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ABSTRACT
As the global supply of petrochemicals diminishes, the polymer industry
will need to incorporate renewable resources into the production process.
Acrylated expoxidized soybean oil, a modified plant oil, is one possible candidate
for use as a monomer in plastics. When polymerized alone, AESO creates a fairly
unusable polymer, with poor physical and material properties. To improve the
properties, the monomer can be copolymerized with styrene and other additives
and can be incorporated into a composite to further increase the usability. By
using biorenewable fillers, the overall use of nonrenewable materials in the
composite can be further decreased. In this research, composites consisting of a
50:50 AESO:styrene copolymer matrix and either pecan nut shell flour (PNSF),
egg shell calcium (ESC), or organically modified clay (OMC) were created and
their physical properties analyzed.
AESO and styrene were successfully polymerized into a cohesive
copolymer, with greater amounts of AESO producing copolymers that were softer
and more rubbery. Higher amounts of AESO generally led to a decrease in
stiffness, strength, and hardness, while increasing the flexibility. The brittleness of
the material decreased as the amount of AESO increased. Thermal analysis
revealed that higher AESO contents resulted in lower thermal stability and glass
transition temperatures, but increased the amount of crosslinking within the
copolymer.

xiv

The addition of the fillers generally improved the properties of the
composite. The stiffness and hardness both improved as filler content increased;
however, the brittleness, strength, and flexibility all worsened. All of the fillers
achieved good dispersion within the composite and maintained low particle sizes
at high loadings. The fillers did not improve the thermal stability of the
composite, nor did they degrade it any further. Of the fillers tested, egg shell
calcium (ESC) produced the greatest improvement to the mechanical properties
and could achieve the highest loadings. Future work should continue to analyze
the effect of blend composition on copolymer, as well as investigate the use of
bonding agents to improve filler-matrix cohesion.

xv

1. INTRODUCTION
In the present day, the plastics industry is completely and understandably
dominated by the use of petrochemicals. [1] While the use of these raw materials is
currently the most effective and efficient, they have a fatal flaw; the world’s
supply of petrochemicals is rapidly diminishing and will soon become
unreasonably expensive.

[2]

In addition, new uses for polymers and polymeric

materials continue to arise, creating new demand as supply decreases.

[3]

To deal

with these rising concerns, as well as growing economic and environmental issues
surrounding the use of oil, a surge toward renewable resources as polymer
feedstock has developed. [4-11]
One particularly promising alternative to petroleum as the source of
polymer precursors is plant-based oils. [12-16] Derived from various vegetables and
vegetation, plant oils offer the distinction of both having the double bonds within
their chemical structure desirable for polymer precursors and being completely
biorenewable. Unfortunately, due to the diminished reactivity of the double
bonds, vegetable oils behave in a different fashion than petroleum in polymers.
[17,18]

This loss of reactivity can be overcome by the functionalization of the

molecules, creating a chemical structure that is more available to polymerization.
[13,19,20,49]

Interest has already been shown in the usage of plant oils within
preexisting polymeric systems and materials. Functionalized plant oils have been
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added to polymers for property modification, including use as a toughening agent,
a plasticizer, and to reduce the amount of petroleum comonomer content.

[25-28]

Several studies have also been conducted looking into both modified and
unmodified vegetable oils as comonomers for various copolymers.

[21-24]

Styrene

monomer, a relatively easy chemical to polymerize, has often been used as a
comonomer with which to polymerize plant oils.

[38-40]

With its derivation from

petrochemicals, it detracts somewhat from the goal of reducing the polymer
industry’s petroleum dependency.

[41]

Substantial incorporation of plant oils into

the polymer still reduces the overall petroleum based content and helps move the
industry away from total dependence.
When copolymerized with other comonomers, plant oil based polymers
often produce a rubberlike final product.

[28]

To combat this and improve overall

mechanical properties, fillers have been added to the polymers to create
composite materials. These fillers, both natural and artificial, have been found to
help control the properties of the final polymer and allow for a wider range of
uses of the polymer.

[42-44]

Proper use of these fillers can help to better create

composites with real world applications and can expedite the progress of
biorenewable materials into the market.
Soybean oil is an especially interesting plant oil that seems to be a
potential petroleum replacement in polymers. Like many other plant-based oils,
natural soybean oil does not create polymers when polymerized using free
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radicals.

[29]

To achieve polymerization, the triglyceride molecule within the

chemical structure must be functionalized using various chemical processes. [15,2931]

Notably, the epoxidation of soybean oil, followed by acrylation, seems to be

particularly effective in creating a polymer precursor.

[32-37]

This process creates

acrylated epoxidized soybean oil (AESO), containing acrylated functional groups
that are particularly conducive to polymerization.
AESO has been studied as a comonomer in polymeric systems, with
usages ranging from biomedical applications to polymer surface modification.
[28,41-47]

These studies, however, have been fairly limited in the scope of their

investigation, often focusing more on the actual production of AESO or on a
narrow range of AESO content. There has also been very little study done on
AESO copolymerized with styrene

[48]

and what has been done has only

investigated a very specific blend of AESO and styrene. Studies have been
conducted on incorporating fillers into an AESO polymer, but, again, only with a
specific blend of AESO. [47]
Composites composed of AESO and styrene will likely have inferior
properties to polystyrene. Previous studies have shown that the addition of AESO
causes a decrease in the strength of the material and a reduction in the glass
transition temperature.

[48]

Additional studies have investigated the effect of

AESO content on modulus, hardness, and brittleness, but have been unable to
identify significant trends. [50] The addition of fillers to the copolymer could result
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in a number of different changes to the properties of the material. The strength has
been seen to increase [51,55] or decrease [53,54], while the modulus has increase [51, 53,
54, 55]

unless no trend exists at all. [42] Both the flexibility and the brittleness of the

material have been seen to worsen as filler is added.

[53,54,55]

temperature of the composite has been found to increase

[51]

The glass transition
and decrease

[54]

as

filler content is increased.
In my project, I intend to expand on the growing body of knowledge
surrounding polymerized AESO through a systematic study of an AESO-based
system. Using styrene as a comonomer, I will investigate the physical and
mechanical properties of AESO/styrene copolymers. I will explore the
relationships between these properties and the AESO content of the copolymers,
and will use this to draw conclusions as to the feasibility of polymerized AESO
for widespread usage. I intend to investigate additional natural fillers with the
goal of improved and controllable mechanical properties and reduced petroleum
based content in polymer composites. I will attempt to use these fillers to create a
composite with similar or improved properties to that of polystyrene.
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2. MATERIALS AND METHODS
2.1. SAMPLE SYNTHESIS
2.1.1. SAMPLE COMPONENTS
2.1.1.1. Copolymer components
The copolymers tested were comprised primarily of polymerized acrylated
epoxidized soybean oil (AESO) and styrene. AESO, shown in Figure 1 below, is
plant oil derived from the seeds of the soybean plant (Glycine mac) and
functionalized through acrylation and epoxidation. The base molecule is a
saturated triglyceride that, lacking double bonded carbons, cannot be polymerized
using free radical polymerization. The process of acrylation creates a series of
acrylated functional groups, denoted in Figure 1 by the circles. The newly
functionalized molecule, containing double bonded carbons, can undergo free
radical polymerization and can create polymers. The process of adding these
functional groups has been extensively studied and, having already been
implemented as an industrial process, will not be investigated in this study.

Figure 1: Acrylated Epoxidized Soybean Oil with Acrylated Groups Circled

5

Through initial experimentation, it was determined that AESO could be
polymerized with several comonomers, including styrene and isobutyl
methacrylate. Every attempted comonomer was able to be successfully
copolymerized with AESO, allowing for freedom in the selection of the scope of
this study. For this project, styrene was selected as the comonomer to be
copolymerized with AESO. The rationalization of this selection is three fold.
Styrene, as a monomer, polymerizes very easily due to the presence of a
resonance stabilized vinyl group. In experimentation, this allows for increased
consistency and predictability in the production of styrene based polymers.
Additionally, the properties of polymerized styrene greatly differ from those of
polymerized AESO. The properties of copolymers created from these monomers
would therefore potentially have properties that exist in a wider range and would
produce more easily discernable results. Finally, styrene as a monomer and
comonomer is frequently used in the polymer industry. The incorporation of
styrene in future copolymers would require little adaptation in industrial settings,
allowing the implementation of these copolymers to progress more rapidly.
To

improve

polymerization

and

crosslinking

of

the

polymer,

divinylbenzene (DVB) was added in small amounts to the comonomer blend.
Divinylbenzene contains multiple vinyl groups, allowing it to promote
crosslinking throughout the copolymer. Additionally, the DVB allowed for
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increased viscosity control of the comonomer blend; AESO, by itself, is quite
viscous and cannot be easily manipulated in a laboratory setting. The addition of
DVB to the mixture decreased the viscosity and allowed for the material to be
easily handled. The exact amount of divinylbenzene used was based off of a
literature review and was not varied in this experimentation.
In order to encourage polymerization of the comonomer blend,
azobisisobutyronitrile (AIBN) was added. Azobisisobutyronitrile is a radical
initiator that forms free radicals when exposed to high temperatures. These free
radicals initiate polymerization by breaking double bonded carbons and binding
them together in a chain. The exact amount of AIBN used was based off of a
literature review and was not varied in the course of this experimentation.

