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POLYMER/CARBON NANOTUBE
COMPOSITES, METHODS OF USE AND
METHODS OF SYNTHESIS THEREOF

CROSS REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit of U.S. Provisional
Application Ser. No. 60/741,319, filed Dec. 1, 2005. In addi-
tion, this application is a continuation-in-part of U.S. patent
application Ser. No. 11/117,592, filed Apr. 28, 2005 now U.S.
Pat. No. 7,399,794, which claims the benefit of U.S. Provi-
sional Application Ser. No. 60/565,917, filed Apr. 28, 2004,
the disclosures of which are incorporated herein by reference
in their entireties.

FIELD OF THE INVENTION

The subject invention relates to the field of polymer nano-
composites.

BACKGROUND OF THE INVENTION

In the development of solutions for reducing the radiation
risks associated with manned space flight, radiation shielding
materials have been developed to protect personnel and
equipment from the damaging effects of radiation, including
galactic cosmic radiation (GCR). Polyethylene (PE) is a
favorable material because it exhibits many high performance
properties (i.e., strength, thermal, and optical). However, the
use of PE is limited to low temperature applications and to
those applications wherein visibility through the polymer is
not required because PE is an opaque polymer.

The incorporation of carbon nanotubes (CNTs) into poly-
mer matrices has resulted in composites that exhibit increased
thermal stability, modulus, strength, electrical and optical
properties (Shaffer et al. 1999; Jin et al. 2001 ; Haggenmueller
et al. 2000, Jia et al. 1999; Ounaies et al. 2003, Park et al.
2005, Tatro et al. 2004; Siochi et al. 2003; Clayton et al.
2005). Several investigations have concluded that carbon
nanotubes can also act as a nucleating agents for polymer
crystallization (Ryan et al. 2004; Cadek et al. 2004, Ruan et
al. 2003).

Various processing techniques have been employed to uni-
formly disperse the nanotubes in an attempt to increase inter-
action at the polymer/nanotube interface (Shaffer et al. 1999;
Jin et al. 2001; Haggenmueller et al. 2000; Ounaies et al.
2003, Park et al. 2005, Tatro et al. 2004; Siochi et al. 2003;
Clayton et al. 2005).

SUMMARY OF THE INVENTION

Embodiments of the subject invention provide polymer
nanocomposites with radiation resistant qualities wherein a
plurality of carbon nanotubes are dispersed in a polymer
matrix. Another aspect of the subject invention provides
methods of fabrication of radiation resistant polymer nano-
composites. Other aspects of the subject invention provide
methods of using the polymer composites as a deep space
shielding material, and the subject methods also encompass
using the polymer composite in various radiation prone envi-
ronments on Earth and in space, including service on other
planets or moons.

Advantageously, the type of carbon nanotube, the percent-
age of carbon nanotubes dispersed in the polymer matrix, and
the optical qualities of the polymer affect the optical qualities
of'the resulting nanocomposite. Transparent nanocomposites
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can be prepared by dispersing a plurality of single-wall CNTs
or multi-wall CNTs in a transparent polymer. Exemplary
transparent polymers include, without limitation, poly(4-me-
thyl-1-pentene) (PMP), polyvinylchloride (PVC), glycol-
modified polyethylene terephthalate (PETG), polystyrene
(PS), acrylonitrile-butadiene-styrene co-polymer (ABS),
polyphenylene ether (PPE), polycarbonate (PC), polysulfone
(PSU), polyethersulfone (PES), polyetherimide (PEI),
polyphenylsulfone (PPSU), polyethylene terephthalate
(PET), and polybuylene terephthalate (PBT). A preferred
transparent polymer utilized in the subject nanocomposites is
poly(4-methyl-1-pentene) (PMP).

Non-transparent polymers prepared from a plurality of
CNTs dispersed in a transparent polymer can contain a suf-
ficient weight percentage of CNTs to render the resulting
composite non-transparent while maintaining the advanta-
geous GCR resistant properties. In one embodiment, the suf-
ficient CNT percentage generally varies from about 0.6 wt %
to about 20 wt %. At percentages below about 0.6 wt %, the
composites are typically transparent.

Advantageously, the nanocomposites, transparent or non-
transparent, of the subject invention can also be prepared
using single-wall or multi-wall CNTs. The polymer is pref-
erably the isotactic form of poly(4-methyl-1-pentene). The
polymer can be further doped with organic dyes containing at
least one phenyl ring.

Another aspect of the subject invention pertains to methods
for resisting GCR. These methods encompass providing at
least one device comprising nanocomposites in accordance
with the subject nanocomposites, at least on its surface, and
exposing the device to GCR, whereby the device exhibits
improved resistance to GCR compared to a device compris-
ing only the polymer and excluding the carbon nanotubes. In
one embodiment, the surface of the device is coated with the
subject nanocomposites. In another embodiment, the device
is molded from subject nanocomposites. The device can take
the form of many different useful devices, for example and
without limitation, spacecrafts, space suits, tools used in
space environments, space stations, and other structures
exposed to GCR when in use. Optionally, the device is coated
with a tungsten spray coating.

