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ABSTRACT
Single Wall carbon nanotubes (SWNTs) are distinguished by their exceptional
mechanical strength and electrical properties. However, these properties can only be
inherited by nanocomposites if SWNTs are strongly bonded, uniformly distributed,
and aligned within the composite matrix during their manufacturing processing.
Conversely, the limited availability and economical constraints presented by bulk
manufacturing process of nanocomposite materials have been hindering factors in
devising their utilization for structural applications and thus their commercialization.
This study is focused on the application of an electrical field to align SWNTs
during the casting process of polymer nanocomposites where the experimental
methodology is comprised of preparing samples exhibiting various percent weights of
SWNTs in the polymer matrix while applying distinct electrostatic field strengths.
Specifically, SWNTs are dispersed into a semi-crystalline polymer, poly (ethylene-covinyl alcohol) (EVOH) matrix. The resulting nanocomposites were characterized by
scanning electron microscopy (SEM), differential scanning calorimetry (DSC) and
tensile testing to evaluate their physical, thermal, and mechanical properties.
The highest electrostatic field strength used in this study (204V/mm, 60Hz)
aligned low concentrations of SWNTs through the polymer matrix. Unfortunately, it
also formed large agglomerations when using higher concentrations of SWNTs, and
affected the tensile strength of the nanocomposite properties. The electrical field did
not affect thermal characteristics, but the addition of SWNTs to the polymer matrix
accelerated the melting of small crystals.
v
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CHAPTER I
INTRODUCTION
During the last decades, automobile, aerospace and energy industries are
striving for strong, lightweight, and low cost material [1-3]. For instance, in the
automobile industry, the use of steel and iron has diminished and low-density
materials such as polymer composites and aluminum alloys have been used instead. At
the same time, the emphasis on the development of new materials has also been
increasing and has been trying to achieve the same goal: reduction of weight without
sacrificing strength. In the case of polymer composites, their use in industries has
increased due to the advantages they offer over traditional materials including their
lightness and the ease in processing them [1, 4].
Recent research has explored new types of polymer composites [5-7], which
are considered to be the materials of the future: polymer nanocomposites. The
difference in composition of polymer composites and polymer nanocomposites is that
the filler material of polymer nanocomposites is in the nanometer scale (1-100nm) [8].
Polymer nanocomposites offer superior properties, however, just as regular polymer
composites, due to their anisotropic behavior, their properties are defined by the filler
material and the manufacturing process [7].
Carbon nanotubes (CNTs) have shown excellent mechanical and physical
properties and as a result they are the most considered filler material for polymers.
CNTs have reinforced and made polymers electrically conductive [9-11]. Furthermore,
CNTs have modified the thermal properties of polymers including the crystallinity
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structure and glass transition temperature [12-15]. Due to these characteristics, CNTs
are considered for a variety of applications such as aerospace, automobile, and
sporting goods applications [2, 16-17]. However, the integration of CNTs into
polymers is not trivial, since CNTs need to be well dispersed and aligned in the
polymer matrix. Poor dispersion can deteriorate the properties of the polymer matrix
[18] and not enough alignment might not improve or cause any effect on the
properties.
Several methods for dispersion and alignment of CNTs in polymer composites
along with the resulting nanocomposites properties have been published [10, 19-25].
However, not many articles have considered the ability to include these two processes
in a mass production system which is critical for the commercialization of
nanomaterials.
1.1 Research objectives
Recent research studies indicate the potential that CNT-polymer
nanocomposites have on many applications [3, 16, 17, 26] and the wide variety of
production methods available for their fabrication [9,10, 20, 24, 27]. However, most
of these studies did not consider the possibility of extending their analysis to develop
efficient nanocomposites’ mass production set ups or examined the factors that
prevent their high volume production. Therefore, the objectives of this research are to:
•

present a manufacturing process for SWNT/polymer nanocomposites
considering their production in volume: A casting process has been selected

2
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and the use of an AC electrical field is used to align SWNTs in the polymer
matrix.
•

analyze quality characteristics that define the properties of the nanocomposite
such as morphology, crystallinity, strength, and degree of predetermined
alignment in the polymer nanocomposite.

•

identify the factors and problems that could limit the alignment and resulting
quality of SWNT polymer nanocomposites when using an AC electrical field
along with a casting process.

3
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CHAPTER II
LITERATURE REVIEW
2.1 Carbon nanotubes

Since CNTs were discovered by Iijima in 1991 [28], numerous studies [29-33]
have been developed primarily to take advantage of the extraordinary mechanical and
electrical properties they exhibit. The strength of CNTs is 100 times higher than the
strength of steel, their electrical conductivity is similar to copper’s electrical
conductivity, and their thermal conductivity is three times that of diamond’s
conductivity [34]. Therefore, recent investigations have focused on a wide number of
applications. Some of the applications for CNTs include nanoelectronics, biomedical,
field emission devices, composites, chemical sensor, biosensor, etc [8, 26, 34].
In general, a CNT can be viewed as a hollow cylinder formed by rolling
graphite sheets, and their properties are defined by their atomic arrangement, diameter
length, and morphology. The atomic arrangement of a CNT can be classified as
armchair, zig-zag or chiral shape depending of how the graphite walls of the CNT are
rolled (Figure 2.1). In addition, depending on their atomic structure, CNTs can be
metallic, semiconducting or semimetallic [5, 34].
CNTs can be classified into two different groups, single-wall carbon nanotubes
(SWNT) and multi-wall carbon nanotubes (MWNT). The CNTs seen by Iijima in
1991 [28] were MWNTs, and two years later SWNTs were discovered by Bethune et
al. [36]. A SWNT has a diameter of 1nm and its length is in the micrometer scale. A
4
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MWNT basically consists of a group of coaxial SWNTs where each individual tube
can have different chirality [5,8]. The MWNT inner diameter can be of 2 to 10 nm
while the exterior diameter can be of 20 to 70 nm. A typical length of a MWNT is
about 50 µm [34].