2.1.1.2. Fillers
Three fillers were considered throughout this study. The fillers were
selected due to their renewability and likelihood to be successfully integrated into
composites with an AESO/Styrene copolymer. The fillers were also expected to
be stiffer and stronger than the copolymer, improving the material properties of
the composites. Pecan nut shell flour (PNSF) and egg shell calcium (ESC) were
selected as bulk fillers for this experimentation. These fillers were composed of
macroscopic particles that were produced from the pulverization of renewable
products, namely pecan shells and egg shells, and contained particles between 10
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and 50 μm. The PNSF (E = 25,000 MPa)

57

was produced by the Georgia

Southern Pecan Company and is composed primarily of cellulose fibers
[(C6H10O5)n]. The ESC (E = 79,600 MPa)

56

was sourced from Pet’s Friend

Eggshellent Calcium and is composed primarily of calcium carbonate [CaCO3].
Organically Modified Clay (OMC) was used as a nanofiller in AESO based
composites. The OMC (E = 50,000 MPa)

53

was produced from nanoscale clay

particles, modified with an undisclosed organic molecule to promote adhesion to
polymers, and was produced by Nanocor. The fillers were selected due to
increased moduli and hardness compared to the base copolymers and their ability
to be successfully polymerized around.
Several alternative fillers were initially considered, but ruled out. Glass
and fly ash were found to be too dense to be used in this composite fabrication
process. The dense fillers did not remain suspended in the polymer and did not
create a uniform material. Ground flax was also considered, however the flax did
not mix uniformly with the comonomer blend. The resulting polymer contained
sporadic clusters of flax dense regions.

2.1.2. SAMPLE PREPARATION
2.1.2.1. Blend Composition
Prior to polymerizing monomers in various copolymer blends, an
appropriate mixture of the two monomers was created. The two monomers,
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AESO and styrene, were combined at different blend ratios, ranging from 100
wt% styrene and 0 wt% AESO to 100 wt% AESO and 0 wt% styrene. In addition,
5 wt% of the blend mass in divinylbenzene (DVB) was added as an additive to
assist in polymerization and 0.2 wt% of azobisisobutyronitrile (AIBN) was added
to initiate the polymerization reaction under the presence of heat. A goal of a final
mass of approximately 50 grams of each mixture was targeted in creating each
blend. The amounts of both DVB and AIBN used were based off of previously
completed studies and were not investigated or altered throughout the course of
the experiment. While multiple blend ratios were used in the basic copolymer
study and the properties of the produced copolymers were investigated. For the
addition of fillers to the copolymers to create composites, however, only one
blend ratio 50:50 AESO:Styrene was used. The blend ratio was selected as it
contained at least half renewable chemicals and was viscous enough to suspend
the filler during polymerization, yet was easily mixable. Alternative mixes with
higher AESO contents were ruled out due to inferior initial properties.
The addition of the filler to the comonomer blend created viscous, syruplike suspensions that became increasingly viscous at higher filler amounts. Every
filler was independently blended and the workable range of added filler was
determined. The bulk fillers PNSF and ESC became unusably viscous above 50
and 75 wt%, respectively. Additionally, the suspension was not viscous enough to
keep the filler suspended below 5 and 30 wt%, respectively. To create samples for
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experimentation, PNSF was blended at 10, 20, and 30 wt% (7, 15, and 23 vol%)
and, ESC was blended at 40, 50, and 60 wt% (20, 27, and 26 vol%). The
nanofiller OMC was found to become unusable viscous above 15 wt%, but
remained suspended at all blend compositions below this threshold. For this
experimentation, OMC was blended at 2, 5, and 10 wt% (1, 2, and 4 vol%). The
experimental blend compositions created feasible suspensions that created
visually uniform, rigid polymers.

2.1.2.2. Sample Development
After creating each mixture, samples were polymerized using a water bath
set to 70 °C. The mixtures were first placed in cylindrical glass test tubes of either
approximately 8 mm and 10 mm in diameter and the tops of each tube covered
with foil. The test tubes were then place within the aforementioned water bath and
left to polymerize for eighteen hours; longer polymerization times were tested, but
determined to have no effect on the measured properties of the final polymerized
product. After the samples had finished polymerizing, they were removed from
the test tubes via percussive shattering of the glass.
The neat copolymers were able to fully polymerize throughout the
composition range, regardless of the percentage of AESO in the blend mixture.
The materials created were smooth in texture, with the color ranging from almost
completely clear, to increasingly yellow with increased AESO content. The
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samples were completely solid, with increased AESO content causing the samples
to become increasingly flexible and rubbery in nature. The entirely AESO based
polymer was found to be extremely delicate, often breaking in the process of
production.
The addition of the fillers created noticeably stiffer materials that changed
in color depending on the type and amount of filler contained. The ESC caused
the polymer to take on a pinkish tone that deepened as the filler content increased.
The PNSF produced a brown composite that also became darker as the amount of
PNSF increased. The OMC produced a brownish-gray composite; however, the
color remained fairly constant regardless of the amount of filler added.

2.2. EXPERIMENTAL PROCEDURES
2.2.1. SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy, or SEM, is a three dimesnional technique
for producing high magnification images of a material. Unlike standard light
microscopy, SEM uses a focused beam of electrons to visualize a material. The
electrons interact with the surface of the material, scattering off of the topmost
atoms. The scattering of the electrons is measured and used to produce images
depicting the topography of the material’s surface. In polymeric samples, this
method can provide a depiction of the polymer’s physical shape, showing the
planes which form in the polymer. In composites, this techniques can be used to
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demonstrate the uniformity of dispersion of a filler and its particle size. Low
magnification images can show how widespread the filler is over the surface, with
high dispersion correlating with a lack of high visual density areas. High
magnification images can provided measurements of the size of particles, which
can be used to determine if particle growth occurs at higher loadings. Particle
growth indicates an inefficient use of filler, as improved properties are caused by
higher surface area of contact.

Figure 2: JSM-6390LV Scanning Electron Microscope
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To produce high magnification images of the material and to investigate
the properties of the composites, scanning electron microscopy was perform using
a JSM-6390LV Scanning Electron Microscope shown in Figure 2. Samples were
created by cutting a small piece of material that exposed a fracture site from
impact testing and affixing it to a brass disk. The sample was then coated in gold
using a Denton Vacuum Desk IV Cold Sputter/Etch Unit. The gold coating
prevents charge build-up on the sample surface and produces higher quality
images. Samples were then place inside the vacuum chamber of the SEM and
were analyzed using 10 kV electron beam.

2.2.2. THREE POINT FLEXURAL TESTING
Three point flexural testing is a method of determining various mechanical
properties of a material subject to a bending-type load. A cylindrical sample of the
material is loaded upon a testing base consisting of two fixed points a set distance
apart. A testing head, consisting of a third point, is lowered down on the top of the
material sample at a given loading displacement rate. The force required to
achieve this deflection is recorded perioidically, producing a force-displacement
curve. Using Equations 1 and 2, the stress and strain at each point can be
calculated and used to produce a stress-strain curve, an example of which can be
seen below in Figure 3. The peak value of this curve gives the flexural breaking
stress and the flexural braking strain. The flexural breaking stress is a measure of

13

the strength of a material before it breaks under an external pressure. The flexural
breaking strain is a measure of the deformation that a material can incur before
failure. The initial slope of the stress-strain curve is the flexural modulus of the
material, which is a measure of the stiffness of the material and its propensity to
withstand bending. The modulus of the composite materials can be calculated
through several different models. The simple rule of mixing, shown in Equation 3,
provides an upper bound for the possible moduli. The inverse rule of mixing,
shown in Equation 4, provides a lower bound for the possible moduli. If the
moduli lay between these two models, the composite is acting as would be
expected.

𝜎𝑓 =

𝐹𝐿
𝜋𝑅 3

Equation 1: Flexural stress as a function of force, length, and radius
σf=breaking stress (MPa); F=load (N); L=length (mm); R=radius (mm)

𝜖𝑓 =

12𝑅𝑑
𝐿2

Equation 2: Flexural strain as a function of radius, displacement, and length
εf=breaking stress; R=radius; d=displacement (mm); L=length (mm)
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Figure 3: Example of a Stress-Strain Curve

𝐸𝑐 = 𝜔1 𝐸1 + 𝜔2 𝐸2
Equation 3: Simple Rule of Mixing
Ec=modulus of composite; ω1=weight fraction of component 1; E1=modulus
of component 1; ω2=weight fraction of component 1; E2=modulus of
component 1

1
𝐸𝑐 = 𝜔
𝜔2
1
𝐸1 + 𝐸2
Equation 4: Inverse Rule of Mixing
Ec=modulus of composite; ω1=weight fraction of component 1; E1=modulus
of component 1; ω2=weight fraction of component 1; E2=modulus of
component 1
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Three point flexural testing was performed in a Tinius-Olsen Universal
Testing Machine, shown in Figure 4, with a three point flexural test attachment.
The samples were deflected at a speed of 0.5 in/min and a testing length of 2
inches was used. The testing was performed on the larger 10 mm diameter
samples as described previously.

