plates in a torsional rheometer
and is also the cause of die swell, that is, the increase in dimensions of a polymer melt
that exits a die. In both carbon nanotube dispersions in low-viscosity Newtonian
fluids®>*® and in polymers,49negative normal stress differences were found with the
value in the polymer orders of magnitude higher than that in the Newtonian fluids.
Negative normal stress differences are quite rare. A simple mechanical model, which
involved the rotation around nanotube crossover points, was used to explain this
behavior.* This simple model was confirmed in that short nanotubes (aspect ratio
~60), which do not have the capability of significant rotational distortion, showed a
positive normal stress difference when dispersed in a polymer rather than a negative
normal stress difference.*

As stated in the section on Newtonian fluids, the addition or removal of shear
can cause a change from an electrically insulating to an electrically conductive state.
For polymers, the more common result is that the application of shear causes a loss of
conduction; that is, the material is conducting under quiescent conditions and the
application of a shear field causes loss of conduction.***°3% An example is shown in
Figure 5.4 that shows that the ability to disrupt the network depends on the shear rate
applied. Upon cessation of the stress field, the conductivity recovers. The qualitative
difference between this and Newtonian fluids, that is, the application of a shear field
causes a loss rather than a gain in conductivity, is likely not due to the non-Newtonian
nature of polymers. Rather the difference is because the forces involved in high-
viscosity polymers are much higher and the higher forces are able to disrupt the
nanotube network. At slow steady shear rates, a conductive network did form upon
application of shear with a time frame much faster than that occurring with no flow.
Clearly in this case, the viscous forces were small enough not to break all
agglomerates as they formed due to “sticking.” Even in this study, cessation of the
shear force, after raising the conductivity from its starting value, caused the
conductivity of the network to rise even higher.>?
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Figure 5.4 Effect of shear rate on the conductivity of a polypropylene filled with
MWCNTs. The experiments were done in a specially modified torsional rheometer that
allowed for the simultaneous measurement of rheological and electrical properties.
Copyright 2007 American Physical Society. Reprinted with permission from Ref. 50.

The combination of these two effects, plus the agglomeration effect that occurs
with nanotubes, has been captured in a simple model proposed by Alig et al.:

dc,
dt

C, is the volume concentration of agglomerates and C, is the volume concentration
at infinite time. On the right-hand side, the rate constants and mathematical terms
represent from left to right quiescent agglomeration, agglomeration due to shear, and
deagglomeration due to shear. The utility of the model comes from a comparison of
the first two rate constants assuming that #n = 1; in one paper it was shown that k; was
two orders of magnitude larger than ky demonstrating how much faster shear-induced
agglomeration can be.”® The issue of agglomeration that occurs with annealing time
will be considered in more detail in Section 6.2.3, which describes the percolation
threshold as measured by electrical conductivity. Section 5.2.2 discusses the perco-
lation threshold as measured by rheology.

= kO(Caoo_Ca)n "‘kl()})(caoo_ca)_b(?")ca (5-6)

5.2.2 Oscillatory Measurements and the Percolation
Threshold

Unlike the case with steady shear experiments, the number of papers that describe
oscillatory measurements of polymers with nanotubes is quite high, primarily
because such measurements can be used to determine the rheological percolation
threshold. The concept of percolation is a very important concept and arises in both
rheological and electrical measurements of carbon nanotube composites. A brief
discussion of the general concept of percolation is presented here; further discussion
appears in Section 6.2.
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Percolation arises in polymer science in two general areas. One of these is
composites; a material is said to be percolated if there is at least one continuous
network pathway of filler particles, no matter how tortuous, in a given sample.
The other area is gelation, that is, reacting polymer systems where at least some of the
monomers are able to react more than one time, which eventually leads to a cross-
linked network. Common theories of gelation, for example, the critical conversion
where a system will form a gel, are more generally percolation theories. Percolation
theory requires the definition of a critical fraction p, (e.g., volume fraction of filler or
fraction of bonds reacted) at which prior to this value being reached the property in
question increases slowly or not at all. Above this critical fraction, the following
formula applies:

property ~ (p—pc)/f (5.7)

The value of f3 is theoretically indicative of the dimensionality of the network, with
a value of 1.1-1.3 for a 2D network and a value of 1.6-2.0 for a 3D network.>* These
values are true only for the case where the filler is infinitely conductive and the matrix
is infinitely insulative. In practice, this parameter is viewed simply as a fitting
parameter since higher values (more steeply increasing functions) are frequently
found. A more steeply sloping function is indicative of a smaller number of
nanotube—nanotube contacts per nanotube. For randomly packed spherical objects
having the same diameter, the volume fraction of filler for the percolation threshold is
0.16. For nonspherical particles, the volume fraction of filler required to achieve
percolation in the case of random orientation is based on excluded volume concepts,
that is, the volume around an object where another object’s center is not allowed to
penetrate. Using this argument, an approximate scaling relationship for the critical
volume fraction is given by p. = 0.5D/L, where L/D is the aspect ratio of the filler.>

In rheology experiments, the property typically used is the storage modulus
(or equivalently a variant of the complex viscosity) and the fraction is the volume
fraction of tubes,’® although other rheological properties such as the zero-shear
viscosity? can be used as well. In other words, the storage modulus shows a very
large change with concentration above the percolation threshold, as shown in
Figure 5.5. The question of what frequency is used to evaluate the storage modulus
is a legitimate one; typically low frequencies are used because the solid-like response
will be evident in this region at lower concentrations. The mathematical procedure
used to determine the percolation threshold is actually not trivial, since three fitting
parameters are required: p., f§, and a scaling prefactor. Since only the scaling
prefactor changes, it is perfectly reasonable to use mass fractions rather than volume
fractions. It is not a priori clear how many data points should be included in the fit
since the choice of p. will influence the number of data points used for a given data
set. Further, there is an upper limit in concentration where this equation would no
longer be expected to apply because of the emergence of a cocontinuous morphology,
although practically in almost all cases this limit is far beyond the concentration
region tested. The author believes that linearizing the equation and determining the
best fit parameters based on finding the maximum in the correlation coefficient with
different p.’s is the best procedure, and private conversations with Petra Potschke
indicated that her group uses a very similar procedure.
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Figure 5.5 Graph showing storage and loss modulus as a function of frequency for SWCNT's
in poly(methyl methacrylate). The percolation threshold of this material from the data
presented in the top graph was 0.11% or 0.12% depending on the frequency chosen. Copyright
2004 American Chemical Society. Reprinted in part with permission from Ref. 56.

The first paper that noted that oscillatory rheology was sensitive to nanotube
network formulation was by Potschke et al.’” followed shortly by a paper from
Krishnamoorti and coworkers.”® Although both authors noted the extremely large
change in modulus, which had been seen previously in silicate nanocomposites,””
neither applied the quantitative treatment represented by Equation 5.7. The first to
perform such a quantitative analysis were Winey and coworkers®® and many
others have subsequently used this procedure. At about the same time, Potschke et
al. showed that the volume fraction where the large change occurred was found to be
strongly dependent on the temperature chosen for analysis.®® This observation led to
the conclusion that the rheological network included both polymers and nanotubes,
although the possibility of a change in aggregation state upon heating was not explicitly
examined by testing whether the results were the same on heating and cooling. As an
alternative quantitative approach to Equation 5.7, the identification of gelation through
the Winter—Chambon method®' was used®” prior to the Winey and coworkers’ paper.
The Winter—Chambon method defines the critical concentration as being that where
tan J is independent of frequency at low frequencies. The Winter—Chambon method
was developed for liquid—solid transitions (gelation, crystallization) and admittedly
whether this theory should be applied to composites is arguable. Still, it is very
interesting that Equation 5.7 has come to dominate the field in terms of quantitative
analysis rather than the Winter—Chambon method, likely because of the analogous
equation used for electrical conductivity. Table 5.1 lists papers that have data from
oscillatory rheological measurements at the appropriate and at enough nanotube
concentrations to determine the percolation threshold. About half of the papers listed
have the data but did not fit Equation 5.7.