Figure 2.1. Atomic Structure of a CNT [34]
The mechanical properties of CNTs have been measured experimentally using
transmission electron microscope (TEM), atomic force microscope (AFM) and
scanning electron microscope (SEM). Treacy et al. [30] estimated the Young modulus
of an individual CNT to be about 4.15 TPa using TEM. Yu et al. [31] determined the
tensile strength and young modulus of MWNTs to be in the range of 11 to 63 GPa,
and 270 to 950 GPa, respectively, by using ATM and SEM. Conversely, Li et al. [29]
determined the tensile strength of a SWNT theoretically using the rule of mixtures and
the tensile strength resulted was around 22 GPa. The different results obtained by
these investigations could be due to the diameter of the experimental CNTs.
5
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2.1.1 Synthesis
CNTs were first synthesized in a carbon cathode by arc- discharge; however,
since the discovery of SWNTs [34] more methods have been developed to produce
nanotube material. The main methods for producing CNTs are arc discharge,
chemical vapor deposition (CVD), and laser ablation.
The arc discharge method makes use of two graphite electrodes under an inert
gas to generate an arc discharge. The arc discharge creates a carbon vapor, which
produces MWNTs [37]. A metal catalyst is added to this procedure to generate
SWNTs. The control of the arc current and the choice of the inert gas pressure are the
two main parameters of this technique [26]. One of the disadvantages of this method
is that the limited production depends on the graphite electrode. Another disadvantage
is that the nanotubes produced with this method require purification by gasification to
remove carbonaceous material [5, 17].
The laser ablation method uses laser pulses to ablate a graphite target under an
inert gas. The graphite target then evaporates forming CNTs. The laser ablation
method has more paramaters to control the amount of produced CNTs than the arc
discharge method. Some of the paramaters are the laser power and wavelength,
temperature, pressure, and type of inert gas. This method has the same disadvantages
as the arc discharge method, since the production quantity depends on the graphite
target and an extra purification by gasification procedure is required [5,26]
The CVD method is a gas phase method that uses an energy source to provide
energy to hydrocarbons and produce CNTs on a heated substrate. A catalyst might be
added to accelerate the process, to produce higher quality nanotubes and to reduce the
6
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cost of production [17]. The principal parameters that affect the production of CNTs
with this method are the type of hydrocarbons, temperature, and type of catalyst (if
used) [26]. However, using the CVD method presents several advantages to the
production of CNTs. First, the alignment and growth rate of CNTs can be controlled.
Secondly, according to Thostenson [5] and Lau et al. [6], the CVD method is the most
prominent technique that produces the fewest defects in SWNTs. Lastly, the process
can be readily scaled up.
More recently, Nikolaev et al. [38] and Njuguna [16] developed a new gasphase growth method, high pressure carbon monoxide conversion or HiPco, to
produce SWNTs in large quantities. This process consists of the addition of Fe(CO)5
to Carbon monoxide (CO) through a heated reactor. The product of this reaction
forms iron clusters where SWNTs start to nucleate and grow [38]. The HiPco method
produces nanotubes of high purity and seems to be the effective method for continuous
production of SWNT [5].
Currently, there is a need to develop a well-controlled method for synthesis of
CNTs since the known methods neither produce nanotubes with uniform diameter
distribution nor consistent purity levels. Furthermore, the production of nanotubes at
large scale is yet to be achieved.
2.2 Polymer nanocomposites
Polymer nanocomposites consist in the combination of a polymer matrix and
filler material that has at least one dimension in the nanometer range (nanomaterial)
[5]. CNTs have been greatly considered as prospective filler material for future
7
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polymer nanocomposites [39-42] to enhance properties such as strength, conductivity,
stiffness and electromagnetic interference shielding of the polymer matrix [33].
The addition of nanomaterials to polymer matrices induce different properties
not seen in plastics or composites so far due to the large surface area per volume
achieved by the nanomaterials. In the case of CNTs, the smaller the diameter the
greater the surface area per unit volume is, thus leading to a greater improvement of
the properties of the composite [5].
The production methods for nanocomposites attempt to overcome the
challenge of transferring the exceptional properties of CNTs to the polymer material
with the appropriate processing procedure. This challenge can be accomplished if the
process is controlled so that CNTs are dispersed and aligned in the polymer matrix
during fabrication of the polymer nanocomposites. However, when developing a
manufacturing process for the production of nanocomposites, the dispersion and the
alignment of nanotubes in polymers are the two primary obstacles that are
encountered.

2.2.1 Production techniques
There are various production techniques that are being investigated for the
production of nanocomposites. Some of these production techniques are melt mixing,
melt compounding, and melt spinning, to name a few. These techniques may be used
along with conventional manufacturing processes such as extrusion, injection molding,
and internal mixing [7]. Bhattacharyya et al. [21] produced polypropylene
(PP)/SWNT nanocomposite fibers using the melt-blended process, however the
8
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dispersion process was poor and the mechanical properties of the neat polymer did not
improve with the addition of CNTs. In contrast Anoop et al.[10] used the melt
compounding process to fabricate poly(ethylene terephthalate (PET)/SWNT and
successfully increased the mechanical properties of the neat polymer.
Other methods that are being used for the production of CNTs/polymer fibers
are gel spun [25], melt spun [23, 24], and melt mix [20]. All of these methods were
able to align CNTs and increase the young modulus of the pure polymer fiber. A more
complex method such as a modified CVD, which integrates and growths CNTs
aligned into a polymer substrate is described by Ng et al. [43]
Another production method is solution casting that consists in using a solvent
to dissolve the polymer, then shape it in a mold and evaporate the solvent. The
advantages of this method are that it is simple, economical, and the form of the
produced nanocomposite depends only on the mold used. Wang et al. [9] used the
solution casting technique to produce poly (vinyl alcohol) (PVA)/SWNT
nanocomposites, followed by a solid state process to highly align the SWNTs [9].
Safadi et al. [22] fabricated polystyrene (PS)/MWNT nanocomposite films via
solution casting increasing the tensile strength of the neat polymer by 32% and the
young modulus by 80%. Table 2.1 shows the summary of different methods that have
been used for the fabrication of polymer nanocomposites and the resulting properties.

9
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Table 2.1. Summary of different processing methods to produce nanocomposites

The following two sections describe approaches and methods that concentrate
on the dispersion and alignment processes of CNTs in the polymer matrix.

2.2.2 Carbon nanotubes dispersion methods
Many of the expected SWNTs properties can be accomplished only if
nanotubes are well dispersed and aligned in the polymer. Salvetat et al. [17] found that
poor dispersion and agglomerations of carbon nanotubes (CNTs) in a polymer
nanocomposite resulted in a radically weaker composite. The dispersion of CNTs is
not a simple process since CNTs tend to agglomerate to each other due to the Van der
Wall force attractions that exist between the tubes [33]. Therefore, research has
considered different methods to well disperse SWNTs in polymer matrices. Fornes et
al [23] used chemical modification that consisted in the treatment of SWNTs in a
solution of acid salt. This solution created electrostatic repulsion forces that separated
the tubes.
10
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One simple and most convenient method used for dispersion is the ultrasonic
or high speed shearing process. Sandler et al. [24] was able to disperse CNTs in a
resin by mechanical stirring of the mixture for one hour at 2000 rpm. Truong et al.
[44] proved that a proper sonication procedure resulted in well dispersed nanotubes
and better composite mechanical properties. In addition, surfactants have been used
during the dispersion process to ease the dispersion. Bratcher et al [45] was able to
achieve dispersion when adding a surfactant during sonication. Gong et al [46] was
able to improve the thermomechanical properties using a surfactant during the
processing of polymer nanocomposites.