Figure 4: Tinius Olsen Universal Testing Machine

2.2.3. DYNAMIC MECHANICAL ANALYSIS
Dynamic mechanical analysis is a powerful technique used to characterize
the mechanical response of materials over a temperature range. Samples are
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placed on a base, similar to that used in three point flexural bending, and a
comparable testing head is placed atop the sample. In this method, a sinusoidal
strain is applied to the sample at a given rate, and the stress in the material is
measured. The storage modulus and loss modulus, two material properties are
measured and recorded. The storage modulus measures the elastic properties of
the material and is similar to the material’s flexural modulus. The loss modulus
provides a measure of the mechanical properties of the viscous component of the
polymer. This provides an additional measure of the materials resistance to
deformation. By measuring these properties over a range of temperatures, the
ability of the material to withstand temperature changes can be approximated.
Additionally, the storage and loss moduli can be used to calculate the
phase angle of the material. The phase angle, δ, and more importantly its tangent,
tan(δ), allow the glass transition temperature, or Tg, of the material to be found;
the Tg is located at the peak value of tanδ. The glass transition temperature
denotes the thermal boundary of an amorphous solid polymer, beyond which the
material properties change as it becomes increasingly viscous or rubbery. Tg also
provides an identifier of the polymer being tested, as identical polymers will
always have the same glass transition temperature. The storage modulus beyond
the glass transition temperature provides a measure of the number average
molecular weight of the network chains between crosslinks, or M̅c, and is
calculated using Equation 5. This value measures the molecular weight of
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crosslinked chains in the polymer and provides and estimate of the degree of
crosslinking in the polymer. Higher degrees of crosslinking suggest that the
polymer is more interconnected and can produce improved properties. An
example of the information produced by this test can be found in Figure 5.

̅𝑐 =
𝑀

3𝜌𝑅𝑇
𝐸

̅ c as a function of storage modulus, density, and temperature
Equation 5: M
̅ c=molecular weight between chains (g/mol); ρ=density (g/ml); R=ideal gas
M
constant (8.314 MPa*mL/K*mol); T=temperature (K); E=modulus (MPa)

Figure 5: Example of an Output of a Dynamic Mechanical Analysis
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To determine these properties of the copolymers and composites, dynamic
mechanical analysis was performed using a RSA3 Rheometrics System Analyzer,
shown in Figure 6. The smaller 8 mm diameter samples were loaded into the
machine. The program for the testing assumes rectangular samples as the standard
rather than cylindrical, so the programmed measurements for the samples were
altered slightly to account for the difference in formulae used to calculate the
stress.

Figure 6: RSA3 Rheometrics System Analyzer

The testing procedure was selected to be the dynamic temperature
ramp test, performed at a ramp rate of 1 °C/min with a frequency of 1 Hz. As the
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physical properties in question were not all observable at the same temperature
ranges, two different temperature ranges were used for each sample; the majority
of samples used a range of 30 to 100 °C, while the pure AESO samples used a
range of -10 to 50 °C. The testing used a strain of 0.01 with a constant static force
applied as a compression.

2.2.4. IMPACT TESTING
Impact testing is a method of determining the energy necessary to break a
material, also known as the breaking energy. A sample of the material is notched,
whereby a small, consistent indentation is placed in the sample. The sample is
then placed in a holder, after which a weighted pendulum is released to contact
the material, breaking it. The energy that the pendulum loses due to breaking the
material is the breaking energy of the material. The breaking energy is often
reported as energy per width; however, for this experimentation, all samples were
constructed identically and the length was not factored in. The breaking energy of
the sample provides a measure of the brittleness of the material. The less total
energy that a material can withstand before failure, the more brittle the material is
determined to be.
To determine the breaking energy of the copolymers and composites,
impact testing was performed using a Tinius-Olsen Model 92T Impact Tester,
shown in Figure 7. The samples were notched using a Dynisco Automatic Sample
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Notcher to produce consistent notches in the samples. The larger 10 mm diameter
samples were used for this process and were broken at the notch consistently.

Figure 7: Tinius Olsen Model 92T Impact Tester

2.2.5. DUROMETER MEASURMENTS
Durometer measurement, also known as Shore durometer, is a method of
determining the hardness of a material. Hardness, unlike other material properties,
does not have a commonly defined unit of measurement; instead, several different
measures exist by which to provide hardness of materials. Durometer
measurements use a material’s resistance to penetration under a fixed load as one
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measurement of hardness. This method is frequently applied to polymers, as other
methods cannot easily incorporate the properties of polymers. Several different
durometer scales exists, with A and D being the most often used for soft and hard
polymers, respectively. Each scale is standardized between values of one and one
hundred, with higher values denoting a harder material.

Figure 8: PTC Model 409 Type D Durometer

To determine the hardness of the copolymers and composites, durometer
measurements were performed using a PTC Model 409 Type D Durometer,
shown in Figure 8. The samples were created by cutting off a small piece of
material and imbedding it in a fast curing acrylic base. The acrylic base was
created by combining SamplKwick liquid 20-3568 and SamplKwick powder 203566. The resulting sample was polished to produce a smooth surface on which to

22

develop accurate hardness measurements. The durometer was then placed swiftly
atop the sample, indenting it slightly and producing a measurement along the
scale. Several samples produced values higher than the intended scale would
allow; for these, metered estimates above the 100 mark were made.
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3. ACRYLATED EPOXIDIZED SOYBEAN OIL COPOLYMERS
3.1. SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy was used to develop images of the fracture
surface of several blends of AESO and styrene in copolymers. Selected images
are shown in Figures 9 through 11. A full collection of SEM images take of these
blends is available in Figures 70-74 in Appendix E.
As seen in Figure 9, the fracture surface of a styrene polymer is relatively
smooth. Small cracks occur at the beginning of the fracture site, but do not extend
very far into the sample. Additionally, the notching site is also relatively smooth,
indicating that the cracks can propagate easily through the polymer. In Figure 10,
the fracture surface of the AESO polymer contains more topographical elements.
Small striations can be seen at the beginning of the fracture site, but again, do not
extend far into the sample. The notching site displays an altogether different
appearance. Many striations permeate throughout the site, displaying no smooth
plane whatsoever. This corroborates the expected increase in crosslinking, as the
crack path is impeded by the more interwoven polymer. In Figure 11, the fracture
surface of the heteropolymer is incredibly different. The entire surface is covered
with topographical features, with striations and wave-like patterns permeating the
entire surface. The surface contains no smooth surfaces and does not seem to have
broken along any particular plane. The topographical dissonance is likely caused
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by the two comonomers forming separate regions within the polymer, leading to
the crack permeation leaping and changing directions.

Figure 9: SEM Image of Styrene Polymer Fracture Site

Figure 10: SEM Image of AESO Polymer Fracture Site
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Figure 11: SEM Image of 50:50 AESO/Styrene Copolymer

3.2. THREE POINT FLEXURAL TESTING
The breaking stress, breaking strain, and flexural modulus were measured
for samples of various combinations of acrylated epoxidized soybean oil and
styrene using three point flexural testing. Five samples were created for each
blend ratio. The samples of the same composition were averaged, and plotted as
functions of AESO content in Figures 12 through 14. The standard deviation of
the measurements was also calculated and is included as of error bars. A full
listing of averaged physical properties obtained through three point flexural
testing is available in Table 2 in Appendix A.
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Figure 12: Average Flexural Stress of AESO/Styrene Copolymers

Figure 13: Average Flexural Strain of AESO/Styrene Copolymers
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As shown below in Figure 13, the breaking strain of pure polystyrene is
lower than all of the copolymers tested, with a peak initially, followed by a
decrease after approximately 10 vol% AESO, increasing again after
approximately 50 vol% AESO. In general, higher amounts of AESO result in a
more flexible copolymer and increase the breaking strain. This trend is slightly
less pronounced than the trends in the breaking stress shown previously. The final
peak is likely due to AESO being more ductile than the pure styrene. The initial
peak, however, could be caused by the aforementioned increasing of crosslinking
that was theorized to cause the increase in breaking stress.