Generally, the electrical percolation threshold has been found to be higher than
the rheological percolation threshold,*’-36-20-97-109-112.128 41though the opposite
behavior has been found.”"*® A lower percolation threshold for the rheological
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TABLE 5.1 Oscillatory Rheological Measurements Made at Various Volume Fractions That
Were Used (or Could Have Been Used) to Determine the Percolation Threshold

Polymer References ~ Polymer References
Polystyrene 58,63-70 High-density polyethylene 71-75
Polycarbonate 60,76-82 Low-density polyethylene 73,83,84
Ultrahigh molecular weight 46 Medium-density polyethylene 85
polyethylene
Poly(methyl methacrylate) 56,64,86-89  Polypropylene 35,37,38,90-93
Poly(ethylene oxide) 36,94-96 Poly(ethylene terephthalate) 97-100
Epoxy 101 Poly(ethylene naphthalate) 102
Polycaprolactone 103-105 Poly(butylene terephthalate) 106,107
Poly(phenylene sulfide) 72,108,109  Liquid crystal polyester 110,111
polymer
Poly(ethylene glycol-co- 112 Polyoxymethylene 113

cyclohexane-1,4-
dimethanol terephthalate)

Polyamide 6 114,115 Poly(vinylidene fluoride) 116-118
Polyamide 11 119 Poly(4-methyl-1-pentene) 120
Polyetherimide 121 Poly(propylene fumarate) 122
Poly(ether ether ketone) 47 Blend: polyamide 6/ 123-125

acrylonitrile-butadiene—
styrene terpolymer

Blend: polypropylene/ 126 Blend: polypropylene/ 127
ethylene—octene acrylonitrile-butadiene—
copolymer styrene terpolymer

Styrene—Isoprene copolymer 128

measurements represents a difference in the distance required between nanotubes to
be considered to be part of a network; that is, the distance required is shorter for
electrical conductivity than for rheology. The tube—tube distance for electrical
conductivity is the distance required for electron tunneling, which is on the order
of 3nm. If the distance for rheological interaction is approximately the radius of
gyration of a polymer molecule, then a distance larger than 3 nm would be correct.
However, an important complicating consideration is that the rheological percolation
threshold is measured on a melt, while the electrical percolation threshold is
measured after solidification, and hence the nanotube networks might not be the
same due to a changed aggregation state. The rheological percolation threshold has
been found to decrease with temperature during heating,*>"” indicative of structural
changes due to agglomeration while the material exists as a melt. Hence, comparing
the electrical and rheological percolation thresholds is not appropriate unless the
electrical percolation threshold is found to be the same before and after melting.
The same arguments against comparison of percolation thresholds can be made
for comparisons of the exponent, but still the exponents are interesting to compare in
light of their possible geometric meaning. Given the lower rheological percolation
threshold attributed to a larger effective particle, the critical exponent should be
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larger for rheological percolation since a larger nanotube would be more three
dimensional. In cases where quantitative comparisons have been made, the exponent
has been found to be significantly lower for rheological percolation®®?%-7128
supporting the idea that the critical exponent in Equation 5.7 should be viewed as
a fitting parameter with little or no physical significance.

5.3 MECHANICAL PROPERTIES (MEASUREMENT
OF SOLID PROPERTIES)

The mechanical properties of a single carbon nanotube were discussed at length in
Chapter 2; to summarize, carbon nanotubes have a measured tensile modulus of about
1000 GPa, a strength of about 50 GPa, and a strain at break of about 15%. The first
number is fairly accurate and reproducible, with the second varying widely, as much
as an order of magnitude lower and a factor of 3 higher. The measured tensile strength
and strain at break are significantly less than calculated values for no-defect tubes of
around 150 GPa and 30%, respectively.

Measured values for nanotube fibers and mats are far less than values for single
tubes. As described in Section 3.7.1, nanotube fibers can be made in one of the four
ways: from a gas, from nanotube forests, from solution, and from twisting a very thin
nanotube sheet into a fiber. The first method has yielded the highest strengths of all the
methods reported: a strength of 9 GPa and a stiffness of 350 GPa were reported for the
best fiber having a diameter of about 10 um, with average values of about 4.5 and
175 GPa, respectively.'? The former measurements are the highest ever reported for
nanotube fibers as of the end of 2009, and are significantly larger than the typical
values for a high-strength polymer fibers, as shown in Table 5.2."*° These values are
even higher than those for carbon fibers; high-modulus carbon fibers have moduli
~375GPa, while high-strength carbon fibers have strengths ~6GPa.'*' These

TABLE 5.2 Modulus and Tensile Strengths of Various Forms of Pure Nanotubes”

Modulus/tensile Modulus/tensile
Description strength (GPa)  Description strength (GPa)
Individual nanotube 1000/50 Kevlar® 150/3.6
Nanotube fibers from gas 175/4.5 Ultrahigh molecular weight 80/3
polyethylene
Nanotube fibers from forest 240/0.41 Poly(p-phenylene 240/5.8
benzobisoxazole)
Nanotube fibers from 120/0.12 Buckypaper via filtration 10/0.1
superacids
Nanotube fibers from film 18/0.85 Layer-by-layer process to 12.2/0.75
form nanotube film
Commercial nanotube film —/1.2 Commercial nanotube fiber /3
High-modulus carbon fiber 375/- High-strength carbon fiber /6

See the text for references where appropriate and for more detail on the size of fibers.
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measurements were made on nanotube fibers having very small 1 mm lengths; at 2 cm
lengths, the average strengths were a much lower 1 GPa. This difference points out a
very important issue in the production of nanotube fibers; mechanical properties must
be reported as a function of fiber length since manufacturing control is generally quite
poor and longer fiber lengths increase the probability of defects. Another gas process
used by a different group yielded strength and modulus values of about 0.8 and
60 GPa, respectively, on fibers 5-10 pm in diameter and 1cm in length.'>

The highest strengths and moduli reported via drawing from nanotube forests
are 1.9 and 330 GPa, respectively, for a fiber with a diameter of 3 pm and a test length
of 1 cm."* The highest mechanical properties were achieved only after adding a twist
to the drawing process; the twist was thought to increase tube—tube interactions.
Larger diameter fibers (10 um) had values of 0.41 and 240 GPa, respectively.
Drawing from solution generally does not yield high-modulus or high-strength
fibers because the nanotubes do not stay well suspended during the processing,
indicating that it is necessary to prevent agglomeration until absolutely necessary and
have agglomeration occur on a very rapid timescale. Using superacids where the
nanotubes are thermodynamically solubilized yields fibers having an average
strength of 0.12 GPa and a modulus of 120 GPa. The fibers in this process had a
specific gravity of 1.11, which is the highest ever reported, a diameter on the order of
100 pm, and the test length was not reported.'** Finally, using a twisting process from
a film, strengths as high as 0.85 GPa and modulus as high as 18 GPa were reported for
fibers having a length of a few centimeters and a diameter of ~40 um. '* Although
solution and sheet processes have not been as successful at producing high-strength
materials as gas and drawing from nanotube forests, the quality of nanotubes likely
has as much or more effect on the modulus and stiffness achievable versus the
processing method used. In other words, it is entirely possible that higher strength and
moduli fibers could be achieved in the latter two methods if higher quality tubes were
used. Long, defect-free tubes are very important for such fibers, and thin-walled tubes
are better because of higher contact areas between adjacent fibers due to wall
distortion. Processing primarily affects orientation and tube—tube morphology/
contact adhesion.

Mechanical properties of a nanotube film, for example, buckypaper, which is
normally produced by filtering a solution of nanotubes, produce films with poor
mechanical properties. In fact, if the samples are thin enough (one paper reports
approximately 1 pm as the critical value'*®), then the films are not self-supporting
and cannot be lifted off intact from the substrate. A recent paper shows that the tensile
strength of buckypaper made via filtration (0.1 GPa) does not significantly depend on
whether SWCNTs or MWCNTs are used, although the density normalized value
does."*” A list of mechanical properties for buckypapers from different publications
appears in Ref. 138 with tensile strengths between 0.01 and 0.1 GPa and moduli
between 1 and 10GPa. Special efforts must be made in order to produce pure
nanotube films with good mechanical properties. An LBL process, described more
completely in Section 3.7.2, yielded a strength and modulus of 0.75 and 12.2 GPa,
respectively.'>® A commercial sheet produced by Nanocomp Technologies using
very long (1-2 mm) mostly single-walled nanotubes gave a strength and modulus of
0.67 and 25 GPa, respectively, in the stretch direction after stretching for a
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centimeter-scale sample.'*® On the Nanocomp Technologies corporation web site,
www.nanocomptech.com/html/nanocomp-what-we-do.html, strength values as high
as 1.2 GPa for films are claimed. Furthermore, the company can manufacture fibers
with strengths of 3 GPa according to the site (accessed June 26, 2010). In another
study, the strength of a nanotube film using a wide variety of nanotubes was
investigated and the authors found that the strength and toughness scale linearly
with the number of interbundle junctions per unit volume as calculated from the
porosity and bundle size. They were able to use this observation and a simple model
to show that the average energy to break an interbundle junction was approximately
the same as the nanotube surface energy.141

The remainder of this chapter describes the mechanical properties of poly-
mer—nanotube composites. Both impregnation/infusion processes, that is, process
where low-viscosity thermoset resins are added to already formed fibers and sheets
and are cured to make a part, and processes where the polymer and nanotubes are
mixed will be described. Because of the large number of papers that describe
mechanical measurements on composites, a table that tries to be exhaustive as has
been done for other measurements will not be prepared, since such a table would
incorporate many hundred, if not a thousand, papers as of the end of 2009. Instead,
the author has chosen to probe cause and effect relations, and provide some key
references to illustrate these relations. Because tensile tests are the most commonly
performed tests by a large margin, exploring these relationships will be primarily
done by using tensile test examples. The focus of discussions of other measurements
will be to give examples where such measurements have been made. More
importantly, this chapter focuses on those aspects of other measurements that
have different sensitivities to particular characteristics versus tensile tests. For
example, bending tests of laminate composites are much more sensitive to interfa-
cial adhesion than tensile tests. Before discussing the mechanical properties of the
composites, fundamental measurements of polymer-nanotube interfacial strength
will be described.