Yet another aspect of the subject invention is directed to
methods for preparing the nanocomposites. Embodiments of
methods of preparation can encompass dissolving a polymer
in a solvent while maintaining the temperature of the solvent
at a level high enough to prevent precipitation of the polymer
out of the solvent; sonicating a plurality of carbon nanotubes
in a solvent; mixing the dissolved polymer and the sonicated
CNTs; and sonicating the mixture for a sufficient period of
time to disperse the CNTs throughout the polymer to produce
a subject nanocomposite in solvent. The composite is option-
ally further processed by spin coating the nanocomposite and
solvent onto a substrate. The spin coating step evaporates the
solvent so that the nanocomposite is deposited as a coating on
the substrate. The solvent can also be removed by heating the
nanocomposite under a vacuum, thereby removing the sol-
vent. The nanocomposite can then be molded into a device or
structure. Optionally, the solvents used to dissolve the poly-
mer and to sonicate the CNTs are the same. Preferably, the
solvent is cyclohexyl chloride.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the UV-VIS data of the neat 4-methyl-1-
pentene (PMP) and a transparent PMP/CNT composite.

FIG. 2 depicts optical photographs of transparent PMP/
CNT films.
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FIG. 3 illustrates a scanning electron microscope (SEM)
image of a transparent PMP/CNT composite.

FIG. 4 illustrates a scanning electron microscope (SEM)
image of a transparent PMP/CNT composite.

FIG. 5 illustrates another SEM image showing that
although the films are transparent and nanotube agglomerates
are not visible to the naked eye, nanotubes are present within
the matrix.

FIG. 6 illustrates yet another SEM image showing that
although the films are transparent and nanotube agglomerates
are not visible to the naked eye, nanotubes are present within
the matrix.

FIG. 7(a) illustrates carbon nanotubes sonicated in 1-chlo-
rohexane. The carbon nanotubes were pretreated with DMF.
The 1-chlorohexane did not dissolve PMP, nor did it effec-
tively disperse the pretreated carbon nanotubes.

FIG. 7(b) illustrates carbon nanotubes sonicated in cyclo-
hexyl chloride. The carbon nanotubes were pretreated with
DMEF.

FIG. 7(c) illustrates a uniformed mixture of cyclohexyl
chloride, PMP, and carbon nanotube.

FIG. 8(a) illustrates an optical micrograph of neat PMP.
The magnification is 10x0.3.

FIG. 8(b) illustrates an optical micrograph of a 0.5% PMP/
single wall carbon nanotube composite. The magnification is
10x0.3.

FIG. 9 illustrates a differential scanning calorimetry (DSC)
plot of neat PMP.

FIG. 10 illustrates a DSC plot of a PMP/SWNT composite
of the subject invention.

FIG. 11 illustrates Loss Modulus (E") plotted against tem-
perature for neat PMP and PMP/SWNT.

FIG. 12 illustrates dynamic mechanical analysis (DMA)
data at 60 Hz of E' and E".

FIG. 13 illustrates an Arrhenius plot for neat PMP from 1
Hz to 100 Hz.

FIG. 14 illustrates an Arrhenius plot for 0.5% PMP/SWNT
from 1 Hz to 100 Hz.

FIG. 15 illustrates a master curve of neat PMP and PMP/
SWNT composite from 3x107° Hz to 1000 Hz.

FIG. 16 illustrates master curve of reported glass transition
temperature (T,) region for PMP using WLF shift constants.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description of various embodi-
ments, reference is made to the accompanying drawings,
which form a part hereof, and within which are shown by way
of illustration specific embodiments by which the invention
may be practiced. It is to be understood that other embodi-
ments may be utilized and structural changes may be made
without departing from the scope of the invention.

One aspect of the subject invention is directed to a unique
polymer nanocomposite technology. Polymers exhibiting
high potential for shielding galactic cosmic radiation (GCR)
can be processed into composites while enabling a high level
of processability for integrating the composites into appara-
tus exposed to GCR ionizing radiation when in use. Thus, the
composites can be processed into, for example and without
limitation, spacecraft, manned space vehicles, spacesuits, and
manned planetary terrestrial living quarters.

The composites of the subject invention comprise carbon
nanotubes that are incorporated into the matrix of a polymer.
Advantageously, the carbon nanotubes can be single-wall,
multi-wall, or a combination of both. Preferably, the carbon
nanotubes are single-wall carbon nanotubes. Advanta-
geously, carbon nanotubes are 100 times stronger than steel,
exhibit excellent electrical and mechanical strength, and are
light in weight. Due to their weight, CNTs are thought to be
ideal fillers in a polymer matrix in order to produce a com-
posite with GCR resistant properties, as well as with
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enhanced electrical and mechanical properties. Lighter
weight materials exhibit superior GCR resistance while lim-
iting secondary radiation.

In certain embodiments, the nanotube concentration (or
weight percentage) in the polymer is between about 0.1 wt %
and about 20 wt %. More preferably, the nanotube concen-
tration is between about 0.1 wt % and about 5 wt %. Most
preferably, the nanotube concentration is about 0.5 wt %. The
nanotube concentration can be adjusted by mixing heat
melted polymer with the polymer/CNT composite in a mixer.
The concentration of nanotubes in the polymer affects the
optical properties of the polymer. At low concentrations, the
composites exhibit transparency while maintaining resis-
tance to GCR. The nanotube concentration in the transparent
composites is within the range of about 0.1 wt % to about 0.5
wt %. For example, and without limitation, the transparent
composites of the subject invention can comprise about 0.1 wt
% CNT, about 0.2 wt % CNT, about 0.3 wt % CNT, about 0.4
wt % CNT, or about 0.5 wt % CNT.