Figure 14: Average Flexural Modulus of AESO/Styrene Copolymers
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As shown in Figure 14, the flexural modulus decreases fairly steadily as
volume percentage of AESO increases. Unlike the previous properties, the
flexural modulus does not seem to be greatly affected by the theorized initial
increase in crosslinking. Between roughly 40 and 60 vol%, the flexural modulus
appears to level off slightly. Higher amounts of styrene result in a stiffer polymer,
while AESO makes the copolymer significantly less stiff. The decrease in
modulus in such a linear fashion was not seen in previous studies investigating
AESO/styrene blends, with no trend occurring as AESO content changed. [50]

3.3. DYNAMIC MECHANICAL ANALYSIS
Using dynamic mechanical analysis, the room temperature storage
modulus, storage modulus as a function temperature, glass transition temperature,
and number average molecular weight of network chains were determined. The
room temperature storage modulus was plotted against the AESO weight
percentage in each sample and graphed in Figure 15. The storage modulus of
different blend compositions was plotted against temperature and graphed in
Figure 16. In addition, the expected glass transition temperatures for each nonpure blend was calculated using the Fox equation, listed in Equation 6, and
graphed in comparison to each measured glass transition temperature in Figure
17. The equation uses weight fractions of each component of the copolymer, is
assumed to be the same as in the blend of monomers. The number average
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molecular weight of the network chains of each composition blend at 100 oC was
calculated and graphed in Figure 18. A full listing of data used is available in
Tables 14 through 17 in Appendix D.

1
𝑤1
𝑤2
=
+
𝑇𝑔 𝑇𝑔,1 𝑇𝑔,2
Equation 6: Fox Equation for Predicting Tg of Copolymer blends.
Tg=glass transition temperature of copolymer (K); ω1=weight fraction of
polymer 1; Tg,1=glass transition temperature of polymer 1; ω2=weight
fraction of polymer 2; Tg,2=glass transition temperature of polymer 2

Figure 15: 30 °C Storage Modulus of AESO/Styrene Copolymers
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As shown in Figure 15, the storage modulus decreases almost linearly as
the weight percentage of AESO increase in the copolymer blends. This result is as
expected, as the modulus of a copolymer normally exists as a weighted average of
the modulus of the two pure polymers. The room temperature storage moduli
under cyclic loading conditions are a measure of stiffness and are expected to be
similar in trend and value of moduli from flexural testing. As seen in Figure 9, the
trends and values are quite similar, corroborating the experimental results.

Figure 16: 30-100 °C Storage Modulus of AESO/Styrene Copolymers

As seen in Figure 16, increasing amounts of AESO also decreases the
thermal stability of the copolymers. At 0 vol% AESO, the storage modulus
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remains fairly constant, before experiencing a sharp decline beginning around 75
o

C. As the amount of AESO increases, this decrease comes earlier and less

sharply. This rapid decline is associated with the glass transition temperature.
Below the Tg, the copolymer is fairly rigid and glassy; above the Tg, low stiffness
of the material is caused by the rubbery or viscous nature of the copolymer. This
signifies that small changes in temperature could result in severely differing
material properties.

Figure 17: Measured and Predicted Tg of AESO/Styrene Copolymers

As shown in Figure 17, the glass transition temperatures of the blends
found by the tanδ were found to decrease as weight percentage of AESO was
increased; the change was fairly gradual at first and then increased more rapidly at
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higher AESO contents. The glass transition temperatures between those of the
homopolymers were observed to be slightly higher than those predicted by the
Fox equation; the glass transition temperatures remained fairly high up to 40 wt%
AESO, which may be related to the crosslinking and some of the unusual trends
in the strength and stiffness previously observed.

̅ c of AESO/Styrene Copolymers
Figure 18: M

The number average molecular weight of the network chains is as shown
in Figure 18, the number average molecular weight of the network chains initially
decreases sharply as AESO content increases. After approximately 50 vol%,
however, the M̅c remains remarkably constant, with each measurement falling
between 50 and 100. This confirms the theory that a significant increase in cross
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linking occurs with a small amount of AESO content. It also shows that higher
AESO contents do not greatly increase the crosslinking beyond the initial
escalation. The M̅c was calculated at 100 °C for all of the copolymer belnds, as all
of the blends had a Tg below this value. A slight decrease in the Tg of the
copolymer blends was also seen in previous studies, but at lower overall
temperatures. Glass transiiton temperature was seen to decrease from 317 K at 30
vol% AESO to 310 K at 80 vol% AESO [48]

3.4. IMPACT TESTING
Using impact testing, the breaking energy of various compositions of
AESO and styrene were measured. The samples of the same composition were
then averaged, and plotted as functions of AESO content in Figure 19. In addition,
the standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of the
measurements obtained through impact testing is available in Table 6 in the
Appendix B.
As shown below in Figure 19, the breaking energy increases initially as
AESO content increases, before leveling off after 50 vol%. Between 50 and 100
vol% AESO, the breaking energies are nearly indistinguishable, with the breaking
energy of 100 vol% AESO measuring slightly lower. The pure styrene polymer
was by far the most brittle, with the brittleness of copolymers with high volume
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fractions of AESO remaining fairly constant. Similar to the strain, the addition of
the weaker, more flexible AESO component leads to a modest decrease in
brittleness. The increase in breaking energy was not seen in previous studies
investigating AESO/styrene blends. A general trend in breaking energy as AESO
content changed could not be ascertained, with slight increases and decreases
occurring as the AESO content varied. [50]

Figure 19: Average Breaking Energy of AESO/Styrene Copolymers

3.5. DUROMETER MEASURMENTS
Using durometer measurements, the hardness of various compositions of
AESO and styrene were measured. The samples of the same composition were
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then averaged, and plotted as functions of AESO content in Figure 20. In addition,
the standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of measurements
obtained through durometer measurements is available in Table 10 in Appendix
C.

Figure 20: Average Durometer Hardness of AESO/Styrene Copolymers

As seen in Figure 20, as AESO content increases initially, the durometer
hardness stays relatively constant, with perhaps a slight increase at approximately
25 vol% AESO. After 50 vol% AESO, however, the hardness drops off
significantly, before reaching its lowest value for 100 vol% AESO. The lack of
decrease in hardness initially is promising, as it allows for up to 50 vol% AESO to
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be incorporated without experiencing a significant compromise in hardness. The
decrease in hardness in any noticeable trend was not seen in previous studies
investigating AESO/styrene blends. The hardness did not vary linearly with a
change in AESO content, showing no general trend. [50]
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4. SUMMARY OF FILLED COMPOSITES
The following section will serve to summarize the findings of the
investigation into filler type in composites with AESO/Styrene copolymer as a
filler. An overview and comparison of the properties of all three filled composite
types is presented below. Additional detail and discussion for pecan nut shell
flour, egg shell calcium, and organically modified clay filled composites can be
found in section 5.2, 5.3, and 6.2, respectively.
As one of the primary goals of the project was overall reduction of
nonrenewable components of the material, higher filler loadings are beneficial. Of
the three filler types, egg shell calcium was able to achieve the highest filler
loading at 36 vol%. Pecan nut shell flour was able to achieve the next highest
loading at 23 vol%, while organically modified clay was able to be added at a
mere 4 vol%. The high loading of ESC, and to lesser degree of PNSF, indicates
that they are superior filler candidates.
The addition of all filler types was found to decrease the strength and the
flexibility of the composite. The highest loadings of the PNSF, ESC, and OMC
achieved a breaking stress of 54, 83, and 74 MPa and a breaking strain, of 0.04,
0.02, and 0.06, respectively. The reduction in breaking stress and strain is thought
to be a result of poor adhesion between the filler and matrix, causing the
composite to break prematurely. All of the samples produced a material of a lower
strength than polystyrene (σ=93 MPa); however, the ESC filled sample was only
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moderately weaker. The OMC filled samples were able to produce a material
marginally more flexible than polystyrene (ε=0.05), although polystyrene is
already such a brittle material that the slight differences between the neat polymer
and the composites is essentially irrelevant. The breaking stress and strain of the
composites in comparison to polystyrene is summarized in Figures 21 and 22.

Figure 22: Breaking Stress of Filled Composites and Polystyrene
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Figure 22: Breaking Strain of Filled Composites and Polystyrene

Figure 23: Flexural Modulus of Filled Composites and Polystyrene
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Figure 24: Storage Modulus of Filled Composites and Polystyrene

The filled composites had nearly identical glass transition temperatures to
that of the 50:50 AESO/Styrene copolymer matrix at 356 K. The lack of deviation
indicates that the polymer was not altered by polymerizing around the fillers,
causing neither positive nor negative contributions. These are lower than the glass
transition temperature of pure polystyrene (Tg=365 K), but are not meaningfully
different. All of the composites had nearly identical breaking energies, ranging
between 0.08 and 0.10 J. These are slightly lower than polystyrene at 0.11 J,
although not enough to be detrimental. The decrease in breaking energy is likely
caused by incomplete cohesion between the matrix and the filler, causing
premature fracturing within the composite. The glass transition temperatures and
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breaking energies of the composites in comparison to polystyrene is summarized
in Figures 25 and 26.