5.3.1 Interfacial Shear Strength

The surface energy of MWCNTSs has been measured directly by measuring the
contact angle of organic'**'** and polymeric liquids'** having known surface
tensions. Since the surface energy as calculated via contact angle is expected to
decrease with an increase in curvature,'® the fact that the surface energies of the
carbon nanotubes were measured to be approximately identical to that of a carbon
fiber, 40-45 mJ/m?, with polymeric liquids was quite surprising.'** The authors
postulated that the nanotube surface had less defects than the fiber that balanced the
curvature effect. A lower value was found for organic liquids, 27.8 mJ/m>."** No
explanation has been offered for the difference between the two types of liquids;
however, the difference is significant since the almost nonwetting surface poly
(tetrafluoroethylene) has a surface energy of about 20 mJ/m?, while 40-45 mJ/m>
would be considered a relatively easy surface to wet.

Many mechanical property measurements depend on the interfacial energy;
for example, the tensile strength depends largely on this parameter for composites
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unless specific requirements are met. These requirements are given by the classical
formula
_ TSnrd

l. = 5.8
¢ 2TIC ( )

where TSy is the tensile strength of the nanotube, d is the diameter, and ;¢ is the
interfacial shear strength. The numerator in SI units has a magnitude on the order of
50 for SWCNT and 500 for MWCNT; values of interfacial shear strength are on the
order of 10® in the same system of units; hence, the critical length (l.) is roughly
equivalent (1 pm) to the actual length of the nanotube. Hence, the interfacial shear
strength could have a very large impact on large strain mechanical properties of
polymer composites. The interfacial shear strength is related to the interfacial
energy; however, the former contains contributions from the fiber diameter and
embedded length that have no relevance for the interfacial energy. A more
fundamental parameter than the interfacial shear strength is the interfacial fracture
energy, which requires a model to calculate its value but is a better representation of
the processes that occur during debonding. The classical description represented by
Equation 5.8 is a continuum approach, and it may have limited applicability to
nanoscale fillers such as nanotubes.

Measurements of the interfacial shear strength using a pullout technique
have been made. In one study, an atomic force microscopy tip was used to manipulate
nanotubes protruding from an epoxy resin. An interfacial shear strength of
300-400 MPa was estimated for short tubes, with values half an order of magnitude
smaller for long tubes suggesting that end effects are important.'*® A more classic
experiment by the same group that is often used for macroscopic fibers, where a
MWCNT was pushed into a hot polymer film then removed after cooling, gave
values similar to the results for longer tubes, 20-90 MPa. Smaller diameter tubes were
measured at the higher value, while larger diameter tubes at the smaller value.
The authors attributed the difference to possible covalent bonding to nanotube defects
that are expected to be more prevalent in the former. The critical fracture energy could
not be calculated precisely because the effective length of stress transference could
not be determined; however, the value was of the same order of magnitude as for glass
fibers in matrices that are considered to be strongly adhering such as polyamide 6.'*
Finally, a later pullout experiment using both carboxylic acid-functionalized nano-
tubes and unfunctionalized tubes in an epoxy matrix and found rough equivalents at
higher embedded lengths, but significantly improved performance for low embedded
lengths, as shown in Figure 5.6."*® A model that properly accounts for the geometry of
the test, that is, the fact that end effects are important for short embedded lengths,
quantitatively predicts such a decrease; the authors, however, did not go back to their
earlier paper'“® to confirm that using the appropriate mechanics could explain the
earlier difference. The maximum interfacial shear stress calculated was 30 MPa for
the unmodified tubes and 150 MPa for the modified tubes.

Measurement of the interfacial shear strength using the distribution of fiber
lengths after fracture have been made for an epoxy.'*’ Rather than the classical
experiment as for macroscopic fibers where a single fiber is embedded in the matrix,
in this case the distribution of sizes after three-roll calendaring was measured after
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being sure that the distribution was insensitive to further processing. Using the
standard Weibull distribution to analyze the length, a value of 44 MPa was deter-
mined for the interfacial shear strength. This analysis also allowed the determination
of the tensile strength of a single nanotube, which was determined as an extremely
low 4 GPa. The authors did show that bending/flexural properties of nanotubes are
essentially irrelevant when calculating ultimate properties; however, this analysis
does not preclude such properties as having a large effect on small strain properties
such as the modulus.

A recently published peel test technique can measure the interfacial shear
strength, although the values measured using this approach would not be expected to
match those measured using pullout or single-fiber fragmentation testing. Although
difficulties in quantifying contact area have prevented calculation of the interfacial
shear strength, this test has been used as a relative measure to compare the strengths of
interaction between a nanotube and a polyimide or a nanotube and an epoxy. A
significant difference was found, but the authors were not able to conclude that such a
difference was not due to a difference in contact area caused by a difference in stiffness.

150,151

5.3.2 Tensile, Compressive, and Bending Properties

Dispersion has a significant effect on reinforcement efficiency; in general, the better
the dispersion, the better the reinforcement efficiency. Because dispersion is not
usually well characterized, any sorts of comparisons between results are usually
influenced by the question, “Is what I am seeing simply a difference in dispersion?”
Consistency between papers is more the exception than the rule, especially with the
rather large number of papers that report mechanical data.
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Two other complications can also arise. First, as highlighted by Coleman
et al.,'>? the introduction of nanotubes in some polymers also changes the fractional
crystallinity, which in turn can be expected to substantially increase the modulus,
especially if the crystallinity is low. Unfortunately, this is the case for poly(vinyl
alcohol), and hence any study that has used poly(vinyl alcohol) should be considered
extremely suspect unless careful crystallinity measurements are made. The rather large
values of (dE/dVE) reported for poly(vinyl alcohol) in the review paper by Coleman et
al.' are almost certainly due to crystallization rather than nanotube reinforcement.
Second, the modulus changes very steeply in the glass transition region (as much as 10
orders of magnitude in ST units for an amorphous polymer), so any study performed on
a polymer at room temperature with a glass transition between 0 and 40°C should be
examined carefully. As stated previously, the author has chosen to probe cause and
effect relations and provides some key references to illustrate these relations.

5.3.2.1 Tensile Properties Generally, the reinforcement efficiency of nanotubes,
for example, (dE/dVE), is higher for weaker starting polymers. An argument is given
by Schaefer and Justice'>* for this observation. If the effective modulus of the filler is
less than the modulus of the polymer, then the filler will be totally ineffective in
increasing the modulus of the polymer. As described previously, in an earlier paper,
Schaefer pointed out that the bending modulus is more likely the critical modulus to
use as opposed to the tensile modulus.’ Another discussion point raised in this later
paper'? is that an aggregated nanotube cluster likely has a much smaller modulus
than an unaggregated single nanotube. The effective modulus of the filler, which
could be the modulus of the cluster or the bending modulus, is more likely to be
smaller than the polymer modulus for the case of high-modulus polymers and that
certainly would explain why nanotubes are generally more effective in increasing the
moduli of flexible polymers.

Generally, improvements in the modulus are more significant in a relative sense
than improvements in the tensile strength, with the latter often showing a decrease
even at low added fractions of tubes. The strain at break often decreases, although
perhaps 10% of the reports in the literature show no effect or even an increase in strain
at break with nanotube addition. In this section, focus is given to the modulus and
tensile strength. This decision is easy to criticize, since the toughness rather than
these two parameters is often the critical design parameter. Further, a paper has
recently been published suggesting that toughness increases in nanocomposites
should be significantly larger than increases in composites made from conventional
micron-sized fillers. The crux of the argument is twofold: first, breaking a 1 pm size
fiber is much easier than breaking nanosize fibers with equivalent cross-sectional
area; second, the close spacing of nanofillers can cause toughening mechanisms that
are not relevant for micron-size fibers.">* The most significant reason for not
including the toughness is that most papers do not report values for toughness,
while tensile strengths and moduli are almost always reported. In general, for
nanotube composites, higher tensile strengths mean higher toughnesses, although
certainly there are exceptions. Finally, fracture toughness and impact energy results
are discussed in some detail, which reduces the need for reporting toughness
measurements from tensile tests. Readers interested in toughness will have to consult
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the original references and, in many cases, hope that stress—strain curves are given
from which a toughness could be calculated.