At higher CNT concentrations, the composites of the sub-
ject invention exhibit non-transparent optical qualities while
maintaining resistance to GCR. At concentrations at and
above about 0.6 wt %, the composites are non-transparent and
appear black in color. Advantageously, these composites can
be useful in space applications where visibility through the
composite is not critical. In some specific embodiments,
nanotube concentration of non-transparent composites fall
within the range of about 0.6 wt % to about 20 wt %. In other
embodiments, the CNT weight percentage is from about 0.6
wt % to about 15 wt %, from about 0.6 wt % to about 10 wt %,
or from about 0.6 wt % to about 5 wt %.

In one embodiment, the polymer utilized in the subject
nanocomposites comprises a plurality of repeating hydrocar-
bon units that exhibits solubility in organic solvents. Prefer-
ably, the solvents are cyclohexane, cyclohexyl chloride, and
cyclohexene. More preferably, the solvent is cyclohexyl chlo-
ride. The melting point temperatures of the polymers are
preferably between about 200° C. and about 400° C. Prefer-
ably, the temperature range is from about 225° C. to about
275° C. Also, to obtain transparent composites, the polymer
should be transparent in the visible region of the Electromag-
netic Spectrum. FIG. 2 illustrates the transparency of one
embodiment of the transparent polymer/SWNT composite.

Suitable polymers include, without limitation, poly(4-me-
thyl-1-pentene) (PMP), polyvinylchloride (PVC), glycol-
modified polyethylene terephthalate (PETG), polystyrene
(PS), acrylonitrile-butadiene-styrene co-polymer (ABS),
polyphenylene ether (PPE), polycarbonate (PC), polysulfone
(PSU), polyethersulfone (PES), polyetherimide (PEI),
polyphenylsulfone (PPSU), polyethylene terephthalate
(PET), and polybuylene terephthalate (PBT). In a specific
embodiment, the polymer is poly(4-methyl-1-pentene)
(PMP) as shown below in Structure I,

H
C
| n
CH,
H/

c
me” e,

wherein n is between about 10,000 and about 5,000,000.
FIGS. 1-6 all illustrate various properties of a specific
embodiment of transparent nanocomposites prepared from
single-wall CNTs dispersed in PMP.

Advantageously, PMP, a linear hydrocarbon, exhibits
superior strength, thermal, and optical properties when com-
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pared to polyethylene (PE), a polymer commonly used in
current space applications. The isotactic form of the PMP
polymer is highly crystalline, yet is optically transparent as a
result of having a crystalline phase with a lower density
(0.828 g/cm?) than the amorphous phase (0.838 g/cm?) (Lo-
pez et al. 1992). Specifically, PMP dissolves in a variety of
solvents including cyclohexyl chloride, cyclohexane and
cyclohexene. PMP has a much broader temperature use range
than PE because it has a melt temperature, T, of around 235°
C.-245° C. as compared to that of 136° C. for PE. Accord-
ingly, the thermal properties of PMP extend to the tempera-
ture range for shielding materials. The tensile strength ot high
density PE is 21-38 MPa, while that of PMP is 23-28 MPa.
The tensile modulus ofhigh density PE is 0.41-1.24 GPa. For
PMP tensile moduli are reported in the range from 0.8 to 1.2
GPa. The skilled artisan would understand that these are
representative values under similar test conditions. Sample
preparation, annealing, and any additives will affect these
properties. Advantageously, PMP is transparent in the visible
region of Electromagnetic Spectrum; PE is not.

In embodiments, the polymers utilized in the subject nano-
composites can be modified by doping with organic dyes that
have at least one phenyl ring. Organic dyes useful to dope the
polymers can include, for example and without limitation,
pterphenyl, biphenyl, and p-quaterphenyl.

The field of optoelectronics could also benefit from the
incorporation of carbon nanotubes in PMP. The fabrication of
a polymer-nanotube composite with enhanced electrical
properties while limiting the loss of transparency would serve
many applications where these properties are needed, such as
electrostatic charge dissipation (ESD) (static control) in
which the goal is to increase electrical conductivity while
limiting the loss of transparency. ESD is beneficial in clean
rooms, offices and laboratories, assembly processes, and
much more.