Figure 25: Tg of Filled Composites and Polystyrene
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Figure 26: Breaking Energy of Filled Composites and Polystyrene

The hardness of the composites was all significantly improved by the
addition of polystyrene. The PNSF, ESC, and OMC filled samples achieved
hardnesses of 97, 143, and 88, respectively. These were all higher than the
hardness of pure polystyrene at 82. While ESC improved the hardness by the most
at nearly double the measured value, all of the fillers were successful at improving
the hardness of the material. The improvement to the hardness is likely caused by
the filler being substantially harder than the starting copolymer. The hardness of
the composites in comparison to polystyrene is summarized in Figures 27.
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Figure 27: Hardness of Filled Composites and Polystyrene
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5. COMPOSITES WITH BULK FILLERS
5.1. BENEFITS OF BULK FILLERS
Bulk fillers offer many potential benefits when used in polymeric
composites. Bulk fillers are composed of large, macro sized particles, visible
under standard light microscopy. The materials chosen are typically stiffer and
stronger than the polymer matrix, so that the incorporation might increase the
stiffness, strength, and hardness. They are normally made of pulverized materials,
which mean they can be created easily from renewable resources. Additionally,
large amounts of the filler can be added to the copolymer and still produce a
material able to undergo polymerization. While fillers are generally added in
small amounts to improve the properties of the material, high filler contents can
also make the product more biorenewable if the fillers are themselves
biorenewable. Unfortunately, these fillers also tend to chemically different from
the polymeric material; meaning the material as a whole may lack cohesion
between the filler and the polymer, which could in fact compromise properties.

5.2. PECAN NUT SHELL FLOUR FILLER
5.2.1. SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy was used to achieve images of the surface
of pecan nut shell flour filled composites. Selected low magnification images,
shown below in Figures 28-30, demonstrate the dispersion of PNSF in the
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composite. Selected high magnification images, seen in Figures 31-33, depict the
particle size of the filler in the material. A full listing of SEM images take of these
blends is available in Figures 75-92 in Appendix E.

Figure 28: Low Mag SEM Image of 7 vol% PNSF Filled Composite

As shown in Figure 28, the dispersion of 7 vol% PNSF in the composite is
only moderately uniform. The filler is not spread uniformly throughout the
sample, with regions of high filler density and regions with essentially no filler.
The regions tend to be quite small, with the largest measuring no more than 500
μm wide. This creates reasonable dispersion throughout the sample, but poor
dispersion in specific areas.
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At higher rates of filler, the dispersion of 15 vol% PNSF in the material is
significantly improved, as seen in Figure 29. The PNSF is spread very uniformly
throughout the composite, with every section looking visually similar to nearly
any other. Small regions of low PNSF density do exist, but measure less than 100
μm across. In Figure 30, the dispersion of 23 vol% PNSF in the composite is
maximized, with high visual density throughout. No regions of low PNSF density
exist, with every area achieving an appreciable concentration of the filler. Small
agglomerates, approximately 25-50 μm in diameter, have begun appearing on the
surface of the sample. These are likely insignificant, as there are relatively few of
them and they are fairly scattered in the sample.

Figure 29: Low Mag SEM Image of 15 vol% PNSF Filled Composite
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Figure 30: Low Mag SEM Image of 23 vol% PNSF Filled Composite

Figure 31: High Mag SEM Image of 7 vol% PNSF Filled Composite

48

Figure 32: High Mag SEM Image of 15 vol% PNSF Filled Composite

As seen in the high magnification image of 7 vol% in Figure 31, the
particle size is reasonably small. The particles appear to be under 50 μm in size,
with no noticeable agglomerations of the filler forming. In Figure 32, the particle
size remains relatively constant in the 15 vol% PNSF filled material. Individual
particles are again measured at 50 μm or less in diameter, with most appearing at
under 25 μm. Agglomerations of particles have begun to form, with some
reaching almost 100 μm across, but these are still reasonable small and are not
widespread. In Figure 33, the particle size of the filler in the 23 vol% PNSF filled
composites has decreased. The largest particles seem to be no greater than 10 μm
in diameter, with the majority measuring much less than that. The increased PNSF
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loading has allowed for the PNSF to bond more freely with the copolymer,
reducing the self-bonding that caused the larger particles to form.

Figure 33: High Mag SEM Image of 23 vol% PNSF Filled Composite

5.2.2. THREE POINT FLEXURAL TESTING
Using three point flexural testing, the breaking stress, breaking strain, and
flexural modulus were measured for pecan nut shell flour filled composites. The
samples of the same composition were then averaged, and plotted as functions of
PNSF content in Figures 34 through 36. In addition, the standard deviation of the
measurements was calculated and plotted in the aforementioned graphs in the
form of error bars. A full listing of averaged physical properties obtained through
three point flexural testing is available in Table 3 in Appendix A.
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Figure 34: Average Flexural Breaking Stress of PNSF Filled Composites

As shown in Figure 34, the average flexural breaking stress decreases
steadily as the PNSF content increases. The drop is fairly linear between the
bounds, with the breaking stress hitting a maximum at 0 vol% PNSF and reaching
a minimum at 23 vol% PNSF. This trend is likely caused by a lack of complete
bonding between the filler and the copolymer. As the amount of filler increases,
material becomes increasingly less cohesive, allowing fractures to move easily
throughout the interior of the samples. The added interface from larger PNSF
contents likely act as preexisting flaws, which ease the propagation of cracks in
the material. A similar decrease in strength due to added cellulosic filler has been
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seen in other studies; however, the previous studies saw an over 80% decrease
due to filler content, down to 8.1 MPa at 40 wt% filler in poly(lactic acid) (PLA).
[54]

Alternatively, other studies saw an increase in the flexural strength at higher

loadings, ranging from moderate 10 MPa increases at 30 wt% in recycled high
density polyethylene (rHDPE)

[55]

to nearly 3 fold increase at 25 vol% in linseed

oil resin (LOR) [51].

Figure 35: Average Flexural Breaking Strain of PNSF Filled Composites
As shown in Figure 35, the average flexural breaking strain also decreases
as the amount of PNSF in the composites increases. The decrease begins rapidly,
before beginning to level out after approximately 15 vol% PNSF. This trend can
again be explained by a lack of cohesion between the filler and the copolymer.
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With the PNSF supporting little to none of the induced strain, the remaining
copolymer must support the vast majority of it. As the amount of copolymer in
the more PNSF filled composites is lower, the strain decreases. The flexural strain
has previously been identified to decrease slightly due to increased loading of
cellulosic filler in the composite, dropping from strains of 0.159 to 0.056 at 40
wt% filler in PLA. [54]

Figure 36: Average Flexural Modulus of PNSF Filled Composites

In contrast, as shown in Figure 36, the addition of PNSF substantially
increases the stiffness of the neat copolymer. The increase is relatively linear,
rising steadily from 0 vol% PNSF to a maximum at approximately 23 vol%
PNSF. The 23 vol% PNSF, the highest level tested, increased the modulus of the
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composite by a factor of 1.8 over the pure copolymer. This is likely caused by the
modulus of the pure PNSF being much greater than that of the pure copolymer.
While the lack of complete bonding decreased the other material properties, the
nature of the flexural modulus likely avoided this problem. Flexural modulus is
related to the initial change in the stress and strain, before critical cracks and a
fracture in the material develops. The measured moduli all lie between the two
bounds provided by the simple and inverse rules of mixing, indicating the
composite is behaving as expected. An increase in the modulus of the composite
due to the increased cellulosic filler content has been seen in previous research, up
to 1500 MPa at 25 vol% in LOR

[51]

or 1700 MPa at 40 wt% in rHDPE

[55]

.

Alternatively, an increase in filler content has been seen to cause a slight decrease
in modulus, causing a 50% decrease in stiffness at 40 wt% filler in PLA. [54]

5.2.3. DYNAMIC MECHANICAL ANALYSIS
Using dynamic mechanical analysis, the room temperature storage
modulus, storage modulus as temperature varies, glass transition temperature of
pecan nut shell flour filled composites were measured. Values at 7 vol% PNSF
were unable to be attained, as the filler did not stay sufficiently suspended in
copolymer during polymerization in the smaller 8 mm tubes. The room
temperature storage modulus and the glass transition temperatures were plotted
against the PNSF content in each sample and graphed below in Figures 37 and 39,
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respectively. The storage modulus of different blend compositions were plotted
against temperature and graphed below in Figure 38. A full listing of data used is
available in Tables 18 through 20 in Appendix D.
As seen in Figure 37, the room temperature storage modulus increases
steadily as the amount of PNSF in the material increases. The increase in modulus
is likely caused by the higher stiffness of PNSF than the neat copolymer. The
moduli measured by this method are similar to those measured in the three point
flexural testing, corroborating the results of each technique. These experiments
confirm the conclusion that the addition of PNSF as a filler leads to an increase in
the stiffness of the composite.

Figure 37: 30 °C Storage Modulus of PNSF Filled Composites
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As shown in Figure 38, the addition of PNSF leads to higher storage
moduli at all temperatures. This result was expected, as the glass transition
temperature of cellulose, the main component of PNSF is much higher than that
of the neat copolymer. The PNSF does not seem to increase the thermal stability
of the composite greatly. The rapid decrease in the storage modulus still occurs at
roughly the same temperature, and the slope of the decline does not vary
significantly with changes in PNSF content. While the material properties are
improved with higher PNSF contents, they are no less prone to loss due to
temperature shifts.