One clear piece of evidence that dispersion affects tensile properties is the fact
that the modulus and tensile strength often increase at low tube volume fractions
followed by a decrease at higher volume fractions. In an amorphous unoriented
polymer without chemical reaction, there is no other possible explanation for such
behavior other than a change in the relative dispersion at different volume fractions.
This behavior also occurs in semicrystalline polymers, but in this case a reduction
could in theory cause a reduction in tensile strength and modulus. Although certainly
not a uniform value, 1% loading is a typical value where the maximum occurs. This
qualitative behavior of a maximum in improvement is common, although certainly
not universal; a small sampling where such behavior occurs in the modulus or tensile
strength (or both) includes SWCNTSs/phenolics,'”> SWCNTSs/styrene—butadiene
rubber,'”® MWCNTs/polyamide 6,'® MWCNTs/polystyrene,'”’ MWCNTSs/
polyamide 6,10,'*®* MWCNTSs/polypropylene,'**~'®" MWCNTs/polyurethane,'®*
MWCNTs/poly(methyl methacrylate-co-n-butyl acrylate),'> and MWCNTSs/poly
(methyl methacrylate).'®* A representative example taken from the author’s own
work is shown in Figure 5.7. The remainder of this section will detail the effect of
various independent variables on the tensile properties.

The influence of tube type on tensile properties has been explored. In poly
(vinyl alcohol) composites produced using a dispersion—dissolution—precipitation
method, it was found that the modulus increase, that is, dE/dV;, was inversely
proportional to the nanotube surface area. In other words, surface areas, e.g. smaller
diameters, led to more effective reinforcement for four different types of MWCNTs
and one DWCNT, although this conclusion should be questioned because the
nanotube diameters were very much clustered. However, a SWCNT sample did not
follow this trend, which the authors attributed to poorer dispersion.'®® In another
paper using epoxy and dispersion—reaction methodology, three different types of
tubes MWCNTs, DWCNTs, and SWCNTs) were studied in an epoxy matrix, and the
improvements in modulus were in general better for the DWCNTs versus the
MWCNTs and again the SWCNTs were worse than an inverse surface area
relationship would predict. The tensile strengths changed very little with nanotube
incorporation in all cases.'®® A study on polyurethane using a dispersion—reaction
methodology found a significant improvement in tensile strength for SWCNTs
compared to MWCNTs, providing a counterexample to the previous statements.'®’
Finally, a study on a dissolution—dispersion mechanism using drawn fibers showed
best performance of the SWCNTs (dE/dVy = 157 at 5% NT) in terms of modulus and
best performance of the MWCNTs in terms of tensile strength (MWCNT:DWCNT:
SWCNT:polymer =412, 316, 335, 244 MPa). The small amount of data included in
this paragraph show that tube type or diameter cannot be correlated with mechanical
property reinforcement in any consistent manner, which is a valid conclusion based
on more data than are presented here.

The inconsistency described in the previous paragraph could be a function of
differing nanotube lengths for the different types of tubes; however, in the author’s
opinion, dispersion issues are a larger cause of. Studies with the same tubes, only with
different lengths, have been the focus of a few studies. In one study on PMMA, only
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Figure 5.7 The most common qualitative behavior of the tensile strength and modulus for
nanotube composites. If the nanotube fraction is increased to high enough values, the
modulus will often increase with increasing nanotube content but quickly fall off from the
theoretical maximum given by Equation 5.1 (line) or Equation 5.3, while the tensile strength
will increase at low volume fractions and actually begin to decrease at high volume
fractions. Data are taken from Ref. 128.

the longest MWCNTs (5-20 um as opposed to less than 5 pm) were able to increase
the toughness.'®® In poly(vinyl alcohol) filled with MWCNTS, image analysis was
used to quantify aspect ratio in an electrospun fiber and it was found that below an
aspect ratio of ~35, there was no effect of aspect ratio on modulus, while a very sharp
increase occurred at an aspect ratio of ~42; the modulus increased from 4 to
8 GPa.'® In an epoxy system filled with 0.5% MWCNTS, the effect of length was
not clear since the intermediate length sample had the highest modulus and tensile
strength, although the method used to reduce the length also reduced the largest
agglomerates in the starting sample. (dE/dVE) was quite high, 270 GPa, while the
highest tensile strength change was at 0.5% loading and was from 28 to 41 MPa.'””

There are four possible approaches to changing the surface chemistry of the
nanotube in order to change interfacial energy and hence tensile properties. The first
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case is probably the most obvious: use covalent bonding between a modified
nanotube and the polymer matrix. Table 5.3 lists a number of papers where
functionalized and unfunctionalized tubes are compared (this table is not exhaustive).
However, the improvement could be assigned either to an increase in interfacial
adhesion or to an improvement in dispersion caused by covalent functionalization.
The total number of papers that try to improve interfacial adhesion using functio-
nalization (although many studies do not compare results with unfunctionalized
tubes) is three to four times that shown in Table 5.3. The results presented in Table 5.3
indicate that, on the whole, functionalization has been shown to improve mechanical
properties of composites.

The second approach to modify interfacial adhesion is to chemically modify
the nanotube surface, but have no covalent bonding with the bulk polymer. One

TABLE 5.3 Tensile Properties of Composites with Covalent Bonds Between Polymer and
Tube, Compared with Unfunctionalized Counterparts

Tensile strength
at 1% NTs unless
otherwise indicated

Polymer Nanotube type dE/dV; (GPa)” (MPa)”

Epoxy171 Amine-functionalized 57, 82 74.1, 74.7
SWCNTs

Epoxy ' Amine-functionalized 105, 128 63.8, 67.7, 69.1 (0.5%)
DWCNTs

Epoxy”’6 Amine-functionalized 60, 83 63.8, 63.2, 63.6 (0.3%)
MWCNTs

Epoxy'”? Amine dendrimer- 46, 159 90, 104, 125 (0.5%)
functionalized SWCNTs

Epoxy'”? Polyacryloyl-functionalized 33,75 46, 42, 49
MWCNTs

Polypropylene'’*  Fluorinated SWCNTs —-0.5, 8 31, 29, 45 (2.5%)

MMA-ethyl Amine-functionalized 68, 81 49, 53.5, 55

methacrylate MWCNTs
copolymer'”

PMMA!"¢ Acid-functionalized MWCNTSs 86, 10 29, 41, 42

Polyamide 6'"° Acid-functionalized MWCNTSs 11, 17 18.9, 18.0, 21.6

Polyamide 6,677 Amine-functionalized 40, 110 50, 60, 75
MWCNTs

Polyamide 6,10'7®  Acid-functionalized MWCNTSs 120, 68 36, 11, 54

Polyamide 12'"° Anhydride-coated SWCNTSs 1,3 37, 39, 41 3%)

Poly(1-butene)'®° Polypropylene-grafted 5,37 31, 26, 45
MWCNTs

This table is not exhaustive. When weight fractions were given in the paper, a density of 2 was assumed for MWCNTSs
and 1.35 for DWCNTSs and SWCNTs.

“Order: pristine, functionalized.

"Order: no tubes, pristine, functionalized.
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obvious choice is to bond the same polymer to the surface; although this approach
seems obvious, only a relatively few number of papers have used this. For example,
isotactic polypropylene-grafted nanotubes have been added to isotactic polypropyl-
ene, with a result (unmodified versus modified) of 35 versus 75 GPa for dE/dV;, and
25, 31, and 53 MPa for tensile strength (unfilled, unmodified, and modified, respec-
tively; 1% tubes).'®" Chlorinated polypropylene was grafted to MWCNTs via a
grafting to approach and these nanotubes were added to chlorinated polypropylene via
a dissolution—dispersion technique with the resulting dE/dV;= 50 GPa and a tensile
strength of 50 MPa at ~1 wt% tubes versus 10 MPa with no tubes. Unmodified tubes
could not be dispersed in the solvent.'® A grafting to process utilizing maleic
anhydride-grafted polyethylene functionalized tubes mixed with linear low-density
polyethylene led to a dE/dV; of 20 versus 5 GPa for the unmodified tubes, while the
tensile strength at 1% tube content showed a slight increase for the modified tubes and a
significant decrease for the unmodified tubes.'®* A polymer not the same as the matrix
polymer has also been used. Examples include coating tubes with high-density
polyethylene via a grafting from process causing a dE/dV; increase from 0.35 to
0.9 GPa (unmodified versus modified) in an ethylene—vinyl acetate copolymer, which
the authors attributed to better dispersion.'®* Another example was maleic anhydride-
grafted polypropylene functionalized tubes mixed with poly(1-butene), with a result
(unmodified versus modified) of 5 versus 60 GPa for dE/dV;, and 31, 26, and 45 MPa
for tensile strength (unfilled, unmodified, and modified, respectively; 1% tubes).180

A third approach, which could affect interfacial adhesion but more likely
improves dispersion, is to adsorb a molecule to the nanotube, which in turn covalently
bonds to the polymer. One example was to coat styrene—maleic anhydride polymer
onto unfunctionalized MWCNTs and then add these coated tubes to polyamide 12.
The result was (uncoated versus coated) 1 versus 3 GPa for dE/dV;, and 58, 36, and
44 MPa for tensile strength (unfilled, uncoated, and coated, respectively; 1%
tubes).!”® The same approach was used for polyamide 6; in this case, the results
were (uncoated versus coated) 7 versus 3 GPa for dE/dV;, and 65, 50, and 48 MPa for
tensile strength (unfilled, uncoated, and coated, respectively; 1% tubes).