Another aspect of the subject invention is directed to meth-
ods of preparing the polymer/CNT composites. The compos-
ites can be prepared by dissolving the polymer in a first
solvent and sonicating the CNTs in a second solvent. In one
embodiment, the first solvent and the second solvent are the
same. Preferably, the solvent is a halogenated hydrocarbon.
More preferably, the halogenated hydrocarbon is cyclohexyl
chloride. Optionally, the CNTs can be pretreated with a polar
solvent, for example, N,N-dimethyl formamide (DMF) or
chlorobenzene. To disperse the CNTs throughout the poly-
mer, the sonicated CNT solution can be mixed with the poly-
mer solution and sonicated again. If the polymer falls out of
solution at room temperature, it may be necessary to perform
these steps with the solvent heated to and maintained at an
elevated temperature. Preferably, the elevated temperature is
within the range of about 70° C. to about 110° C. More
preferably, the elevated temperature is within the range of
about 80° C. to about 100° C. Most preferably, the elevated
temperature is within the range of about 85° C. to about 95° C.
In yet another embodiment, the elevated temperature is
heated to and maintained at a temperature of about 90° C. The
resulting polymer/CNT solution can be spin coated onto a
device to apply a radiation resistant coating. In another
embodiment, the resulting polymer/CNT solution can be
heated and molded into a device that is used in an environ-
ment exposed to GCR radiation.

Yet another aspect of the subject invention is directed to
methods of using the composites. Because of the composites’
ability to resist ionizing radiation, an apparatus that is
exposed to radiation when in use can be prepared from a
sufficient amount of the composite to resist radiation. Prefer-
ably, the composite is found on the surface of the apparatus. In
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one embodiment, the subject composites can be applied as a
coating on the outer surface of the apparatus. In another
embodiment, the composite can be molded into an end-use
equipment, for example, where it would become a structural
part of the apparatus.

As noted above, the polymer can be doped with an organic
dye having at least one phenyl ring. Composites prepared
with doped polymers are useful in thermoluminescent detec-
tion. High energy particles and radiation excite  electrons in
the phenyl rings of the organic dyes; photons are emitted
when the electrons relax to the ground state. These photons
can be transported to photodetecters and counted. In this way,
the radiation environment of the shielding materials can be
continuously monitored. Thus, the composites of the subject
invention can be used to monitor ionizing radiation.

For composites containing the polymer doped with organic
dyes, the organic dye can be added to the polymer solution.
The polymer becomes doped during the subsequent sonifica-
tion step with the sonicated CNT solution.

As used in this specification and the appended claims, the
singular forms “a”, “an”, and “the” include plural reference
unless the context clearly dictates otherwise. Thus, for
example, areferenceto “a composite” includes more than one
such composite, a reference to “the method” can include more
than one method, and the like.

The terms “comprising”, “consisting of”, and “consisting
essentially of” are defined according to their standard mean-
ing and may be substituted for one another throughout the
instant application in order to attach the specific meaning
associated with each term.

As used herein, the term “CNT” or “CNTs” refer to carbon
nanotubes or a carbon nanotube.

As used herein, the term “SWNT” refers to a single-wall
carbon nanotube or single-wall carbon nanotubes.

As used herein, the term “PMP” refers to the polymer
poly(4-methyl-1-pentene) and is interchangeable with
“P4MI1P”.

As used herein, the term “MWNT” refers to a multi-wall
carbon nanotube or multi-wall carbon nanotubes.

Materials and Methods

Poly(4-methyl-1-pentene) and cyclohexyl chloride solvent
were purchased from Sigma Aldrich (Milwaukee, Wis.). The
N,N-dimethylformamide solvent was obtained from Fisher
Scientific (Pittsburgh, Pa.). Purified laser ablated single-
walled carbon nanotubes (SWNT) were provided by the Cen-
ter for Nanotechnology/NASA Ames Corporation (Moffett
Field, Calif).

a) Differential Scanning Calorimetry (DSC): A TA Instru-
ments 2920 DSC is used to scan 5 mg samples at a rate of 3°
C./min. Glass transition temperatures and melting points are
determined.

b) Dynamic Mechanical Analysis (DMA): The viscoelastic
properties were collected on a TA Instruments 2980 Dynamic
Mechanical Analyzer (DMA). The mode was set to measure
a tension film from frequencies ranging from 1 Hz to 100 Hz
with an amplitude of 5 microns. The average sample size was
14.4x5.8x1.3 mm. Because measurements are time, tempera-
ture and frequency dependent, a temperature range was taken
from -150° C. to 300° C.

This defines the use temperature for the materials. An
increase in moduli and glass transitions temperatures accom-
panies SWNT incorporation.

¢) Dielectric Analysis (DEA): Disks are compression
molded and scanned in a TA Instruments 2970 DEA. The real
and imaginary components of the dielectric constant are
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determined. A standard analysis of viscoelastic properties
ensues. Neat PMP and neat PE are not dielectrically active.
Composites are tested via DEA.

d) UV Visible Spectroscopy and Transparency: Samples
are compression molded in 1 cm diameter disk molds with a
thickness of 0.5 cm. Ferrotyping plates will be used on each
side of the mold to ensure optical surfaces. Transmission
spectra are recorded with an 8452A Hewlett-Packard
UV/Visible Spectrophotometer. Neat PMP and low concen-
tration SWNT composites are studied. PE is opaque.

e) Refractive Index: An Abbe Refractometer equipped with
a solid sample assembly will be used to determine the refrac-
tive indexes of any transparent samples. The incorporation of
nanotubes should increase the refractive index of the systems
due to incorporation of aromatic moieties.

f) Conductivity: Thin films of the polymer/nanotube com-
posite are spun coat using a Chemat Tech Spin Coater,
KW-4A. A four point probe is used to measure the conduc-
tivity of the thin films.