2.2.3 Carbon nanotubes alignment methods
Research about the alignment of CNTs in a polymer matrix has been deeply
investigated as well [11, 47-50]. Different methods have been used to align nanotubes
in the polymer matrix and most of these methods need an external force to align CNTs
[11, 49,50]. For instance, Jin et al. [49] aligned MWNTs in a thermoplastic matrix by
applying an external force and mechanically stretching the nanocomposite at a
temperature of 100ºC. There are other methods that offer alignment of CNTs when
they are suspended in solutions through the use of external magnetic fields [51,52] and
electrical fields [11, 47, 49, 53].
The use of an electrostatic field using direct current (DC) and alternating
current (AC) has been compared by Hilding et al. [48] and Martin et al. [54]. Hilding
[49] deduced that the advantage of using AC is that AC does not produce MWNTs
motion, just alignment, making the use of AC a better option. Furthermore, Martin’s
11
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research [54] found that the nanotube network structure formed in AC field was more
aligned and uniform when compared to when the DC field was applied.

2.2.4 AC alignment mechanism
When a carbon atom is subjected to an external electric field, the electric field
tends to move electrons to one side and the nuclei to the opposite side. Thus,
polarization is created. Therefore, electric field polarizes CNTs and forces them to
align with their length oriented parallel to the direction of the electric field [55]

Figure 2.2. AC Alignment mechanism [53]
Previous research [11, 47, 48, 54] has tried different electrical field strengths,
frequency ranges, and times to see the effects on the CNTs alignment. Park et al. [11]
was able to see alignment using a field strength of 16.30V/mm and frequencies as low
as 0.001 Hz. At the end, Park concluded that at higher field strengths better alignment
is attained, and at higher frequency less time is required to attain alignment. This
conclusion was also mentioned by Hilding et al. [48] who started attaining alignment
at 1.5V/mm and frequencies greater than 0.1 Hz. El-Hami et al. [47] experimented
with different concentrations of CNTs and proved that higher electrical field strength
is needed with higher concentrations of CNTs.

12
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2.2.5 Properties and applications of polymer nanocomposites
The mechanical properties of polymer nanocomposites may be used in
applications where stiffness, strength, and low weight are important considerations.
Some of the applications that might take advantage of these mechanical properties are
aerospace panels, thin walled space structure, sporting goods, coatings for wearresistance and low friction, and a new application is the automobile bumpers [34].
Besides the ability of CNTs to reinforce a polymer, CNTs have electrical
properties that when combined with a polymer matrix can lead to conductive polymer
composites. Park et al. [11] found that the addition of 0.03 wt% SWNTs to a polymer
increases conductivity and further increase exist when SWNT are aligned in the
polymer matrix. Some of the applications that take advantage of the electrical
properties of CNTs/polymer nanocomposites are super capacitors which are
considered for applications such as electric vehicles, fuel cells, uninterruptible power
supplies, shielding of electromagnetic interferences, photovoltaic devices such as more
efficient solar cells, sensors, field-effect transistors and shottky diodes that improve
mechanical stability and conductivity of the devices [3].
Thermal properties are also important in nanocomposites. Glass transition
temperature (Tg) and crystallinity of polymers have been influenced by the addition of
CNTs thus affecting their thermal stability. Previous research found that the addition
of SWNTs to polyvinyl alcohol (PVOH) exhibits faster crystallization rate and higher
crystallization temperature as compared to pure PVOH [12, 13]. A similar
crystallization behavior was found when using Polypropylene (PP) and poly (ethylene
terephthalate) (PET) [14, 15, 21,]. Therefore, CNTs are considered for high
13
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temperature applications and for enhancement of thermally conductive paints and
coatings applications [34].
Overall, CNTs in polymeric matrices have shown properties enhancement such
as significant increase in tensile strength, yield strength, conductivity, and glass
transition temperature [12, 56, 57].

14
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CHAPTER III
MATERIAL AND CHARACTERIZATION TECHNIQUES

3.1 Materials selection

In order to fabricate polymer nanocomposites, selection of a suitable matrix
material in which to disperse the CNTs was required. Table 2.2 on chapter 2 shows
some of the polymers that have been used for the production of CNTs/polymer
nanocomposites and the properties attained. For this investigation, a thermoplastic,
Poly(ethylene-co-vinyl alcohol) (EVOH) was selected to analyze the variations of
resulting properties when adding SWNTs.
EVOH is a semi-crystalline thermoplastic material well known for its barrier
properties and its impermeability to gases and vapors. Furthermore, EVOH resins
offer superior resistance to hydrocarbons and organic solvents such as gasoline,
benzene, and acetone [58]. The demand of EVOH has been increasing due to its
properties and the faster growing applications such as food packaging, solvents,
chemical and medical packaging [59]. And new applications include automotive fuel
systems, gas tanks in cars and various pipes for industry [58, 59].
The addition of CNTs to EVOH would let to an enormous market potential for
EVOH applications since strength is the major goal for industries that look for high
efficiency and low cost in their production processes [59]. Recent work by Fernando
et al. [60] demonstrated that EVOH/SWNT nanocomposite films can be fabricated via
wet casting.
15
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EVOH comes with different ethylene mole fractions and the low ethylene
(32%-36%) is preferred to improve its flex cracking resistance [59]. Therefore,
EVOH with ethylene mole fraction of 32% and its solvent dimethyl sulfoxide
(DMSO) were selected and purchased from Sigma –Aldrich.
The SWNTs selected for this study were super-pure (< 5wt% ash content),
therefore no purification process was required. These SWNTs were prepared by the
HiPco process and were purchased from Carbon Nanotechnologies, Inc. Figure 3.1
shows an image of the as-received SWNTs.
3.2 Characterization techniques
The resulting nanocomposite films were subjected to different tests to
characterize their properties. Scanning Electron Microscopy (SEM) (S-4300SE/N)
was used to analyze the morphology of the nanocomposite films. Through images
analysis with the SIMAGIS software, SEM pictures showed the dispersion and the
alignment degree of CNTs in the polymer matrix. A tensile tester was used to
characterize the mechanical properties of the produced nanocomposites. Differential
Scanning Calorimetry (DSC-823 Mettler Toledo) was utilized to study the glass
transition temperature, Tg, and crystallization behavior of the different concentrations
of SWNTs polymer nanocomposites. In general, the variations of the mechanical and
thermal properties of the produced nanocomposites were characterized. In this chapter
the techniques used to characterize the nanocomposites will be discussed in detail.