The fourth and final approach is to use a molecule that does not covalently bond
either to the polymer or to the nanotube; if the molecule is a polymer, such an
approach can lead to improved mechanical properties.'®> However, surfactant-
assisted processing is the most common example and with small molecules the
effect is only to improve dispersion; further, if the small molecule is soluble in the
polymer and does not stay on the surface of the nanotubes, then it will simply act as a
plasticizer in the polymer.

Nanotube alignment will also affect mechanical properties. The effect of
nanotube alignment on the mechanical properties of polyamide 12 fibers with
reinforced nanotubes yielded a very interesting result. dE/dV; was 10 and 16 GPa
for entangled and aligned tubes, respectively, while the tensile strengths were
basically unaffected. However, the strain at break for the aligned tubes was
unchanged with the addition of nanotubes, while that for the entangled tubes
decreased significantly from 400% to below 200% at 10% tubes. Although not
given, the estimated toughness seems relatively similar for the two materials
even though the strain at break decreased markedly. A study of draw ratio on
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PMMA-MWCNT composites found an increase in tensile properties with drawing,
but no significant differences between filled and unfilled samples.'®® Drawing
a semidried epoxy film to large elongations of 50 times its initial length caused a
dE/dV; of 27GPa and tensile strength change of 7MPa (unfilled) to 13 MPa
(1% tubes). In the perpendicular direction, the changes were about half of these
values.'® Improved nanotube alignment in a fiber by reducing the fiber diameter in
melt-spun high-density polyethylene was shown via scattering; dE/dV; was 20 GPa for
the more highly aligned system, while for the less aligned system a value significantly
less than half of 20 GPa was found. Unfortunately, any changes in crystallinity with
orientation were not reported, so such results may simply be due to changes in
crystallinity.'® In another study on injection-molded high-density polyethylene filled
with MWCNTs, dE/dV; for the unoriented sample was about 7 GPa, while that for the
oriented sample was approximately five times larger. The increase at 1 wt% tube content
in the tensile strength was 25-30 MPa for the unoriented sample and 65-90 MPa for the
oriented system; again however, crystallinity comparisons were not given.'®®

Alignment of nanotubes via a magnetic or electric field is a very good way to
test the effect of nanotube alignment since nanotubes can be aligned without aligning
the polymer. However, a magnetic field may also reduce reagglomeration perpen-
dicular to the magnetic field gradient by reducing the van der Waals forces between
nanotubes;'®® an opposite result, agglomeration in the perpendicular direction, was
found for electric fields.'”*~'%* Although logical, results on nanotubes aligned in a
very strong magnetic field (as high as 25T, which is only available at national
facilities) showed that in one epoxy resin the modulus went up with alignment, while
in the other the modulus decreased. The viscosities of the two resins were roughly
identical, and the authors were not able to provide a convincing explanation to the
difference.'®® Results were much more encouraging for electric field alignment; in
this case, the storage modulus increased roughly by 10% in the direction of the
applied electric field.'*®

Fibers made with carbon nanotubes via melt, gel, solution, or electrospinning
will generally have extremely high nanotube, as well as polymer, orientation. Melt
spinning, unless the nanotubes are dispersed in the polymer first by a solution,'**
does not produce fibers with good mechanical properties almost certainly because of
poor dispersion. Electrospinning cannot achieve high orientations and long fibers
are difficult to produce. Modulus and tensile strength in PAN-CNT fibers, irre-
spective of whether MWCNTs or SWCNTSs were used, seem to be better for gel-
spun rather than solution-spun fibers according to one study.'®” Interestingly, small-
angle X-ray scattering results on this material indicate that the superior mechanical
properties of the gel-spun fibers are due to a smaller fraction of voids in the
material.'”® Not unexpectedly, because of the high orientation, the dE/dV; values
can be quite high; for example, for gel-spun fibers from PAN the value was
approximately 600 GPa.'®’

Experiments that can definitively answer the question of whether transcrys-
tallinity improves mechanical strength are very difficult to perform because of the
difficulty of suppressing transcrystallinity in a fiber that normally promotes this effect
(or vice versa). Studies on single macroscopic fibers have led to contradictory results;
that is, transcrystallinity has been shown to increase, decrease, or affect no change
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even for nominally identical fiber—polymer systems.'”® In one study on carbon
nanotube fibers formed from a solution process, the transcrystalline layer and the
composite showed a factor of ~2 and ~3 higher strength and 0.4 and 3 times higher
modulus, respectively, than the isothermally crystallized bulk material.'”

One advantage of infusion of already formed buckypaper mats or nanotube
fibers is that high volume fractions can be achieved more easily than with other
processing methods. In a paper involving epoxy and SWNT buckypaper formed via
filtration, SWNT contents between 25 and 40 wt% were formed, with the variation
caused by different numbers of stacked buckypapers. Only the storage modulus was
reported, with an E’ change at room temperature from 2.5 to 15 GPa.>* A higher
concentration, almost 50% by weight SWCNTs, was achieved with a polycarbonate
solution, and the modulus was higher than the polycarbonate or buckypaper modulus,
with the values of 1.7, 2.3, and 5.1 GPa for the polycarbonate, buckypaper, and
composite, respectively.?®" Other studies looked at poly(ether ether ketone),”** poly
(vinyl alcohol), polystyrene, and poly(vinyl pyrrolidone)®® as well as poly(ethylene
oxide), poly(vinyl pyrrolidone), and poly(vinyl alcohol) solutions.'*® The latter
showed that drawing the polymer through the buckypaper with a vacuum filtration
process produced composites with significantly better mechanical properties than a
simple soaking process. Various concentrations of epoxy—buckypaper composites
were made using tubes treated with various solutions: nitric acid, potassium
permanganate, and piranha solution (a mixture of concentration hydrogen peroxide
and concentrated sulfuric acid). Although the dry sheets had different properties, the
composite moduli and tensile strengths did not depend on the treatment, as shown in
Figure 5.8.%°* Drawing of fibers from nanotube forests can give rise to a mat-like
structure with good alignment in the draw direction; in one study, 1750 sheets were
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Figure 5.8 Graph showing the effect on tensile properties of buckypaper—epoxy
composites prepared using nanotubes pretreated using various methods. Details are found in
the text. Copyright IOPscience. Reproduced with permission from Ref. 204.
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stacked with alignment directions the same; the modulus change in the stretch direction
was linear until the maximum tested value of 8 wt% nanotubes with a dE/dV; of
150 GPa. Although the dE/dV; value is not different from what has been discussed
earlier, the range of linearity was very high—much higher than any noninfusion
process. Infusion processes generally have much higher linearity ranges in terms of
modulus enhancement than noninfusion processes. The tensile strength was also linear
until 8% tubes with a value that increased from 90 to 130 MPa. Smaller values were
found for the case where the stacking was done at 90° to one another.®

Production of nanotube fibers followed by infusion of an epoxy has been
studied. In one such study,206 the fibers made with just SWCNTs had a modulus of
22 GPa and a tensile strength of 0.55 GPa, which is on the low end for the tensile
properties of a pure nanotube fiber. Using a nanotube specific gravity of 1.35 rather
than the measured specific gravity of the fibers (which was about 1), dE/dV; was
measured for a fiber containing more than 20% by weight nanotubes at 72 GPa, and
the tensile strength was measured at 253 versus 43 MPa for the neat epoxy. Using a
simple rule of mixtures yields a fiber modulus around 70 GPa instead of the measured
22 GPa; the authors attributed this to difficulties in precisely determining the density
of the fiber. A similar study using methyl methacrylate monomer and a very weak
undensified fiber (E=0.11 GPa and TS = 1 MPa; the densified values were 25 GPa
and 500 MPa, respectively’”) led to a very high dE/dV; of 440 GPa at 15% nanotube
content with a tensile strength of 0.34 versus 0.02 GPa after polymerization.?*® A rule
of mixtures applied to this composite yields a nanotube fiber modulus of 333 GPa
instead of the measured 25 GPa. Note that in both studies, the effective modulus of the
fibers increased with the addition of the fiber to a polymer; whether this is a real effect
is not clear at this time. More importantly, infusion methods offer a way to get very
high volume fractions of nanotubes while still maintaining reinforcing character-
istics. The challenge is to create fibers that have high strength and stiffness initially,
and more critically have a process where the variation along the length is small so that
results do not depend on gauge length.