g) Tensile Modulus and Tensile Strength: Dog-bone
shaped samples are compression molded. A Q-Test Universal
Tester is used to determine the modulus and strength of the
samples. Samples are deformed at a cross head speed of 0.5
inch/min.

h) Microhardness: A Leica VMHT MOT with a Vickers
indenter is used to determine the Vickers hardness number
(HV). Four indentations are made on each sample using a
load of 500 g and a dwell time of 20 s. The Vickers hardness
number is based on the average diagonal length of an imprint
made from the indentor. Both the horizontal and vertical
diagonal lengths are measured for each indentation. The val-
ues reported are an average of these eight measurements.

i) Fourier Transform Infrared Spectroscopy (FTIR): A
Nicolet Magna 500 FTIR is used to characterize the PMP
synthesized in-house and by Phillips. The symmetric stretch-
ing in carbon nanotubes does not give rise to IR absorption
bands.

j) Nuclear Magnetic Resonance is used to monitor PMP
purity and stereoregularity via a Bruker DPX 250 instrument.

k) Scanning Electron Microscopy (SEM): A Hitachi S-800
Field Emission HRSEM is used to characterize the molded
surfaces and fracture surfaces of the nanotube/polymer com-
posites in order to monitor dispersion.

1) Transmission Electron Microscopy (TEM): Phillips FEI
Transmission Electron Microscope is used to characterize
dispersion of the nanotubes at higher magnifications than
those obtained with SEM.

EXAMPLE 1

Single-Walled Carbon Nanotube Preparation

Raw laser ablation material provided by NASA Johnson
Space Center was purified as described elsewhere (Liu, J. et
al. (1998) “Fullerene Pipes”, Science. 280(5367):1253-
1256.). The raw nanotubes were refluxed in 2.6 M nitric acid
for approximately 160 hours and then diluted with double
distilled water. This solution was then centrifuged (4000
rpm), the solvent mixture decanted, and the sample was again
suspended in double distilled water. This step was repeated
two more times in order to remove the acid from the nano-
tubes. Finally, the solution was filtered through a cellulose
nitrate filter and died at 60° C. in a vacuum oven to form a
buckypaper.
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Polymer/Nanotube Composite Synthesis

Commercial low molecular weight poly(4-methyl-1-pen-
tene) with a measured T,, of 235° C. was dissolved in cyclo-
hexyl chloride at 110° C. to make a 3.5% solution. Laser
ablated SWNTs were sonicated in N,N-dimethylformamide
(DMF) using a Branson Sonifer 450 for 1 hour. The nanotube/
DMF dispersion was placed in a vacuum oven at 80° C. to
remove the solvent. The DMF treated nanotube paper was
then dispersed in cyclohexyl chloride via sonication for 6
hours. The nanotube/solvent mixture was added to the poly-
mer solution and sonicated together for 1 hour. The polymer/
nanotube/cyclohexyl chloride mixture was placed in a warm
beaker lined with TEFLON film, the solvent was allowed to
evaporate at room temperature for 12 hours, and the compos-
ite was then placed in a vacuum oven at 80° C. to remove any
residual solvent. The dried composite with 0.5% (by wt) of
SWNTs was compression molded for analysis. Pieces were
placed between KAPTON film and stainless steel plates and
pressed for 5 minutes at 5000 pounds of pressure at a tem-
perature of 246° C. Neat PMP was prepared in the same
manner. After processing, the measured T,, for the neat and
composite sample was 235° C.

Sample Characterization

Ultraviolet-visible spectra were recorded with an Agilent
Technologies 8453 UV-VIS Diode Array spectrophotometer.
A glass slide served as the blank. FIG. 1 shows the UV-VIS
data of the neat PMP and PMP/CNT composite.

FIGS. 3 and 4 are scanning electron microscope images of
the PMP/CNT composite. The image evidences the presence
of a carbon nanotube coated by the polymer matrix. FIGS. 5
and 6 are more SEM images. SEM images prove that although
the films are transparent and nanotube agglomerates are not
visible to the naked eye, nanotubes are present within the
matrix.

Carbon nanotubes in the powder form may be used instead
of'buckypaper. This will allow for better yield and dispersion.
Nanotube concentrations ranging from about 0.10 wt % to
about 20 wt % are also within the scope of this invention.

1-chlorohexane did not dissolve the polymer nor was it
efficient at dispersing the nanotubes (FIG. 7(a)). Cyclohexyl
chloride was found to create a uniformed solvent/nanotube
mixture (FIG. 7(b)) as well as a uniformed solvent/polymer/
nanotube mixture (FIG. 7(c)). FIG. 8(b) is an optical micro-
graph of the PMP thin film. FIG. 8(a) is an optical micrograph
of' neat PMP for comparison with FIG. 8(5).