Figure 38: 30 -100 °C Storage Modulus of PNSF Filled Composites
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Figure 39: Glass Transition Temperature of PNSF Filled Composites

The similarity of this temperature response is further illustrated in Figure
39. The glass transition temperature, as measured by the tanδ peak, does not
change with the addition of PNSF. The identical glass transition temperatures
indicate that the response of chains in the copolymer matrix within the composites
has not changed with the addition of PNSF as a filler. The decreases in the
modulus with temperature changes are in all cases due to the softening of the
matrix polymer. Conversely, the addition of PNSF does nothing to increase the
glass transition temperature. A higher Tg would produce greater thermal stability
and improve the performance of the material. Any effect of filler particles on
behavior of individual chains in the matrix is limited to the matrix-filler
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interfaces, which make up a small fraction of the volume of the matrix polymer.
The lack of change in glass transition temperature has been seen in previous
studies, with a slight decrease in Tg from 330 K to 325K at 40 wt% cellulosic
filler in PLA. [54] Alternatively, increases in Tg have been seen to increase as filler
content from 350 K to 400 K at 30 wt% filler in LOR.[51]

5.2.4. IMPACT TESTING
Using impact testing, the breaking energy of pecan nut shell flour filled
composites was measured. The samples of the same composition were then
averaged, and plotted as functions of PNSF content in Figure 40. In addition, the
standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of the
measurements obtained through impact testing is available in Table 7 in the
Appendix B.
As seen in Figure 40, the PNSF filled samples were much more brittle
than that of the neat copolymer. The breaking energy experiences an immediate
drop as the PNSF content initially increases. After roughly 7 vol% PNSF,
however, the breaking energy levels off and remain fairly constant between 0.08
and 0.1 J. The drop is likely caused by the lack of cohesion between the filler and
the copolymer in the composite and is caused by a similar mechanism that
resulted in decreased breaking strain. Once PNSF is added, the fracture in the
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material has less polymer to fracture through, decreasing the energy needed to
propagate through. Unlike the breaking strain, additional PNSF beyond 7 vol%
did not further compromise the composite’s breaking energy. This could indicate
that the brittleness of the material is not affected by the total addition of filler,
merely by the fact that filler had been added. Previous studies had identified
similar drop in breaking energy as cellulosic filler content increase, showing a
50% decrease as filler content increased to 40 wt% in rHDPE. [55]

Figure 40: Average Breaking Energy of PNSF Filled Composites
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5.2.5. DUROMETER MEASUREMENTS
Using durometer measurements, the hardness of pecan nut shell flour
filled composites was measured. The samples of the same composition were then
averaged, and plotted as functions of AESO content in Figure 41. In addition, the
standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of measurements
obtained through durometer measurements is available in Table 11 in Appendix
C.

Figure 41: Average Durometer Hardness of PNSF Filled Composites
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As seen in Figure 41, the hardness of the composite increase as the PNSF
content increases. The rise begins gradually, with a greater rate of increase at
higher loadings of PNSF. The 23 vol% PNSF, the highest loading tested, showed
an increase in hardness of nearly 20%. The increase in the measured hardness was
expected; the filler used in the composite was harder on its own than the pure
copolymer. The greater hardness could be promising, as it indicates that this
material property could be easily controlled and improved through the addition of
this filler.

5.3. EGG SHELL CALCIUM FILLER
5.3.1. SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy was used to achieve images of the surface
of egg shell calcium filled composites. Selected low magnification images, shown
in Figures 42-44, demonstrate the dispersion of ESC in the composite. Selected
high magnification images, seen below in Figures 45-47, depict the particle size
of the filler in the material. A full listing if SEM images take of these blends is
available in Figures 93-110 in Appendix E.
As shown in Figure 42, the dispersion of 20 vol% ESC in the composite is
fairly high. The filler is spread uniformly throughout the sample, with few regions
of high filler density and few regions with essentially no filler. The filler does not
seem to be very clustered, with the ESC mixed evenly throughout. The regions of
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low ESC density tend to be quite small, with the largest measuring no more than
200 μm wide. This creates reasonable dispersion throughout the sample. In Figure
43, the dispersion of 27 vol% ESC in the material is improved. The ESC is spread
very uniformly throughout the composite, with every section looking visually
similar to nearly any other. Small regions of low ESC density do exist, but
measure less than 50 μm across. In Figure 44, the dispersion of 36 vol% ESC in
the composite is very high. Low ESC density regions exist, but the surface is
packed with filler. Agglomerates, approximately 200 μm in diameter, have begun
appearing on the surface of the sample. These are significant, as pockmarks have
been left where the masses have been broken off.

Figure 42: Low Mag SEM Image of 20 vol% ESC Filled Composite
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Figure 43: Low Mag SEM Image of 27 vol% ESC Filled Composite

Figure 44: Low Mag SEM Image of 36 vol% ESC Filled Composite
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As seen in Figure 45, the particle size of the ESC in the 20 vol% ESC
filled composite is reasonably small. The particles appear to be under 20 μm in
size, with no noticeable agglomerations of the filler forming. In Figure 46, the
particle size remains relatively constant in the 27 vol% ESC filled material.
Individual particles are again measured at 20 μm or less in diameter, with most
appearing at under 10 μm. Agglomerations of particles have begun to form, with
some reaching almost 50 μm across, but these are still reasonable small and are
not widespread. In Figure 47, the particle size of the filler in the 36 vol% ESC
filled composites has increased. The largest particles are measured at upwards of
100 μm in diameter, with agglomerations forming even larger species. This
reinforces the results seen at the low magnification of this composition, and
suggests that this loading may be too high for efficient material usage.

Figure 45: High Mag SEM Image of 20 vol% ESC Filled Composite
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Figure 46: High Mag SEM Image of 27 vol% ESC Filled Composite

Figure 47: High Mag SEM Image of 36 vol% ESC Filled Composite
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5.3.2. THREE POINT FLEXURAL TESTING
Using three point flexural testing, the breaking stress, breaking strain, and
flexural modulus were measured for egg shell calcium filled composites. The
samples of the same composition were then averaged, and plotted as functions of
ESC content in Figures 48 through 50. In addition, the standard deviation of the
measurements was calculated and plotted in the aforementioned graphs in the
form of error bars. A full listing of averaged physical properties obtained through
three point flexural testing is available in Table 4 in Appendix A.

Figure 48: Average Flexural Breaking Stress of ESC Filled Composites
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As shown in Figure 48, the flexural breaking strain decreases initially as
the ESC content increases. After 20 vol% ESC, the breaking stress increases
slightly, but does not hold to any overall trend. The chaotic nature of this result
could be due to the connection between the filler and the copolymer. At lower
ESC loadings, the lack of cohesion within the material could lead to the
copolymer taking the majority of the stress. At higher loadings, the ESC could
begin to bear more of the force, resulting in an increase in overall stress.

Figure 49: Average Flexural Breaking Strain of ESC Filled Composites

As seen in Figure 49, the flexural breaking strain decreases as the amount
of ESC in the material increases. The pure copolymer can withstand the most
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strain, while the addition of any filler immediately causes a decrease. This trend is
likely caused by the inflexible nature of the pure filler; ESC is primarily calcium
carbonate, which cannot withstand significant strain. The decrease could also be
the result of a lack of bonding between the filler and the copolymer. Without
bonding occurring, the ESC could be taking no strain at all, with only the reduced
copolymer amount bearing the force.

Figure 50: Average Flexural Modulus of ESC Filled Composites

As shown in Figure 50, the flexural modulus significantly increases with
an increase in ESC content. The pure copolymer has the lowest measured
modulus, with every ESC filled composite experiencing a more than doubled
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modulus. This trend is likely caused by the ESC being much stiffer than the
copolymer. The large increase, however, is unusual and will need to be
substantiated by similar increases in other material properties. The measured
moduli all lie between the two bounds provided by the simple and inverse rules of
mixing, indicating the composite is behaving as expected. Previous studies
involving calcium carbonate based fillers saw no significant trend in modulus as
filler content increased in polypropylene. [52]

5.3.3. DYNAMIC MECHANICAL ANALYSIS
Using dynamic mechanical analysis, the room temperature storage
modulus, storage modulus as temperature varies, glass transition temperature of
egg shell calcium filled composites were measured. Values at 20 vol% ESC were
unable to be attained, as the filler did not stay suspended in copolymer during
polymerization in the smaller 8 mm tubes. The room temperature storage modulus
and the glass transition temperatures were plotted against the ESC content in each
sample and graphed in Figures 51 and 53, respectively. The storage modulus of
different blend compositions were plotted against temperature and graphed in
Figure 52. A full listing of data used is available in Tables 21 through 23 in
Appendix D.
As seen in Figure 51, the room temperature storage modulus increases as
the amount of ESC in the material increases. The increase in modulus is likely
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caused by the ability of the ESC to withstand more force with less strain than the
copolymer. The moduli measured by this method are significantly lower than
those measured by the three point flexural testing. This could be the cause for
some trepidation at the utilization of the previously reported data. The moduli are
still significantly higher than that of the copolymer, but the exact values are not as
comparable.