For fibers, the goal should be to produce nanotube-containing fibers that
outperform commercially available high-strength polymeric fibers (strength ~5 GPa,
modulus ~200 GPa). One strategy would be to add nanotubes to high-strength
polymeric fibers to improve the strength even further. In one study using poly
(p-phenylene benzobisoxazole), SWCNTs did significantly improve the modulus and
tensile strength (values of 4.2 and 167 GPa were achieved with 10 wt% tubes);
however, the pure polymer values were significantly lower than commercial materials
indicating that the processing method was not optimized for the neat fibers.”* In
another study, Kevlar yarns were immersed in a nanotube-containing solution and the
tensile strength increased from about 4 to 5 GPa with no effect on modulus.*"

Because of their ability to be stretched and relaxed with little or no change in
unrelaxed dimensions, cross-linked rubbers have unique mechanical behavior. One
such behavior is the Mullins effect, characterized by a pronounced lowering of stress
when filled elastomers are extended a second time after being stressed previously to
high extensions. A study on filled styrene—butadiene rubber coupled with AFM
experiments to image changes in the nanotube domains found a significant Mullins
effect, and this stress softening was attributed to a loss of orientation, both polymer
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and nanotube, in the second stretch relative to the first caused by rotation of nanotube-
rich domains. ?'' Another investigation highlighted the high-strain behavior in an
elastomer. The focus was on deriving a constitutive model for the enhancement of the
large strain properties in the material. The authors found that the increase in strain
hardening could be explained by stretching and rotating of the nanotubes.?'?

5.3.2.2 Compressive Properties The number of compression measurements on
nanotube composites is orders of magnitude less than those made in tension, even
though failure mechanisms are quite different (concrete being an incredibly impor-
tant example!) because polymers are generally not used in applications where such
stress fields are very important. One key difference between tension and compressive
properties is that in the latter, nanotube buckling could possibly be an issue. In a very
early study, it was found that simply cooling a thermoplastic polymer, which causes
significant compressive strains on the nanotube due to the difference in thermal
expansion coefficient, can cause nanotube buckling.*'* To the author’s knowledge,
however, only a few studies have appeared in the literature that conclusively show
that nanotube buckling contributes to the response to compressive stress experimen-
tally.?'*2!> As pointed out in a paper that was able to directly image buckling under
compression using TEM, the resistance to buckling by MWCNTs is going to be much
larger than that of SWCNTSs because of the large number of walls for the former
involved in buckling of one nanotube.*'® Theoretical studies of buckling have been
more common.?'”"??° Another study found evidence of nanotube reorientation
normal to the uniaxial compressive direction at low strains, which would eliminate
the possibility of buckling at higher strains if such orientation were perfect. This same
study interpreted changes in Raman signal at higher strains as due to debonding not
buckling; unfortunately, no micrographs were taken to confirm this hypothesis.221
The importance of buckling is likely a function of the interfacial energy; the higher
the energy, the less contribution buckling will make to failure.

The studies under compression described above are part of only a handful of
studies performed under compression. The effect of grafting a polymer onto the tubes
and then dispersing the grafted tubes into the same polymer has been studied. Using
polystyrene-grafted MWCNTs dispersed in polystyrene, a modest increase in
modulus was found with the addition of nanotubes (dE/dVy=40) with essentially
no difference between grafted and ungrafted tubes. However, high strain properties
showed significant differences in that the ones made with grafted tubes showed a
~10% larger yield stress and significant strain hardening at higher strains. The author
explains this observation, along with accompanying micrographs, as evidence of
higher interfacial adhesion in the grafted material.”** In a study with epoxy resin and
MWCNTs, the bulk modulus was smaller for a composite where the nanotubes were
not dispersed with the aid of a block copolymer, and was the same as the neat resin at
0.5 wt% NT content when dispersant was used. In both cases, the bulk failure strength
increased, with an increase from 550 MPa for the neat polymer to 650 and 750 MPa at
1% NT content for the composites made without dispersant and composites made
with dispersant, respectively.””> In another study, a maximum in compression
modulus was found at 0.05 wt% of tubes independent of whether the tubes were
functionalized, with values of dE/dV; of 380 and 620 GPa for unfunctionalized and
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functionalized tubes, respectively. No significant change in the compressive strength
was found with nanotube addition.'** Buckling stability is done under the same
geometry as compressive testing, but in this case the sample is thin enough so that the
sample buckles rather than fails. SWCNTSs have been shown to increase the buckling
stability of polycarbonate.?**

Compression tests have been performed on samples prepared by infiltration.
For nanotube fibers infused with epoxy resin, the modulus increase was approxi-
mately the same under tension and compression, with a dE/dV; of about 65 GPa;
however, the compressive strength increase was about half of the tensile strength
increase.”*® A composite with very long nanotubes, where the nanotubes were as long
as the sample, was made by infusing a vertically grown MWCNT forest with partially
cured poly(dimethyl siloxane) followed by curing. The volume fraction of tubes was
about 5%, and the increase in compressive modulus was rather small, with a dE/dVyof
about 0.4 GPa; however, the increase was about a factor of 3 larger than the partially
filled polymer filled with nanotubes via melt mixing followed by curing. Hysteresis
during repeated compression testing of the forest—polymer composite was also
quite large, indicative of poor interfacial adhesion between the rubber and the
nanotubes.**>

5.3.2.3 Bending Properties Unless nanotubes are oriented in a plane and the
direction of the deformation is perpendicular to the plane, the various relationships
described in Section 5.3.2 for tensile tests should be equally valid. In other words,
studying bending properties of composites with randomly oriented nanotubes offers
no qualitative differences from studying tensile properties. Certainly though, the
number of papers that have reported such measurements is extensive'?*22¢-23!
(these references do not provide an exhaustive list!). This section will not
describe the many measurements of bending properties except in the case of
nanotube mats, simply because the strengths and moduli should differ from tensile
strength and moduli in no significant way except numerically. In cases where
nanotube mats are used and the stress of the composite is perpendicular to
the plane of the mats, both the modulus and the tensile strength qualitative behavior
can be different, in particular the latter. The reason is that the interfacial shear
strength between the nanotubes and the polymer, and hence debonding, plays a
much more important role in this type of stress field with this type of sample than in
tension or compression.

In most applications, a single mat is not used to form a composite where the
stress is applied perpendicular to the mat. Normally, composites from mats are made
by placing a number of mats on top of one another and then impregnating these
fibrous mats with low-viscosity resin. The resin is either forced through the mats
using pressure or drawn through the mats using vacuum (or both!). In the case of a
small number of mats, the bending forces applied on the composite laminate lead to
tensile forces on the outer composite layers near the supports and compressive forces
on the outer composite layer near the pushing nose. For thin laminates and large
loading spans, the tensile and compressive stresses are much higher than the shear
stress components. Under these conditions, failure strength due to bending is termed
the flexural strength. In the case of a large number of mats, the bending of the
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laminate leads to much higher shear stresses through the thickness compared to
tensile and compressive stresses. In particular, if the loading span is short enough, the
laminate fails due to shear stresses and the failure strength is termed the interlaminar
shear strength. The failure is almost always due to debonding of the resin from
the fiber and shear failure of the resin that is found between mat layers near the
laminate midplane. The latter is of interest in this discussion.

Nanotubes can be used to manufacture laminate composites where the nano-
tubes represent the only filler in the system. In one approach, a nanotube fiber can be
drawn and then weaved in order to manufacture a mat. Although a mat has been
formed in this manner,232 to the author’s knowledge, results from laminated
composites made from a weaved nanotube mat have not been reported in the
literature. With nanotube fibers, it is not clear whether an effective mat can be
formed because the weaving process could degrade the mechanical properties of the
individual fibers. The second approach is to use stacked individual buckysheets to
form a laminate. Although buckysheets have been laminated to form a composite as
described in Section 5.3.2, to the author’s knowledge, bending tests have not been
performed as of the end of 2009.

More commonly, nanotubes are used as an additive to already existing glass or
carbon fiber mats or fibers. Carbon nanotubes are usually added to improve the
interlaminar shear strength of the resulting continuous and aligned fiber-reinforced
composite because the tubes are more isotropically oriented than the fibers. Since the
amount of material required for many applications of laminated sheets is often
determined by interlaminar shear strength, improvements allow for less material with
the same design criteria. Another purpose is to improve thermal or electrical conduc-
tivity in the thickness direction. The reader should note that the filler volume fraction
should be known in order to properly compare properties of laminated composites,
and filler volume fraction with and without added tubes is usually not reported.