Dynamic Mechanical Analysis

PMP has three reported mechanical relaxations: the o, also
referred to as f3(a,) ranging from 20° C.-67° C. (Woodward et
al. 1961; Miyoshi et al. 2004; Reddy et al. 1997), a broad high
temperature relaxation (c..) ranging from 105° C.-135° C.
(Lopez et al. 1992; Reddy et al. 1997; Choy et al. 1981;
Miyoshi et al. 2004) and a low temperature peak (y or ) was
also observed at —-123° C. (Woodard et al. 1961) and -140° C.
(Choy etal. 1981). The low temperature relaxation (y) was not
seen in the frequency range used for this study. It is defined as
the rotation of the side groups and depends on the amount of
amorphous character present (Lopez et al. 1986). The .,
transition is the glass transition region associated with the
segmental motion of the polymer main chain (Penn 1966;
Choy et al. 1981). The nature of the o transition is associated
with motions within the crystalline phase and is believed to be
an expansion of the unit cell parameter a (Lopez et al. 1992,
Penn 1986, Ranby et al. 1962).

FIG. 11 is a plot of the loss modulus (E") plotted against
temperature for the neat and composite samples from -150°
C. to0 250° C. and 1 Hz to 60 Hz. The loss modulus of the
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composite sample increases with the addition of the carbon
nanotubes. The high temperature relaxation (o) is more pro-
nounced in the composite sample as compared to the neat.
The percent crystallinity, as determined from DSC plots,
(FIGS. 9 and 10) for the neat and composite samples was 68%
and 74%, respectively. The elastic modulus (E') represents the
material’s stiftness. The stiffness of the composite at 60 Hz
and -50° C., 25° C., and 50° C. is higher than that of the neat
as indicated in Table 1, with the highest modulus existing at
temperatures below the T, region (FIG. 12). Further, an
increase in stiffness should correlate to an increase in the
percent crystallinity of the polymer (Gedde 1999). To further
support the increase in viscoelastic properties, the composite
had a Vickers hardness number of 97 MPa as compared to 82
MPa for the neat.

TABLE 1
Storage Modulus (E') values at 60 Hz.
E' (MPa) @ 60 Hz -50°C. 25°C. 50°C.
Neat PMP 2409 1710 918
0.5% PMP/CNT 3716 2713 1494

The enhanced relaxation intensity of the crystalline region
(o) 1s indicative of increased interaction between the carbon
nanotubes and polymer matrix. Studies have shown that car-
bon nanotubes can act as nucleating agents (Ryan et al. 2004;
Cadek et al. 2004, Ruan et al. 2003; Bhattacharyya et al.
2003). It was shown that uniform dispersion and good inter-
facial bonding between CNTs and polyethylene resulted in
secondary crystal growth, thus enhancing the ductility of the
composite (Ruan et al. 2003). Further, a crystalline layer
formed on MWNTs, contributed to the enhanced mechanical
properties of polyvinylalcohol/MWNT composites (Cadek et
al. 2004).

In semi-crystalline polymers, the glass transition region is
restricted by crystals and exhibit broader relaxations than in
the T, region of fully amorphous polymers (Gedde 1999).
Thus, glass transition temperatures are difficult to decipher in
differential scanning calorimetry plots. However, DMA is a
useful tool in determining these values. Moreover, being that
relaxations are time, temperature and frequency dependent,
T, values reported from DMA must specify the frequency in
which the temperature is reported. The glass transition tem-
peratures for the neat and composite samples taken at 60 Hz
were found to be 37° C. and 43° C.

The maximum loss peak height obtained from DMA will
shift to higher temperatures. In a narrow temperature range,
the shift or frequency is linear (Gedde 1999). Temperature
dependency of semi-crystalline polymers conforms to Arrhe-
nius behavior (McCrum 1997). FIGS. 13 and 14 are Arrhe-
nius plots of neat PMP and a specific embodiment for the
subject composite. Activation energies were obtained by mul-
tiplying the slope of the line by the gas constant (1.987 cal/
mol K). The neat had an activation energy of 59 kcal/mol with
that of'the composite being 76 kcal/mol. The energy needed to
induce flow in the composite was higher. The reason for this
increase is two-fold: (1) the presence of the nanotubes hin-
dering chain movement and (2) the presence of a crystal layer
on the CNTs, thus increasing the crystallinity in this region
which in turn restricts the mobility of the amorphous region.
Activation energies associated with viscous flow are large due
to the cooperative behavior present in this region (Stark-
weather 1981). Lee and Hiltz (1984) obtained an activation
energy of 106 kcal/mol, and Choy et al. (1981) reported 60
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kcal/mol. Activation energies vary depending on the method
used for testing, thus they are only approximations.

The Williams, Landel and Ferry equation (1) accounts for
curvature present in the Arrhenius plot (Gedde 1999; Stark-
weather 1981). In this study, the values for C,, C,, and the
reference temperature T, (T,) were obtained from a curve
fitting program (Gao 1996); a, represents the shift factor or
frequency and T is the given temperature. Table 2 lists the
values reported by Penn (1966) and Lee and Hiltz (1984).
Deviations from the universal constants are typical due to
variations in the glass transition temperatures and the meth-
ods used to obtain these values (McCrum 1997).