16
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3.2.1 Scanning electron microscopy
One of the tools most commonly used to characterize polymer nanocomposites
is the SEM [34]. The SEM is operated under a vacuum and consists of an electron
gun that generates a beam of electrons; the electrons pass through a small aperture and
hit the sample producing secondary and backscattered electrons from the sample.
These electrons are collected by secondary or backscattered detectors which convert
the electrons into electrical signals used to form the image. The smaller the aperture
used in the SEM, the better resolution is attained, however, the lesser current available
to form a clear image. High quality SEM images of non-conductive polymers are
difficult to obtain due to the charging that causes excess brightness. Sometimes to
solve this issue is required to sputter coat the sample with a layer of a conductive
material such as gold.

3.2.2 Images analysis
To perform the analysis of SEM images the software SIMAGIS was utilized. It
is produced by Smart Imaging Technologies and works along with SEM, TEM, and
AFM images. Some of the capabilities of the SIMAGIS software include statistical
analysis of the diameter of the nanomaterial, clusters in a dispersed phase, and
alignment of nanotubes. The images are placed into a cell of a spreadsheet and the
following cells show how the image is being processed and then gives the results into
a different cell. The processing sequence can be changed by changing input data and
results can be recalculated.

17
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3.2.3 Differential scanning calorimetry
The most frequently used technique for determining the degree of crystallinity
in a polymer is the DSC. Some of the data given by the DSC can be used to determine
melting temperature, Tm, crystallization temperature, Tc, glass transition temperature,
Tg , and Heat of fusion,

.

DSC is a thermoanalytical technique that measures the heat flow through a
sample as the sample is heated at a controlled rate [61]. When the polymer sample is
being heated, the sample absorbs the heat, crystals begin to move freely and the
polymer starts melting. The melting temperature, Tm, is the peak temperature given by
this endothermic transition. The crystallization temperature, Tc, is seen when the
polymer sample is cooled at a certain rate giving off heat (exothermic transition) and
crystals start to arrange if the polymer sample is crystalline. The crystallinity percent
of EVOH in composites is determined from the DSC and is defined as [62]:

Crystallinity % =

(3.1)

Where ΔH m is the measured heat of fusion (J/g), ΔH m 0 is the heat of fusion of
the 100% crystalline polymer, in this case the enthalpy of ideal EVOH crystals is 138

€ and w is the weight fraction of SWNTs.€ ΔH m is measured at the melting
J/g [63]
temperature, Tm and ΔH m 0 is estimated at comparable temperatures [61].

€
€
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3.2.4 Tensile tester
Tensile test is a common method to characterize mechanical properties such as
strength, ductility, toughness, elastic modulus, and strain hardness [64]. The tensile
test starts with the preparation of the specimen using ASTM standards for meaningful
results. A force at certain speed rate is applied and measured by the tensile tester
while the specimen elongates. The tensile strength is defined as the ratio of the
maximum force or load F to the original cross-sectional area Ao of the specimen [64]:
TensileStrength =

€
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CHAPTER IV
SAMPLE PREPARATION AND EXPERIMENTAL METHODS

4.1 EVOH/SWNTs nanocomposites production preparation

The production process for EVOH/SWNT nanocomposites consisted initially
in a dispersion process, and then the application of an electrical field during the
casting process of the nanocomposites.
Different SWNTs concentrations and three different levels of AC electrical
field strengths were used: 100Vpk-pk/mm (5MHz), 200Vpk-pk/mm (60 Hz) and 400
Vpk-pk/mm (60Hz). Table 4.1 shows the design of experiments (DOE) developed to
explain the effects that the weight percent of SWNTs and electrostatic field strengths
have on the attained degree of SWNTs alignment.
Table 4.1.2Design of Experiments

4.1.1 Dispersion process
Different concentrations of SWNTs were calculated in order to obtain 0.75, 1
and 2wt% in the final composite. SWNTs were dispersed in 2ml of DMSO by an
ultrasonication tip for 10 min. EVOH pellets (10 wt%) were dissolved in the DMSO
solution at 100ºC and continuously stirred at 1200 rpm for 1 hour. Then both
20
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solutions, SWNTs/DMSO and EVOH/DMSO were added together and sonicated
(Sonics Vibracell 130PB, 10W) for 120 minutes.

4.1.2 Alignment and casting process
An Aluminum (Al) mold designed and manufactured in the Texas Tech
University Industrial Engineering machine shop was used to cast the SWNTs/EVOH
solution. The mold had approximately the dimensions of 102 x 51 x 0.0508 mm (refer
to Figure 4.1a). Electrical tape was placed around the mold as seen on Figure 4.1b for
further use on the alignment process. All areas of the mold that would come in contact
with the sample were sprayed with a Universal mold release obtained from SmoothOn. The mold release agent eased removal of the hardened samples. After the mold
was sprayed with mold release and allowed to dry, the sample was poured and spread
evenly into the mold. Then, an Al sheet was used to cover most of the sample and
placed on the electrical tape. The Al mold and Al sheet were used as electrodes to
transmit an electrical field from the generator. Therefore, the electrical tape is used to
prevent contact between the Al mold and sheet.

a)
b)
Figure 4.1.3Al mold used for fabrication of nanocomposite films. a) Al mold
dimension, b) Al mold covered by the Al sheet.
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The mold was left in vacuum/oven, Cole Parmer 5053-10, for 10-12 hours at
100°C and a negative pressure of 18 inHg was applied while the solvent evaporated
during solidification. The backside of the vacuum oven had a penetration port into the
vacuum chamber, which was used to insert two wires from the generator (BK Model
4007DDS) or from the AC wall voltage to apply the electrical field while the mold
was in the vacuum. A connector was used to seal the penetration port and the wires to
prevent air flow. Figure 4.2 shows the overall manufacturing process for the
EVOH/SWNT polymer nanocomposites.