The simplest approach is to add nanotubes to the infusing resin. Since the tubes
are normally infused in the thickness direction, any residual nanotube alignment is in
the thickness direction, which is the exact direction desired for improvements of
interlaminar shear strengths. There are two problems with infusing nanotube-filled
resin, which are entirely separate from the difficulties of achieving good nanotube
dispersion in the resin prior to infusion. First, as Section 5.2.1 describes, the addition
of well-dispersed nanotubes generally causes a large rise in viscosity, especially at the
low shear rates required by the infusion process, and it becomes more difficult to
properly wet the carbon or glass fiber mats with the filled resin. Second, nanotubes can
be filtered by the mats leading to a spatially nonuniform nanotube concentration
distribution®* that has the high likelihood of reducing the reinforcement efficiency of
the nanotubes. All these factors limit this approach to fairly low volume fractions of
tubes, and either pressure or vacuum is usually required to draw the resin into the mats.
Nevertheless, improvements (10-30%) in the interlaminar shear strength have been
found for epoxy/glass fiber mat***>*® and epoxy/carbon fiber mat**’ with one paper
attributing the improvement to alignment of the tubes in the thickness direction.?*®
In a study with epoxy/glass systems, functionalized tubes were found to be much
more effective at increasing interlaminar shear strength than unfunctionalized
tubes.”*® A nanotube-filled epoxy designed for infusion, as well as the prepreg (the



228 CHAPTER 5 MECHANICAL AND RHEOLOGICAL PROPERTIES

term refers to the partially cured resin mat product), is commercially available for this
application as of the end of 2009 from Zyvex Performance Materials.

Another approach is to draw the fiber through a resin that contains dispersed
nanotubes and adjust conditions so that nanotubes become part of the coated fiber.**
More resin is then added to the coated fibers, which are then cured. Adding nanotubes
to an epoxy resin and then coating a glass fiber with the nanotube—epoxy followed by
the addition of more epoxy to make a composite has been shown to improve
tensile properties of individual fibers more than coating with the epoxy resin alone.**'
With an epoxy—carbon fiber composite, only functionalized MWCNTSs showed no
drop in the interlaminar shear strength, while three other types of nanotubes caused
the interlaminar shear strength to drop.>*> For an epoxy—carbon fiber material with
5% carbon nanotubes in the epoxy (the amount of nanotubes in the final product was
not reported), there was no change in tensile properties while the tensile properties at
90° to the unidirectional oriented fibers increased from 51.2 to 57.9 MPa.**?

Other approaches are to spray nanotubes onto the fiber with an evaporating
liquid; a maximum increase of 45% in interlaminar shear strength was found with a
very small amount (0.015wt%) of MWCNTs in a vinyl ester/glass composite.>**
Electrophoretic deposition of nanotubes on a carbon fiber mat led to a 30% increase in
interlaminar shear strength in an epoxy system.>** Growing nanotube forests on a flat
surface and then transferring them onto a carbon fabric (details of how this transfer
process was done were not given) caused no increase in the interlaminar shear
strength.?*® Finally, using a carbon nanotube yarn as a weave around already existing
fibers to improve properties in the secondary direction has also been proposed.**’

Another strategy is to grow nanotubes directly on the fiber surface. The
disadvantage of growing nanotubes is that the high temperature used to grow CNTs
typically leads to fiber damage on glass or carbon fibers and a decrease in fiber
properties, although one recent study found no effect on the flexural modulus after
nanotube growth.>*® Regardless, significant improvements in interfacial shear
strength for carbon fiber—epoxy systems of 60% via single fiber pullout tests** and
71% for random alignment and 11% for aligned nanotubes were found from single-
fiber fragmentation testing.”>® In macroscopic testing, carbon nanotubes were grown
on different carbon fiber substrates, namely, unidirectional carbon fiber tows,
bidirectional carbon fiber cloth, and three-dimensional carbon fiber felt. These
substrates were used as reinforcement in phenolic resin matrix; the flexural strength
improved by 20% for tows, 75% for cloth, and 66% for 3D felt compared to that
prepared by neat reinforcements.”>' To reduce fiber property degradation, one
approach is to try and heal the fibers via graphitization (heating at high temperatures
with inert gas); at present, there are very little data on this issue or approach. The use
of not-as-common alumina fibers or silicon carbide fibers eliminates degradation
concerns because of higher fiber stabilities; interlaminar shear strength increases of
69%>>% or 240%, respectively,”>> have been found.

5.3.3 Fracture Toughness and Crack Propagation

As the name implies, fracture toughness is a toughness measurement; that is, with
respect to tensile tests, fracture toughness is related more to toughness than to
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strength, modulus, strain at break, and so on. However, the use of notches means that
crack initiation is not an issue in fracture toughness experiments, and especially in
continuous and aligned fiber-reinforced composites, fracture toughness experiments
often give information slightly different from that given by the tensile test toughness.

Fracture toughness measurements on randomly oriented composites are much
less common than bending measurements; there are tens of papers with such
measurements. Some examples include mode I fracture toughness in an epoxy-filled
sample showing effectively no difference between nanotube-filled and carbon black-
filled samples.*>* Interestingly, the fracture toughness was significantly more nega-
tively affected than the bending strength for an epoxy filled with functionalized and
unfunctionalized tubes.?>> In another measurement, a maximum in the resistance to
crack propagation for PP-MWCNT composites prepared by melt mixing was
observed at 0.5 wt% MWCNT demonstrating enhanced toughness compared to pure
PP, followed by a sharp decline as the MWCNT content was increased to 1.5 wt%
revealing a ductile-to-semiductile transition. The work of fracture was also quantified
in this study. Micrographs indicated a significant increase in agglomeration as the
fraction of nanotubes in the sample increased.’> A similar study was performed
on polycarbonate by the same group; in this case, the maximum crack propagation
resistance was found at 2 wt% nanotube content.”>® Nanotubes have also been
shown to improve fracture toughness in immiscible blends.>>’ Finally, qualitative
agreement between tensile tests and fracture toughness measurements was found
when comparing different types of tubes.'®¢2*3

Like bending tests, the information gained from fracture toughness tests on
composites made with mats is slightly different from that for toughness measure-
ments from tensile tests because the interfacial shear strength generally has a larger
influence on the results. No studies have been performed on the fracture toughness of
infused buckypapers as of the end of 2009. Studies have examined the result of adding
nanotubes to mode I and mode II fracture toughness via infusion of a resin containing
nanotubes into a composite containing a carbon or glass fiber mat and significant
increases, for example, 60% in modes I and II,259 50% and 30% in modes I and II,
respectively,”** 0% and 11% in modes I and II, respectively,”*® and 33% in mode I*°'
have been found. A theoretical study of this type of reinforcement with respect to
mode I fracture toughness has been published.’*> A unique process, meant to mimic a
scarf joint, involved applying nanotubes to an already cured vinyl ester—carbon fiber
surface by spraying with a nanotube-containing acetone solution and then curing
layers on top with the same vinyl ester—carbon fiber laminate to test the ability of
nanotubes to improve fracture toughness. The addition of nanotubes increased the
fracture toughness by 10% and 30% for modes I and II, respectively.”®> Adding
nanotubes to a resin and then drawing carbon fibers through this resin followed by
curing into a composite caused a substantial increase in mode I fracture toughness
(between 20% and 75%) where the interlaminar shear strength showed a reduction or
no change with nanotube addition.”** Almost no change was found at room
temperature for the fracture toughness, with a 30% increase at —150°C with the
addition of nanotubes in a filament winding method.”** The growth of nanotubes on
carbon fiber led to a 50% increase in fracture toughness in an epoxy—carbon fiber
composite without a negative effect on flexural modulus.**®
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5.3.4 Impact Energy

Impact energy is normally assessed by making a bar of a sample with a notch and then
allowing a pendulum to break the bar and measuring the difference in initial and final
height to calculate the energy of fracture (see Figure 5.1). This measurement is
essentially a very short timescale toughness test, and impact is critically important for
a number of applications. Some papers have found higher relative improvements in
impact energy than in tensile strength,'®'?°>"2%7 although this behavior is not
universal.”?%%2% An example that represents the largest difference was found with
polycaprolactone-modified tubes in polyvinyl chloride; an increase in tensile strength
of about 35% was found, while that for the impact energy was over 400% (the relative
increase in toughness was about the same as the increase in impact energy).?’°
Covalent bonding via nanotube functionalization can improve impact energy just as
with other mechanical properties.”*®*”'"* For example, the impact energy with
functionalized tubes was improved by nearly 100% at 0.5% nanotubes, with
essentially no change in impact energy with the use of nonfunctionalized tubes.?”
Longer tubes are also more effective at increasing impact energy.>’® Low-tempera-
ture impact energy is typically critically important since the impact energy decreases
with temperature. Both at room temperature and at —196°C, the addition of 0.5 wt%
MWCNTs caused a 12 kJ/m? increase in impact energy, starting from unfilled values
of 38 and 23 kJ/m?, respectively. While 0.5 wt% represented a maximum at both
temperatures, at lower and higher loadings the increase was not as significant.
Somewhat surprisingly, the tensile strength at room temperature was not improved
with nanotube addition, while at cryogenic temperatures the tensile strength rose
from 92 to 120 MPa.””’