Figure 51: 30 °C Storage Modulus of ESC Filled Composites

As shown in Figure 52, storage modulus increases as ESC content
increases at all temperatures. This result was expected, as the ESC was not a
polymer and was therefore less susceptible to changes in material properties as
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temperature changes. The ESC does not seem to increase the thermal stability of
the composite greatly. The decrease is the storage modulus still occurs at roughly
the same temperature, and the slope of the decline does not vary significantly with
changes in ESC content. While the material properties are improved with higher
ESC contents, they are no less prone to loss due to temperature shifts.

Figure 52: 30-100 °C Storage Modulus of ESC Filled Composites

As seen in Figure 53, the glass transition temperature does not change
with the addition of ESC. This result is beneficial, as identical glass transition
temperatures indicate that the copolymer in the composites has not changed with
the addition of ESC as a filler. The material properties expected of the copolymer
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should still be expected, as the chemical structure has likely remained the same.
Conversely, the addition of ESC does nothing to increase the glass transition
temperature. A higher Tg would produce greater thermal stability and improve the
performance of the material.

Figure 53: Glass Transition Temperature of ESC Filled Composites

5.3.4. IMPACT TESTING
Using impact testing, the breaking energy of egg shell calcium filled
composites was measured. The samples of the same composition were then
averaged, and plotted as functions of PNSF content in Figure 54. In addition, the
standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of the
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measurements obtained through impact testing is available in Table 8 in the
Appendix B.

Figure 54: Average Breaking Energy of ESC Filled Composites

As seen in Figure 54, the breaking energy experiences an immediate drop
as the ESC content initially increases. After roughly 20 vol% ESC, the breaking
energy decreases more slowly before leveling off after 27 vol% ESC. The initial
drop is likely caused by the lack of cohesion between the filler and the copolymer
in the composite. Once ESC is added, the fracture in the material has less AESO
to jump between, decreasing the energy needed to propagate through. The
consistency once ESC is added could indicate that the energy needed to separate
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the ESC from the copolymer remains fairly constant as ESC content increases.
The breaking strain could be more directly related to the energy of separation and
less caused by the energy to fracture copolymer in the composite.

5.3.5. DUROMETER MEASURMENTS
Using durometer measurements, the hardness of egg shell calcium filled
composites were measured. The samples of the same composition were then
averaged, and plotted as functions of AESO content in Figure 55. In addition, the
standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of measurements
obtained through durometer measurements is available in Table 12 in Appendix
C.
As seen in Figure 55, the hardness of the composite increase as the ESC
content increases. The rise begins gradually, with the greatest rate of increase
between 27 and 36 vol% PNSF. The values above 100 are not precise
measurements; the hardness scale used only makes measurements up to 100, so
higher values were visually estimated. The increase in the measured hardness was
expected; the filler used in the composite was harder on its own than the pure
copolymer. The greater hardness could be promising, as it indicates that this
material property could be easily controlled through the addition of this filler.
Conversely, the values of this hardness are all higher than that of the pure styrene
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polymer, indicating that a change in this material property will need to be
accounted for if using these blends.

*Values above 100 are imprecise

Figure 55: Average Durometer Hardness of ESC Filled Composites
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6. COMPOSITES WITH NANOFILLER
6.1 BENEFITS OF NANOFILLERS
Nanofillers offer many potential benefits when used in polymeric
composites. Nanofillers consist of incredibly small particles, only visible to
microscopy on the nanoscale. They are normally made of specially engineered
material, which adds a level of complexity to their production. Additionally, only
small amounts of material can be added to a monomer mixture and still produce a
material able to undergo polymerization. While fillers are generally added in
small amounts to improve the properties of the material, it would be ideal if larger
amounts could be added, so long as the filler is itself biorenewable. The small size
also allows for modification of the filler to be easily performed, allowing for
increase cohesion between the filler and the polymer matrix.

6.2 ORGANICALLY MODIFIED CLAY FILLER
6.2.1. SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy was used to achieve images of the surface
organically modified clay filled composites. Selected low magnification images,
shown in Figures 56-58, demonstrate the dispersion of OMC in the composite.
Selected high magnification images, seen below in Figures 59-61, depict the
particle size of the filler in the material. A full listing if SEM images take of these
blends is available in to Figures 111-129 in Appendix E.
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Figure 56: Low Mag SEM Image of 1 vol% OMC Filled Composite

Figure 57: Low Mag SEM Image of 2 vol% OMC Filled Composite
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Figure 58: Low Mag SEM Image of 4 vol% OMC Filled Composite

As shown in Figure 56, the dispersion of 1 vol% OMC in the composite is
very high. The filler is spread uniformly throughout the sample, with high filler
density throughout the composite. The filler does not seem to be very clustered,
with the OMC mixed evenly throughout. The regions of low OMC density tend to
be quite small, with the largest measuring no more than 100 μm wide. This
creates high dispersion throughout the sample. In Figure 57, the dispersion of 2
vol% OMC in the material is nearly maximized. The OMC is spread very
uniformly throughout the composite, with every section looking visually similar
to nearly any other. No regions of noticeably low PNSF density can be seen,
indicating that the filler is dispersed throughout. In Figure 58, the dispersion of 4

78

vol% OMC in the composite is as high as is possible. The surface is almost
entirely uniform, with a few areas containing only a small decrease in OMC
density. No noticeable agglomerations have formed, indicating that all of the
OMC is till contained within the composite. This indicates a high efficiency of
material usage, but also indicates that the maximum amount of OMC added is
severely limited.

Figure 59: High Mag SEM Image of 1 vol% OMC Filled Composite

As seen in Figure 59, the particle size of the OMC in the 1 vol% OMC
filled composite is incredibly small. What particles are visible are very minute
and infrequent, measuring at less than 10 μm across. The majority of the filler is
smaller than can be measured, which is expected from the use of a nanofiller. In
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Figure 60, the visible particle size remains relatively constant in the 2 vol% OMC
filled material. Individual particles are again measured at 10 μm or less in
diameter, with the majority of the particles remaining smaller than measurable.
No agglomerations of particles have formed, with the majority of the filler still in
particulate form. In Figure 61, the particle size of the filler in the 4 vol% OMC
filled composites is unmeasurable. The entire surface is uniform, appearing as an
unvarying mixture of OMC and copolymer. The surface is completely packed
with OMC, indicating that no higher amounts of OMC could be added to this
copolymer effectively.

Figure 60: High Mag SEM Image of 2 vol% OMC Filled Composite
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Figure 61: High Mag SEM Image of 4 vol% OMC Filled Composite

6.2.2. THREE POINT FLEXURAL TESTING
Using three point flexural testing, the breaking stress, breaking strain, and
flexural modulus were measured for organically modified clay filled composites.
The samples of the same composition were then averaged, and plotted as
functions of OMC content in Figures 62 through 64. In addition, the standard
deviation of the measurements was calculated and plotted in the aforementioned
graphs in the form of error bars. A full listing of averaged physical properties
obtained through three point flexural testing is available in Table 5 in Appendix
A.
As shown above in Figure 62, the average flexural breaking stress
decreases steadily as the OMC content increases. The drop is fairly linear, with
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the breaking stress peaking at 0 vol% OMC and reaching the nadir at 4 vol%
OMC. This trend is likely caused by the breaking strain of pure OMC being
substantially lower than that of the pure copolymer. As more OMC is added to the
composite, the material can withstand less force and fractures. Magnitude of the
decrease in the breaking stress is somewhat unexpected, as a drop in breaking
stress of over 20% is experienced with only 4 vol% OMC. Previous studies had
indicated a moderate increase as nanoclay filler content increased, raising 10 MPa
as the filler content increased to 5 wt% in a conjugated soybean oil/styrene
copolymer. [58]

Figure 62: Average Flexural Breaking Stress of OMC Filled Composites

82

As seen above in Figure 63, the average flexural breaking strain decreases
as the amount of OMC in the composites increases. The decrease is fairly linear,
with consistent decreases as high OMC contents are used. This trend can again be
explained by the breaking strain of pure OMC being significantly lower than that
of the copolymer. The significant decrease, seen in the breaking stress, is also
seen in the breaking strain, with a drop of almost 40% occurring with only 4 vol%
OMC. The flexural strain has previously been identified to increase due to
increased loading of nanoclay filler in the composite. A loading of 5 wt% filler
was found to increase the flexural strain from by 0.10 in a conjugated soybean
oil/styrene copolymer. [58]

Figure 63: Average Flexural Breaking Strain of OMC Filled Composites
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Figure 64: Average Flexural Modulus of OMC Filled Composites

As shown in Figure 64, the flexural modulus initially increases as the
OMC content increases. The modulus then levels out above 1 vol% OMC, with
no significant change at any higher loadings. Regardless of the amount of OMC
added to the copolymer, the modulus does not seem to increase above 1600 MPa.
This result is not particularly useful, as it signifies that using less copolymer does
not produce significantly improved properties. On the other hand, only a small
amount of filler is needed to produce any change in the modulus, which could be
useful as a small additive. The measured moduli all lie between the two bounds
provided by the simple and inverse rules of mixing, indicating the composite is
behaving as expected. An increase in the modulus of the composite due to the
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increased

nanofiller content has been seen in previous research. The exact

magnitude of the increase has varied, with some studies showing only a slight
increase of 40% MPa at 5 wt% filler in conjugate soybean oil/styrene copolymers
[58]

and others showing a significant 300% increase at 3 wt% filler in

AESO/styrene copolymers [59].