Figure 4.2. Production process of polymer nanocomposite film

4.1.3 Electrical field application
For the application of the electrical field it was necessary to calculate the
approximate field that can be obtained from the voltage supplied, the sample used, and
the mold set up. The mold set up is basically a capacitor, two plates, and a material or
materials between them. In this case, two materials were presented between the plates,
the sample and vacuum. The formula to calculate the electrical field in the presence of
two different materials is as follows [65]:
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E=

Vo
d1 + d2 (ε1 /ε2 )

(4.1)

Where,
€
Vo =Voltage supplied

d1= thickness of sample
d2 = space between the sample and the Al sheet

ε1= dielectric constant of sample
ε2= dielectric constant of vacuum
E = Electric field between plates
Figure 4.3 shows a drawing representing the side views of the mold used and
the parameters used to calculate the electrical field.

a)

…………
b)
Figure 4.3.5Side view representation of Al mold and Al sheet. a) length view, b) side
view.
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The dielectric constant for EVOH is equal to 5.5 [66], however this value
depends on the frequency used, in general, the dielectric constant of polar plastics
starts decreasing at high frequencies (106 Hz) [67]. Therefore, one advantage of using
AC over DC is the ability to increase the frequency. In this case, a value of 5.5 was
used as an approximation for ε1 since the dielectric constant of EVOH/SWNT at
different frequencies is unknown. The dielectric constant of vacuum, ε2, is always
equal to 1. The thickness of the sample when poured into the mold, d1, is
approximately 0.0508 mm. Vo was varied from 10V 5Mhz to 169V AC, 60Hz and d2
was varied between 0.14-0.28mm by adding layers of electrical tape to adjust the
electric field needed. Table 4.2 shows the approximate electrical field obtained by
using equation 4.1 In the next chapters, 0, 54, 106, and 204V/mm are defined as “No
EF”, “Low”, “Med”, and “High” levels of electric field strength, respectively.
Table 4.2.3Parameters used for electrical field.

4.2 Experimental methods

4.2.1 Thermal and crystallization characteristics
DSC (DSC-823 Mettler Toledo) was utilized to perform the thermal analysis on
the produced nanocomposites. All samples were handled meticulously using
aluminum pans. The samples (5-6mg) were heated from -10°C to 220°C at a rate of
24
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10°C/min to obtain the heating (endothermic) curves and the melting temperature, Tm.
The samples were then cooled to -10°C at a rate of -10°C/min and the cooling curve
(exothermic) as well as the crystallization temperature, Tc, were recorded. The
samples were heated once more to 220°C to record Tg. The heat of fusion (ΔHm) and
the heat of crystallization (ΔHc) were determined from the areas of the melting and
crystallization peaks, respectively.

4.2.2 Image analysis
The SEM S-4300SE/N with a field emission gun from HITACHI was used to
determine the SWNTs diameter average and examine fracture and surface structures of
the polymer nanocomposites. Prior to using the SEM, the nanocomposite samples
were dipped in liquid nitrogen and then broken into small pieces to generate cracks,
thus the cross section of the nanocomposites can be seen and analyze the SWNTs
alignment and dispersion.
The parameters used in the SEM to observe the samples are listed in table 4.3.
None of the samples or the SWNTs were sputter coated.
Table 4.3. SEM settings.
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4.2.3 Mechanical properties
A medium capacity tensile tester, AGS-J AUTHOGRAPH, was utilized to
characterize the mechanical properties of the produced nanocomposites. The standard
test method for tensile properties of thin plastic, ASTM D 882-02, was followed for
accurate results. The samples were cut into strips five inches long and 12.7 mm wide.
The samples were extended at a grip separation speed of 20mm/min and the extension
was continuously measured as the load was increased.
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CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSIONS
5.1 SWNTs characterization

Figure 5.1 shows an SEM micrograph of as received SWNTs and Table 5.1
shows the as-received SWNTs thickness measurement results obtained from
SIMAGIS. The average diameter of the tubes was measured to be 6.18nm. It is
important to mention that if two or more SWNTs are highly attached, SIMAGIS sees
them as only one SWNT and consequently gives the average diameter of SWNTs
bundles.

Figure 5.1.6SEM micrograph of as received SWNTs
Table 5.1. SWNTs thickness measurements.
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5.2 Production process analysis

5.2.1 Parameters selection analysis
The first step for the production of EVOH/SWNT nanocomposites was to learn
the production process of pure EVOH polymer films. The general polymer casting
procedure included dissolving EVOH pellets in DMSO using a magnetic stirrer during
high temperatures. The observed effects of temperature on the quality of the casted
EVOH were:
•

when the polymer was produced using high temperatures (150°C +), the
polymer appeared to be degraded (discoloration - yellowish) in comparison to
when lower temperatures were used.

•

additionally, when low temperatures were used the resultant polymers were
more flexible in comparison to those derived from higher temperatures.

After evaluation of the effects that casting temperature had on the quality of resultant
EVOH, the optimal temperature for polymer production was selected to be 100°C.
The stirring time was a function of the casting temperature. At higher
temperatures less stirring time was required, while at lower temperatures more stirring
time was needed to dissolve the EVOH. The EVOH pallets were almost diluted into
the DMSO solution after 30 minutes of heating at 100°C and stirring at 1200 rpm.
Therefore, one hour of heating and stirring were sufficient to achieve a homogeneous
mixture.
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Figure 5.2a shows a sample of one of the EVOH films. These films are
transparent, however with the addition of a small quantity of SWNTs such a 0.5 wt%
SWNTs, the transparent film is converted to a completely black film as seen in Figure
5.2b.

b)
a)
Figure 5.2.7Sample films. a) EVOH pure polymer film, b) EVOH/SWNT polymer
nanocomposite film.
Once the parameters for the production of EVOH films were learned, the
samples of EVOH/SWNT nanocomposites were prepared using the process explained
in section 4.1, with the exception that a hot plate was used to cast the nanocomposite
film instead of a vacuum/oven system. Figure 5.3a shows a low magnification (x150)
SEM image of the surface of a previous sample with a concentration of 0.75% of
SWNTs and Figure 5.3b shows also an SEM image of a nanocomposite with the same
concentration of 0.75%, but prepared using the vacuum. The use of the vacuum made
a positive transformation on the resulting composites, bubbles and other particles
coming from the air decreased significantly; therefore the vacuum was vital for the
production of these nanocomposites.
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a)
b)
Figure 5.3.8SEM image of nanocomposite, a) without using the vacuum during the
casting process b) using the vacuum during the casting process.
The parameters selected and mentioned in section 4.1.1 for the ultrasonic
process including sonication time, power, frequency and solvent quantity were
selected based on literature reviews [7, 21, 22, 25].