5.3.5 Oscillatory Measurements

Oscillatory experiments on solid materials are often done at low strains, that is, the
linear viscoelastic region. In this case, the tests are steady-state. Instead of doing in
shear as is done for liquids, most oscillatory measurements on solids are done in
tension or bending. Many times, the storage modulus instead of the Young’s modulus
is used to characterize stiffness; although the storage modulus and Young’s modulus
are not numerically equivalent, trends found in one are usually reflected in the other
(but not always for filled materials!). Measurements as a function of temperature at
constant frequency are extremely common in nanotube composites, that is, dynam-
ical mechanical analysis. DMA is used to identify the glass transition temperature;
methods exist for determining T, from the storage modulus, the loss modulus, and
tan J (the values will not be equivalent). The exact value of T, depends not only on
which measurement is used but also on the oscillation frequency. Although not as
large as the number of papers listed in Table 4.1 (DSC requires significantly less
sample, and a DSC instrument is significantly cheaper than a DMA instrument), a
large number of papers have used DMA to characterize the change in glass transition
temperature with nanotube addition. Nearly all, if not all, papers that have compared
DSC and DMA glass transition measurements have found relative agreement
between the two. A more or less random sampling of papers that used oscillatory
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testing to characterize the glass transition or the stiffness of a filled system could be
described at this point; however, the fundamental understanding provided by these
measurements is no different from that described in Section 5.3.2 or 4.2.2, so such a
listing will not be performed.

However, a few interesting capabilities of DMA should be pointed out with
respect to T, determination. DMA does have a number of advantages versus DSC in
determining the glass transition temperature. DMA is inherently more sensitive to the
glass transition than the DSC, somewhere between a factor of 10 and 100 times more
sensitive. One interesting use of DMA was to measure the rheological percolation
threshold; it was immediately clear that the percolation threshold was temperature
dependent.'*® DMA measurements also offer the possibility of measuring a direc-
tional rheological percolation threshold. By changing the frequency it is possible to
determine whether a sample follows time—temperature superposition, that is, does the
introduction of nanotubes cause the appearance of different large-scale relaxation
mechanisms; such studies have been performed with other nanofillers.””® To study
time—temperature superposition in melt samples is extremely problematic because of
the tendency of nanotubes to reagglomerate in the melt as described earlier. One
study that tried to apply time—temperature superposition found an extremely narrow
temperature window where time-temperature position applied; the narrowness was
attributed to reagglomeration at other conditions.'’

Non-steady-state oscillatory tests, that is, large strain fatigue tests, have also
been performed. Results represented by this type of test have no equivalent to any
other previously described test; the primary parameter of interest is resistance to
crack growth. In the first of two very detailed studies by Koratkar and coworkers,?”®
no significant difference in fatigue crack growth rates between MWCNTs and
SWCNTs was found in a filled epoxy, although there was an order of magnitude
decrease at low stress amplitudes of the crack growth rate with the introduction of
0.5% tubes versus the neat epoxy. In the second study that only utilized MWCNTs,
the fatigue crack growth rates at constant nanotube content were reduced by as
much as an order of magnitude via (i) reducing the nanotube diameter, (ii) increasing
the nanotube length, and (iii) improving the nanotube dispersion via the coating of the
nanotubes with poly(methyl methacrylate).”® In both papers, changes were found
only at low stress amplitudes; there were essentially no change in fatigue crack
growth rates at high stress amplitudes for all samples, including those without
nanotubes. In a different study of an epoxy reinforced with MWCNTs, the fatigue life
increased by a factor of 10 with nanotube addition, while the fracture toughness
increased only by about 50%.?%!

One type of large amplitude cyclic test that is very commonly used on rubbers
does not have the number of cycles to failure or crack growth rate as the primary
parameters of interest. Rubbers used for automobile tires undergo this type of testing
routinely to be able to predict heat buildup and hysteresis (permanent changes in
the rubber), both of which are highly undesirable for this application. Although the
addition of MWCNTs to replace some of the carbon black resulted in improvements
in other properties ideal for automobile tires, heat buildup and hysteresis increased
dramatically, which the authors attributed to poor adhesion of the rubber to the
nanotubes.?*
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5.3.6 Other Mechanical Properties

The hardness of a polymer increases with introduction of nanotubes.****** Nanoin-
dentation experiments use a probe that has nanoscale dimensions. This measurement
can be done in both steady-state®® and oscillating®™> modes, and has shown that
nanotubes influence polymer properties in the same way as the macroscopic
measurements indicate.

Creep experiments have shown that the introduction of nanotubes reduces
creep.”®>*%” The instantaneous creep response for a PPPMWCNT composite was
observed to be controlled by interphase effects at shorter timescales, while at longer
timescales it is mainly determined by the coefficient of thermal expansion.*®® Factors
that affect the thermal expansion coefficient for a semicrystalline material are
actually quite complicated, and the high thermal conductivity of nanotubes plays
a role in changes in this coefficient.

The wear resistance of a polymer is usually improved via the addition of a filler,
and nanotube fillers are no different. For example, the wear resistance of a carbon
fiber-filled poly(ether ether ketone) was improved with the addition of carbon
nanotubes.”®® Other examples where nanotubes improved wear resistance include
ultrahigh molecular weight polyethylene,*°~2° high-density polyethylene, > poly-
imide,?****>  poly(methyl methacrylate),”*® poly(tetraflouroethylene),”’ and
epoxy.??® =% In both ultrahigh molecular weight polyethylene®®' and poly(tetra-
ﬂouroc:thlylene),302 wear resistance was improved via the addition of nanotubes;
however, in the former case, no fundamental changes in morphology were found,
while in the latter case the morphology of the worn surface changed with the addition
of nanotubes. The mechanism of improvement of wear properties may also be a self-
lubricating effect; that is, nanotubes dislodged during abrasion are not removed
from the surface and hence prevent direct contact reducing wear rate and friction
coefficient.*** Some of the same effects studied elsewhere have also been examined
with respect to wear behavior, for example, effect of functionalizationfo“*m6 and
nanotube type.*’ In one study, a significant improvement in wear resistance was
found with a dispersion—reaction scheme (with added solvent so that the mixture was
precipitated) versus a dispersion—dissolution—precipitation scheme with poly(methyl
methacrylate), which the authors attributed to better dispersion in the former,
although a plot of electrical conductivity versus fraction of tubes showed no
differences.**®

5.4 CHALLENGES

The author believes that with respect to the main primary reinforcing agent of a
polymer, infusion processes appear to be most promising. Even after 10 years of
trying to develop methods to improve dispersion in order to increase mechanical
properties at high volume fractions, in the author’s opinion it is unlikely that effort
will be successful. Most of the processes at high volume fractions involve solvent
processes; for the much more commercially relevant melt mixing, processing
becomes extremely difficult because of the high viscosities. Also, nanotube fibers
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hold the greatest promise in the author’s opinion; the loss in strength that occurs with
a loss in orientation in making buckypapers is unacceptable. If more than one-
dimensional reinforcement is required, then weaving or laying of mats in different
directions is almost certainly a better approach.

In certain selected cases, the mechanical properties of a nanotube-containing
fiber, either with or without a polymer, approach that of other high-performance fibers.
Superior performance is likely required for nanotube-containing fibers to gain
significant market share, although such fibers would not necessarily be as sensitive
to hydrolysis as the (p-phenylene benzobisoxazole) or Kevlar® fibers. To achieve
superior performance requires better starting nanotube fibers. At this point, it is
not clear whether the length-dependent properties of nanotube fibers are due
to defects in the nanotubes, or non-nanotube impurities, or defects in the fibers caused
by processing. However, in either case, longer, purer, defect-free nanotubes will help.

The author has been one of the great proponents of creating single-walled
nanotubes with a length that is sufficiently long so that nanotube-nanotube
entanglements become relevant, which is likely on the order of centimeters. As any
student of polymer science recognizes, if polymers could not be synthesized to
molecular weights above the entanglement molecular weight, the polymers would be
extremely brittle or sticky liquids, both of which would have limited applications.
Although processing could be exceedingly difficult, nanotubes entangled on an
individual level would, in the author’s opinion, offer a new type of material with as
yet unknown properties.
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