C(T-1,) EQ D
logar=—-——+—"—
G+ (T-T,)
TABLE 2
WLF shift constants for poly (4-methyl-1-pentene)

Sample To C, C,
Universal constants — 17.4 51.6
Neat PMP 32.6 9.90 56.3
0.5% PMP/CNT 37.7 10.2 48.1
Lee and Hiltz — 20.7 37.0
Penn 25.0 17.3 40.4

The WLF shift constants, C, and C,, can be used to predict
mechanical behavior of a polymer over a wide range of fre-
quencies. In this study, 1 Hz, 3 Hz, 6 Hz, 10 Hz, 30 Hz, 60 Hz,
and 100 Hz were used to obtain mechanical data. To further
understand the behavior of PMP as a function of time and
temperature over a wide range of frequencies a master curve
was generated utilizing the WLF shift constants. FIG. 15isa
plot of master curves for the neat and composite samples. It is
clear that over a wide range of frequencies and temperatures,
PMP conforms to WLF. FIG. 16 is a plot of the glass transition
region of PMP using the WLF shift constants. These results
are comparable to WLF treatment of PMP previously pub-
lished (Penn 1966; Lee and Hiltz 1984).

The WLF constants can also be used to calculate the frac-
tional free volume (f,) and the thermal expansion coefficient
(o) (Table 3) of a polymer (Aklonis et al. 1972; Emran 2000).
Equations 2 and 3 were used to calculate f, and of, where Bis
equal to 1.

P B (EQ2)
27 (2.303)Cy
_Jfe (EQ 3)
ay = C_2

f, defines the amount of unoccupied space between chain
segments as a result of chain segment packing (Aklonis et al.
1972). Conclusions can not be made based on the calculated
fractional free volume and coefficient of thermal expansion
for the neat and composite sample due to the small loading of
carbon nanotubes; however, it can be stated that the compos-
ite can be used in applications in which the pure polymer is
desired.
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TABLE 3

WLF constants and calculated fractional free volume and
expansion of thermal coefficient values.

Sample T, C, C, fo ar
Neat PMP 32.6 9.90 56.3 0.0439  0.779
0.5% PMP/CNT 37.7 10.2 48.1 0.0430  0.884

Conclusions

Carbon nanotubes were successfully incorporated into
poly(4-methyl-1-pentene). The processing technique
employed was found to be effective in dispersing the nano-
tubes in the polymer. Further, analysis of the composite con-
firmed that the nanotubes did in fact serve as a good reinforce-
ment agent for the polymer. The composite sample exhibited
an increase in modulus and glass transition temperature. The
crystalline region as noted in the loss modulus data was found
to enhance with the addition of carbon nanotubes, indicating
good interaction between the polymer-nanotube interface.

Experimental data for the composite sample was fitted to
WLF parameters and found to be consistent with values
obtained for neat poly (4-methyl-1-pentene) in this study and
previously published results (Penn 1966; Lee and Hiltz
1984); thus, characterization techniques can be extended to
polymer-nanotube composites.

EXAMPLE 2

Studies Using Commercial PMP as Neat Polymer
(No Nanotubes) and in USF Processed PMP/Carbon
Nanotube Composites with PE Controls

PMP is purchased from Phillips; PE is purchased as rec-
ommended by NASA. Single-wall CNTs are purchased from
Carbon Nanotube Technologies Inc. Neat PMP, PE and PMP
composites are compression molded in a Carver hot press
according to sample dimension specified by NASA. The com-
posites are prepared by sonicating SWNT in cyclohexane at
temperatures below the boiling point of the solvent. PMP is
added (5% polymer to solvent by weight). Nanotube concen-
trations vary from 0.1 to 10% based on nanotube to polymer
weight. Solutions with the lower concentrations of nanotubes
are cast into films of various thickness using doctor blades.
The films are dried in a vacuum over at 80° C. for 12 hours.
These films are stacked and compression molded to yield
samples of the appropriate thicknesses required for testing.
10% nanotube solutions are dried under vacuum for 25 hours.
These are used as masterbatches and diluted with PMP in a
melt mixer (e.g., Banbury mixer) to produce samples with
concentrations from 0.1-5% SWNT. PE nanotube composites
are prepared by melt mixing 50% SWNT with 50% PE in the
Banbury. This is used as a masterbatch and diluted in the
Banbury with pure PE to concentrations from 0.1-5% SWNT.
This procedure is repeated with PMP for comparison. PMP
has the advantage of being able to undergo the sonication
process described above using cyclohexane. It is expected
that use of the solvent will greatly improve dispersion.

EXAMPLE 3

Studies Using Synthesized PMP and PMP Carbon
Nanotube Composites

The synthesis of neat PMP polymer is a low risk experi-
mental plan; well tested, explicit procedures are at hand (Tait,
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P. J. T. et al. “Polymerization of 4-Methylpentene-1 with
Magnesium-Chloride-Supported Catalysts”, Advances in
Polyolefins 309 (R. B. Seymour and T. Cheng, eds. Plenum
Press) (1987)). This synthesis involves the use of MgCl,-
supported titanium catalyst systems. The reactions are carried
out in heptane or toluene solvents. Since PMP is commer-
cially available, the reason for undertaking in-house synthesis
is to take advantage of the fact that the synthesis starts out
with an ultra low viscosity system, monomer in solvent. Once
the in-house synthesis of neat polymer is optimized, the syn-
thesis is adapted to include the addition of carbon nanotubes-
solvent systems, which have been sonicated prior to addition
to the monomer catalyst system. However, carbon nanotubes
may interfere with the catalyst system and impede the poly-
merization or alter the stereoregularity of the polymer. All
materials are available from Aldrich. The synthesis scheme
used in this research is described by Tait et al. A typical recipe
is as follows:

a) Preparation of the catalyst: Dried MgCl, is treated with
thionyl chloride while ball milling at MgCl,:SOCI, mole
ratios of 1.0:0.05. Ethyl benzoate, EB, is added 1 to 10 mole
ration based EB:MgCl,. Milling continues for 72 hours.
Siloxane oil is added at 0.08 moles of silicon to 1 mole of
MgCl, and the system is milled for 5 hours. Neat TiCl, is
added, and the system is heated to 115° C. for 1.5 hours. The
system is then filtered.

b) Polymerization: Glassware is dried at 150° C. and stored
under vacuum until use. The order of addition is: solvent/
catalyst slurry/alkyl aluminum (triethyl aluminum)/mono-
mer. The polymerization proceeds for 30 hours at 10° C.
Concentrations are: Ti=0.028 mmole dm~>, Al=18 mmole
dm™ monomer=2 mmole dm™, solvent—excess. Neat poly-
mers are extracted with boiling hexane. Composites are iso-
lated by distilling of excess solvent followed by drying them
in a vacuum over at 80° C. for 12 hours. Samples are molded
to appropriate dimensions using a Carver hot press.

EXAMPLE 4
Ground Testing: Brookhaven National Lab (BNL)

Dosimetry is used to characterize the uniformity of the
applied GCR field and the flux of the applied radiation field
(Isodose Region). The size and uniformity of the field deter-
mines the sample size. Dosimetry of the applied field and the
dose behind each shielding configuration are measured to
determine the shielding efficiency. Several witness dosim-
eters are required for each trial to ensure consistency of the
applied field from trial run to trial run. Each DOE test con-
figuration is performed in triplicate. The three factors selected
include thickness (250 mils and 25 mils), composite concen-
tration (no nanotubes vs. fully loaded) and resin composition
(polyethylene vs. PMP).

This DOE test matrix provides an evaluation that validates
if the test conditions are accurate based on the baseline value
for shielding effectiveness established by NASA-Langley.
The test matrix also examines the value of densely-packed
carbon atoms for determining if the cross-sectional density of
the shield has been realized. Finally, the linearity of the
shielding efficiency can be inferred by the thickness study
(non-linearity inferring limits in stopping power or secondary
radiation effects). The results will advance the understanding
of material behavior and particle physics for hydrocarbon-
based polymeric shields.

It should be understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be
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suggested to persons skilled in the art and are to be included
within the spirit and purview of this application.
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What is claimed is:

1. A method for preparing polymer composites, compris-

ing:

(a) dissolving a polymer in a first solvent at an elevated
temperature;

(b) sonicating a plurality of carbon nanotubes in a second
solvent, wherein the second solvent is different than the
first solvent;

(c) mixing the first solvent including the dissolved polymer
of step (a) with the second solvent including the carbon
nanotubes of step (b); and

(d) sonicating the mixture of step (c) for a sufficient period
of time to substantively disperse the carbon nanotube
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throughout the matrix of the polymer, whereby a soni-
cated polymer/carbon nanotube composite in solvent is
formed.

2. The method according to claim 1, wherein the elevated
temperature in step (a) is within the range of about 80° C. to
about 100° C.

3. The method according to claim 1, wherein the elevated
temperature in step (a) is within the range of about 85° C. to
about 95° C.

4. The method according to claim 1, wherein the first
solvent or the second solvent is cyclohexyl chloride.

5. The method according to claim 1, wherein the first
solvent is cyclohexyl chloride.

6. The method according to claim 1, wherein the polymer
is selected from the group consisting of: poly(4-methyl-1-
pentene) (PMP), polyvinylchloride (PVC), glycol-modified
polyethylene terephthalate (PETG), polystyrene (PS), acry-
lonitrile-butadiene-styrene co-polymer (ABS), polyphe-
nylene ether (PPE), polycarbonate (PC), polysulfone (PSU),
polyethersulfone (PES), polyetherimide (PEI), polyphenyl-
sulfone (PPSU), polyethylene terephthalate (PET), and poly-
buylene terephthalate (PBT).

7. The method according to claim 1, further comprising:

adding an organic dye to the first solvent including the

dissolved polymer of step (a), whereby during step (d),
the polymer becomes doped with the organic dye.

8. The method according to claim 7, wherein the organic
dye is selected from the group consisting of: pterphenyl,
biphenyl, and p-quaterphenyl.

9. The method according to claim 1, further comprising:

adjusting a concentration of carbon nanotubes in the poly-

mer/carbon nanotube composite by mixing heat melted
polymer with the polymer/carbon nanotube composite
in a mixer.

10. The method according to claim 1, wherein the polymer
is poly(4-methyl-1-pentene).

11. The method according to claim 3, wherein the polymer
is poly(4-methyl-1-pentene).

12. The method according to claim 5, wherein the polymer
is poly(4-methyl-1-pentene).
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