5.2.2 Surface analysis
The surface analyses of the produced nanocomposite samples were completed
using the SEM. Even though the surface of the nanocomposite film shown in Figure
5.3b does not show voids or other imperfections, the analysis of higher magnifications
SEM images demonstrated the existence of voids. The samples of 2 wt% reveled that
voids that were found throughout the surface of the nanocomposite film, and SWNTs
were randomly distributed throughout the surface area. The randomness of the
SWNTs distribution can be observed in Figure 5.4a that shows a 2 wt% sample where
some of the SWNTs that seem to be white scratches are indicated by the black arrows.
While the image in Figure 5.4b shows the same sample where analysis has been
performed at a different location and it can be seen that the percentage of SWNTs is
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reduced in comparison to Figure 5.4a. Therefore, these images demonstrate that the
dispersion of SWNTs was random given that higher concentrations of SWNTs were
observed in certain areas of the film while not in others.

b)
a)
Figure 5.4.9SEM image of 2 wt% sample, a) high number of SWNTs and b) low
number of SWNTs.
Figure 5.5 illustrates the surface samples of samples of 1 wt% and 0.75 wt%.
SWNTs were not able to be detected on these samples, however voids were still
observed on both samples. It was noticed that the number of voids was reduced when
the concentration of SWNTs was reduced.
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b)
a)
Figure 5.5.10Surface of nanocomposite samples, a) 1 wt% SWNTs and b) 0.75 wt%
SWNTs

5.2.3 Electrical field effect on nanocomposites
The application of the “High” level of electrical field made an effect on the
resulting nanocomposite films of 2 wt%. Inside the circle in Figure 5.6a is an area of
high concentration of SWNTs in a sample with 2wt% and in Figure 5.6b shows a
higher magnification of the “X” area.
The high level of electrical field and low frequency seems to aggregate
SWNTs, this agrees with experiments performed by Chen et al. [53]. Chen found that
a higher electrical field attracted more SWNTs to the electrodes than when using a
lower electrical field. And when using lower frequencies (50 Hz-500Hz), more
SWNTs agglomerations were found.
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a)

b)
Figure 5.6.11SEM image of a 2 wt% sample when using High magnitude of electrical
field, a) (magnification x18k) SWNT agglomeration and b) (magnification x30k)
SWNT agglomeration.
Fewer agglomerations were seen when using less concentration of SWNTs,
0.75 and 1 wt%. Figure 5.7 shows a crack of the same sample where SWNTs are not
aligned.

Figure 5.7.12SEM image of 1 wt% using High electrical field
Figure 5.8a shows the cross section of a 0.75 wt% sample prepared with a high
electrical field. Then, figure 5.8b (same sample) shows that SWNTs were aligned
(indicated by the black arrows) through the cross section of the sample. This behavior
was expected since the electrical field was applied across the thickness of the sample.
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b)
a)
Figure 5.8.13SEM image of a 0.75 wt% prepared using high electrical field, a) cross
section b) higher magnification of the cross section.
SEM images were difficult to obtain when the crack generated by using
Nitrogen was covered by just polymer. For instance, Figure 5.9 shows the cross
section of a 1 wt% SWNTs sample that seems covered by polymer avoiding the
visibility of SWNTs. Therefore, it was necessary to make as many cracks as possible
to then identify in the SEM which crack would be tilted in such way that more
electrons get reflected from the sample, and thus, obtain a better resolution image.
Comparing the 0.75 wt% SWNTs nanocomposite films with the higher SWNT
concentration films, the 0.75 wt% films had less quantity of SWNTs and consequently
were harder to analyze and determine their alignment. However, it can be concluded
that the dispersion of SWNTs was random showing SWNTs agglomerations
throughout the film. Voids increased with increased the concentrations of SWNTs.
The lowest magnitude of electrical field and high frequency used seem to not make
any effect on the composite. Alignment was seen only in the 0.75 wt% sample; this
could mean that higher concentrations need higher voltage and/or higher frequency.
The use of higher voltage could be prevented if other polymer with a dielectric
constant less than 2.4 can be used instead of EVOH which dielectric constant is 5.5. A
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lower dielectric constant such as 2.2 can increase the electrical field up to 50% without
having to increase the supply voltage.

Figure 5.9.14Cross section image of a 0.75wt% SWNTs sample.

5.2.4 Alignment analysis
This section concentrates on the alignment degree measured through
SIMAGIS. SIMAGIS gives a chart where the y-axes is the percent of SWNTs detected
in the image and the x-axes is the degree of orientation of the SWNTs identified.

Figure15.10. Representation of how the orientation of SWNTs is measured.
Figures 5.11-5.15 illustrate the SIMAGIS charts obtained from the SEM
images. To calculate the alignment percentage of the SWNTs, it was necessary to
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select a certain range of degrees. In this study, a range with the length of 60° and with
the highest percent of SWNTs was selected. For instance, in figure 5.11, the selected
range was 60°-120° and the percent of alignment in this range was calculated to be
37.5%. Therefore, 37.5% of the SWNTs detected in the SEM image were oriented
between 60° to 120°. Table 5.2 shows the alignment percent results of Figure 5.115.15 and the range selected for each chart.

Figure 5.11. Orientation degree results from figure 5.6a (2 wt%-High).
16

Figure 5.12. Fracture of a 1 wt% sample using Medium electrical field a) SEM image
b) orientation results.
17
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Figure 5.13. Orientation results from sample shown in figure 5.7(1 wt%-High).
18

a)
b)
Figure 5.14. Fracture of a 0.75 wt% sample using Medium electrical field, a) SEM
image b) Orientation results.
19

Figure 5.15. Orientation results from sample shown in figure 5.8b (0.75wt%-High).
20
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Table 5.2. Alignment percent results
6

5.2.5 Chi-squared test for alignment analysis
The previous alignment results considered a random distribution data. To
determine the distribution of the SWNTs orientation, the chi-square test was
implemented. Then, the alignment was calculated for a second time and the results are
shown in Table 5.3
Assuming the following hypothesis:
•

Ho: The orientation of the SWNTs fits a uniform distribution.

•

Ha: The orientation of SWNTs does not fit a uniform distribution.

The chi-squared method is defined as [68]
n

(Oi − E i ) 2
Ei
i=1

χ2 = ∑

(5.1)

Where,

€
O = the observed frequency
number, and
E = the expected frequency number
The expected frequency number is calculated using the following relation [68]:
E=

38
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N
n

(5.2)
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Where,
N= Total number of observations
n= The number of classes
Substituting formula 5.1 and 5.2 with the values from figure 5.11, χ2 = 19.99,
The critical chi-square value is determined with a significance level of 0.05
and the degrees of freedom of 17:
2
χ17,0.05
= 27.58

Since the calculated chi-square (19.99) is less than its critical value (27.58),
€ to reject the Ho and it appears that the orientation of
there is not sufficient evidence

the SWNTs fits a uniform distribution. Therefore, the alignment analyses selected the
same specific range of degrees, 60°- 120°.
Table 5.3. Alignment percent results assuming a uniform distribution.
7

The alignment results presented in table 5.3 have a lower percent than the
results presented in table 5.2. However, both tables proved that the highest alignment
degree was obtained from the 0.75wt% high electrical field sample.
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5.3 Thermal characteristics
The thermal characterization of the nanocomposites was accomplished by
recording Tg, Tm, and Tc. The endothermic curves obtained from DSC were also
analyzed. Figures 5.16-5.18 show the endothermic curves for each SWNTs wt% and
the behavior produced when the different strengths of electrical field were applied
during their fabrication.

2nd peak

Figure 5.16. DSC endothermic curves for 0.75wt% and the different levels of
electrical field applied
21

The first curve in Figures 5.16-5.18 represent the melting temperature of the
pure EVOH polymer. The three different concentrations, 0.75, 1 and 2 wt% show a
second melting peak when using low and medium levels of electrical field. The
produced melting curve when using the high level of electrical field appeared similar
to that observed for the neat EVOH, except that a small peak was formed when the
nanocomposite almost reached 220 °C.
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Figure 5.17: DSC endothermic curves for 1 wt% and the different levels of electrical
field applied.
22

Figure 5.18. DSC endothermic curves for 2 wt% and the different levels of electrical
field applied.
23

The first peak of the nanocomposites is believed to be the melting peak of
small crystals which melt at lower temperatures compared to larger crystals of the
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polymer [69] and these small crystals can be transcrystalline layers between the
SWNTs and the matrix while the second peak is the melting of the semicrystalline
polymer matrix [70, 71]. Most of the melting curves showed in figures 5.16-5.18
formed a small peak before the peak of the pure polymer, and a reason for this is that
the addition of SWNTs enhances the crystallization rate of small crystals [70].
An other important observation is that the melting curves of the 1 and 2 wt%
composites were smaller than that in the neat EVOH. A wide melting peak is
attributed to crystallite size or imperfections through the polymer and a smaller peak
means that the formed crystals are less perfect and they tend to melt at lower
temperatures [76].
Thus, in general all the SWNTs/EVOH samples created less perfect crystals or
change the pattern of the atomic arrangement of crystals which affected the
crystallinity of the samples. Figure 5.19 shows the variations of the crystallinity
percent obtained from the different nanocomposites prepared.
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Figure 5.19. Variations of the crystallinity % with the addition of SWNTs and the
electrical field applied.
24

The crystallinity decreased in most of the samples compared to the pure EVOH
crystalllinity. According to Ryan et al [73] when SWNTs are aggregated, they act
poorly as nucleating agents avoiding a crystallinity increase. Random dispersion of
the SWNTs in the polymer matrix could be a factor for the reduced crystallinity
obtained [73].
No specific relationship was found between the degree of crystallinity, the
increasing wt% of SWNTs, and the applied electrical field. However, the addition of
2 wt% SWNTs had more temperature variations than the 0.75 and 1 wt % on the
crystallinity of the samples.
The following graphs (Figures 5.14-5.15) described the effects that the distinct
wt% SWNTs and the different levels of electrical field had on Tm, and Tg.
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Figure 5.20. Variations of the melting temperature with the addition of SWNTs and
the electrical field applied.
25

Figure 5.21. Variations of the glass transition temperature with the addition of SWNTs
and the electrical field applied.
26

Figures 5.20 and 5.21 showed that Tm, and Tg were not dependent on the
electrical field applied. Tm decreased significantly only when adding 2 wt% SWNTs,
this means that the crystallinity of these samples was smaller [73]. The production of
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nanocomposites with higher concentrations could confirm that higher concentrations
of SWNTs decreased the melting temperature.
The glass transition temperature slightly increased with the addition of
SWNTs, but was not affected by the increasing SWNT concentration. Tg
characterizes softening of the physical forces responsible for bonding polymers [61].
When Tg is increased, the thermal endurance of the polymer is improved [74]. Thus,
the addition of nanotubes seems to make no significant effect on the thermal
endurance of the polymer.
5.4 Mechanical properties
The tensile strength and elongation at break measurements were taken
perpendicular to the alignment of CNTs. Table 5.4 shows these measurements. The
tensile strength of the pure EVOH polymer prepared was 59.4MPa. Therefore, Table
5.4 reflects that tensile strength was reduced when adding SWNTs.

45

Texas Tech University, Rocio Hernandez, August 2008

Table 5.4.8Tensile strength results from EVOH/SWNTs nanocomposites.

Earlier in section 5.1, it was mentioned that more SWNTs agglomerations were
found when using a high electrical field, and consequently the lowest tensile strength
values of each concentration of SWNTs were obtained from the samples prepared with
high electrical field. The tensile strength of two of the 0.75 wt% SWNTs samples
were similar to the tensile strength of the neat EVOH. Thus, this concentration either
did not affect the mechanical properties of the EVOH or the nanotube agglomerations
affected the mechanical properties of the EVOH by acting as stress risers and
nullifying the positive effect that nanotubes have when they are evenly dispersed in
the matrix [21]. With an even dispersion of CNTs in the EVOH matrix and other
polymer matrices it is expected that mechanical properties will improve as tensile
strength has been reported to increase using other polymers [75].
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However, the results shown in table 5.4 are assumed to be transverse strength
since the electrical field was applied across the thickness of the sample. Therefore, for
analysis of the results attained, the rule of mixtures was used to predict the
longitudinal and the transverse tensile strength and compare them with the results
generated by the experiments. The rule of mixture has been used previously in
nanocomposites [76, 77], however the rule of mixtures only works when the fibers, in
this case SWNTs, are continuously aligned. In the following section, it is assumed
that all SWNTs in the EVOH matrix were aligned.

5.4.1 Rule of mixtures
For a nanocomposite under longitudinal loading, the tensile strength of the
nanocomposite, Sc, can be estimated by using the following relation [78]:
(5.1)
where Sm and Ss are the tensile strength of the polymer matrix, and the SWNT,
respectively. In this study, the value of Sm was obtained from the experimental value
derived in this study of EVOH (59.4 MPa), and the value of Ss was obtained from the
literature (75GPa) [8]. Vm and Vs are the volume fractions occupied by the SWNTs
and the polymer respectively. The transverse tensile strength of the nanocomposite, Sc,
was determined through the following formula [78]:

(5.2)
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Equation 5.1 assumes that all nanotubes are aligned and parallel to the
direction where stress is to be applied. Equation 5.2 assumes that all nanotubes are
aligned as well, but they are the perpendicular to the direction where stress is to be
applied. Furthermore, equations 5.1 and 5.2 assumes that the composite porosity is
equal to zero.
Table 5.5.9Predicted tensile strength results by the Rule of Mixtures

As seen in Table 5.5, the Sc values derived from Equation 5.1 are much higher
than the values obtained in Equation 5.2. Furthermore, the tensile strength increases
considerable when the wt% of SWNTs is increased. This indicates the importance
that nanotubes have when they are aligned parallel to the direction of the force
applied. Therefore, the maximum strength in composites is obtained when the
reinforced material is aligned in the direction of the tension force [64].
Comparing the tensile strength, experimental and theoretical, it can be seen
that the strength from the experiment samples are lower than the transverse strength
from the rule of mixtures. A reason for this is that the samples prepared have SWNTs
agglomerations, not completely aligned and neither well dispersed in the polymer
matrix.
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5.3.4 Correlation of tensile strength and melting temperature

Figure 5.22. Correlation of tensile strength and melting temperature.
27

The tensile strength results were compared with the melting temperature in
Figure 5.20. Figure 5.22 reflects that in every concentration, the melting temperature
decreased while the tensile strength decreased, similar correlation was found by Ryan
et al. [79]. However, this behavior was not seen on the samples prepared with high
electrical field. One reason could be that the high number of agglomerations formed
when using high electrical field made an effect on the tensile strength but not on the
melting temperature. More fabrication of nanocomposite samples with higher
concentration of SWNTs could confirm that high electrical field affects the correlation
of melting temperature and tensile strength.
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CHAPTER VI
PERFORMANCE IN A HIGH MASS PRODUCTION
6.1 Statistical intervals

Statistical intervals have been created to make expectations about tensile
strength of nanocomposite samples that would be manufactured in the future and thus
analyze how the tensile strength results will vary. The sample size for this study was
small, because of their high cost of manufacturing. Therefore, only four sample of
each level of the Design of Experiments were prepared. This number of samples is
enough to initiate this research; however, further validation of the results presented
might require additional samples [80].
The next analysis is based on an example given by the book "Statistical
Intervals: A Guide for Practitioners" [80] where the sample size is small and it is
assumed that future samples will come from a stable production process. That is, that
the same parameters will be used during future production runs. In addition,
normality of the tensile strength results presented in the example is assumed.
For this study, two different intervals have been calculated to find a two sided
simulataneous prediction interval that contains future observations from previous
sampled normal population and also a two sided interval that contains the mean of
future observations. These intervals were calculated using the table: "Factors for
Calculating Two-Sided 95% Statistical Intervals for a Normal Distribution" [80], and
substituting the following [80]:
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µ ± c(1−α ;n )s

(6)

where "µ" is the average, c is the factor number [49], s is the standard deviation, n is
the number of observations in the given sample, and 100(1-alpha)% is the confidence

€

level with the calculated interval. In this study, the intervals will be calculated with a
confidence of 95%.
Table 6.1 shows the calculated confidence intervals. The first interval is 95%
confident that the tensile strength of all 20 additional manufactured EVOH/SWNTs
nanocomposites will be within this interval. The next interval is also 95% confident
that the mean of the tensile strength of four additional EVOH/SWNTs nanocomposites
will be within that interval.
Table 6.1. Intervals with a 95% Confidence
10

*The length of the interval gave a negative value and it was substituted by zero since the tensile
strength can not be negative.
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Some of the intervals obtained from this analysis were extremely wide as for
example 2 wt% SWNTs- low electrical field sample. Therefore, a confidence less rigid
should be considered.
It was noticed that the confidence intervals that contain 20 additional
nanocomposite samples were wider than the intervals of four additional samples.
Berthouex et al [81] explains that increasing the number of samples will reduce the
uncertainty related with the sample mean, but it will not reduce the sampling error of
the variation related with future observations. Therefore, an increase in the number of
samples will not reduce the length of the prediction interval [81].
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CHAPTER VII
CONCLUSIONS AND SUGGESTIONS
7.1 Conclusions

The production process of polymer nanocomposites can be divided into three
important stages that need to be well developed to produce high quality polymer
nanocomposite films: 1) SWNT dispersion, 2) SWNT alignment and 3)
nanocomposite solidification. This study presented a manufacturing process for
EVOH/SWNT nanocomposites that made use of ultrasonic and magnetic stirring for
the dispersion process, electrical field for the SWNT alignment, and a casting process
to completely solidify and shape the polymer nanocomposite film. The effects of
different concentrations of SWNTs and different magnitudes of electrical field on
fabricated polymer nanocomposites were analyzed.
Following are the concluding points based on the experiments and results
performed:
•

SEM images showed alignment when using a SWNT concentration of
0.75wt% and the highest level of electrical field used in this study,
approximately 204V/mm, 60 Hz.

•

SEM images reflect that SWNTs dispersion was random.

•

SWNTs agglomerations were observed on 1 and 2 wt% SWNTs samples when
using 204V/mm 60 Hz.

53

Texas Tech University, Rocio Hernandez, August 2008

•

According to the results obtained, it is expected that higher concentrations of
SWNTs need higher frequencies and might need a higher magnitude of
electrostatic voltage.

•

The melting temperature and glass transition were not affected by the
magnitude of the electric field.

•

The addition of SWNT and an electrical field accelerated the melting process
of small crystals.

•

The addition of SWNTs decreased the melting temperature and the glass
transition slightly increased.

•

The transverse tensile strength measured decreased with the addition of SWNT
and decrease significantly more on the nanocomposite samples that were
produced using 204V/mm 60Hz.

•

Correlation between melting temperature and tensile strength was observed for
all nanocomposite samples, except the samples fabricated with the highest
magnitude of electrostatic field.

•

The rule of mixture analysis gives a basic knowledge of the mechanical
properties that can be gained if nanotubes are aligned parallel to the force
direction.
7.2 Suggestions for future research

Following are some suggestions that could help to improve the quality of
future EVOH/SWNT nanocomposites:
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•

Processing parameters such as stirring time, sonication power and time need to
be studied to improve the dispersion process.

•

Due to the difficulty of dispersing SWNTs, the dispersion process should be
coupled with functionalization for optimum stress transfer between SWNTs
and polymer [74].

•

For the alignment of SWNTs is necessary to use high frequency and
corresponding high magnitude of electrical field to ensure that the frequency is
vital for aligning higher SWNT concentrations.

•

A polymer with a lower dielectric constant should be identified and would be a
better option to obtain more electrical field between the plates without
increasing the AC supply voltage.

•

Another option that has been used in other investigations is to coat the
electrodes with gold to increase the electrical field.
Following are some suggestions of characterization tools or equipment that

might be more appropriate to characterize the nanocomposite films:
•

Dynamic Mechanical Thermal Analysis (DMTA) will be a better approach to
calculate the glass transition temperature.

•

The use of a nanoindenter is fundamental to calculate the hardness of the film.

•

Higher resolution SEM and TEM could make the morphology analysis of the
nanocomposites easier.

•

Different methods of DSC can be studied, such different cooling rates, to
ensure that results behave the same.
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