6.2.3. DYNAMIC MECHANICAL ANALYSIS
Using dynamic mechanical analysis, the room temperature storage
modulus, storage modulus as temperature varies, glass transition temperature of
organically modified clay filled composites were measured. The room
temperature storage modulus and the glass transition temperatures were plotted
against the OMC content in each sample and graphed in Figures 65 and 67,
respectively. The storage modulus of different blend compositions were plotted
against temperature and graphed in Figure 66. A full listing of data used is
available in Tables 24 through 26 in Appendix D.
As seen in Figure 65, the room temperature storage modulus increases
initially as the amount of OMC in the material increases. After the initial increase,
the modulus remains fairly constant, with no change as the amount of OMC in the
filler increases. This corresponds with the result from the three point flexural
testing, where a similar trend was seen in Figure 64. The increase in the modulus
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is not as severe as that seen in the previous testing, but the overall pattern
continues.

Figure 65: 30 °C Storage Modulus of OMC Filled Composites

As shown in Figure 66, storage modulus increases as OMC content is
added at all temperatures. This result was expected, as the OMC was not a
polymer and was therefore less susceptible to changes in material properties as
temperature changes. Increased amounts of OMC, however, do not seem to
increase the modulus at any given temperature. This was somewhat expected, as
the modulus remained the same at room temperature. The OMC does not seem to
increase the thermal stability of the composite greatly. The decrease is the storage
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modulus still occurs at roughly the same temperature, and the slope of the decline
does not vary significantly with changes in OMC content. While the material
properties are improved with added OMC, they are no less prone to loss due to
temperature shifts.

Figure 66: 30-100 °C Storage Modulus of OMC Filled Composites

As seen in Figure 67, the glass transition temperature does not change
with the addition of OMC. This result is beneficial, as identical glass transition
temperatures indicate that the copolymer in the composites has not changed with
the addition of OMC as a filler. The material properties expected of the
copolymer should still be expected, as the chemical structure has likely remained
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the same. Conversely, the addition of OMC does nothing to increase the glass
transition temperature. A higher Tg would produce greater thermal stability and
improve the performance of the material. Previous studies have shown a slight
variation in glass transition temperature with the addition of nanofillers, either
trending upward with a 20 K increase at 3 wt% filler in an ESO/styrene
copolymer

[59]

or slightly downward with a 5 K decrease at 5 wt% filler in a

conjugated soybean oil/styrene copolymer [58].

Figure 67: Glass Transition Temperature of OMC Filled Composites
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6.2.4. IMPACT TESTING
Using impact testing, the breaking energy of organically modified clay
filled composites was measured. The samples of the same composition were then
averaged, and plotted as functions of OMC content in Figure 68. In addition, the
standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of the
measurements obtained through impact testing is available in Table 9 in the
Appendix B.

Figure 68: Average Breaking Energy of OMC Filled Composites
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As seen in Figure 68, the breaking energy experiences an immediate drop
as the OMC content initially increases. After roughly 1 vol% OMC, however, the
breaking energy levels off and remain fairly constant. This result is surprising, as
a significant drop off occurs with very little filler added. The decrease does not
seem to be related to the amount of OMC added, as the same breaking energy is
needed regardless of how much OMC is contained within the composite, so long
as it contains some. This result is useful, as it shows that higher loadings of OMC
do not produce any further decrease in breaking energy.

6.2.5. DUROMETER MEASURMENTS
Using durometer measurements, the hardness of organically modified clay
filled composites were measured. The samples of the same composition were then
averaged, and plotted as functions of ESC content in Figure 69. In addition, the
standard deviation of the measurements was calculated and plotted in the
aforementioned graphs in the form of error bars. A full listing of measurements
obtained through durometer measurements is available in Table 13 in Appendix
C.
As seen in Figure 69, the hardness of the composite increases as the OMC
content increases. The rise is fairly linear between 0 and 2 vol% OMC, but
remains fairly constant from 2 vol% OMC to 4 vol% OMC. Unlike previous
fillers examined in this study, the added OMC does not take the hardness of the
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material significantly past that of the pure styrene polymer. This is potentially
beneficial, as it indicates that OMC can be added as a filler without exceeding the
hardness expected of polystyrene. It also indicates that OMC cannot be used to
increase the hardness of the polymer beyond what was already expected.

Figure 69: Average Durometer Hardness of OMC Filled Composites
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7. CONCLUSIONS
AESO and styrene were successfully polymerized throughout the entire
composition range, with the samples ranging from hard and rigid with more
styrene to soft and rubbery with more AESO. As the amount of acrylated
epoxidized soybean oil in the copolymer increased, the mechanical and physical
properties of the material changed. The strength and stiffness both decreased,
while the flexibility increased. The brittleness decreased initially, before
becoming relatively constant. The hardness decreased, but more slowly than was
expected. The thermal stability of the material decreased significantly. The glass
transition temperature decreased, but not as severely as was predicted. The
crosslinking within the copolymer increased significantly, but only initially.
These properties show that the additional of AESO, in general creates an
inferior copolymer to polystyrene. While some of the properties did not diminish
as badly as was expected, there was still a decrease in properties that would need
to be addressed before use of this polymer. The increased breaking energy and the
decreased M̅C do point toward a slight improvement; they do not make up for the
overall worsening of the polymer. The composition of the copolymer can be used
to tune these properties toward a specific application, depending on the exact
material properties needed. The copolymers provide a suitable starting material
for the production of filled plastics.
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In general, the addition of any filler in the copolymer had a similar effect
to the flexural properties. All fillers caused a decrease in the flexural breaking
stress and strain of the composite. They did all, however, manage to increase the
flexural modulus to levels at or above polystyrene. The bulk fillers, pecan nut
shell flour and egg shell calcium, both increased the flexural modulus above that
of polystyrene, with higher loadings of ESC greatly exceeding those of the
polymer. The nanofiller, organically modified clay, did increase the modulus to
that of polystyrene, but the addition of more filler did not improve the modulus
further. The bulk fillers were better at creating composites that improved upon
polystyrene, while the nanofiller could create a composite that acted similarly to
polystyrene.
The addition of fillers to the composite decreased the breaking energy of
the material for every filler tested. Each filler caused a nearly identical pattern,
with a sudden jump occurring when the filler was first added, but with little to no
change when high amounts of filler were used. All of the fillers, however, did not
lower the breaking energy significantly below that of polystyrene. In general,
these fillers can be added without producing breaking energies worse than that of
polystyrene.
As more filler was added to the composite, the hardness of the material
increased. The addition of OMC improved the hardness to that of polystyrene,
while the addition of PNSF increased the hardness to levels above that of
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polystyrene. The ESC produced the hardest composites, with the hardness
measurements technically exceeding the hardness scale used. All of these fillers
can be added to improve the hardness of the copolymer to match that of
polystyrene. The bulk fillers can be used to produce harder materials, but higher
loadings of these will also produce materials that may be harder than is needed for
a particular usage.
The room temperature storage moduli of these composites roughly
confirmed the three point flexural testing, with the flexural moduli of the ESC
filled composites slightly exceeding them. The addition of the fillers did nothing
to improve the thermal stability of the composites, leaving them all still
susceptible to temperature changes. The glass transition temperatures of the
composites remained the same, indicating that the polymer was neither changed
by the filler nor improved by it.
All three of the fillers achieve good dispersion and small particle size in
their composites. The PNSF filled composites had better dispersion as the filler
content increased, which also improved the particle size of the material. The ESC
filled composites initially had better dispersion and smaller particle size as the
filler content increased, but the high filler content led to agglomeration into large
masses, indicating a poor use of materials. The OMC filled composites had the
greatest dispersion and smallest particle size, which was expected due to the
nature of nanofillers; the highest loading of OMC tested produce a perfectly
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uniform sample, with particle sized blurring into one composite. The dispersion of
the bulk fillers could be improved, but does not seem to be severely hindering.
Out of all of the composites tested, 36 vol% ESC compared the most
favorably to polystyrene, summarized below in Table 1. The breaking stress and
strain decreased slightly, but not greatly. The composite was also slightly more
brittle than polystyrene. However, as many of these properties are already low for
polystyrene compared to other polymers, the decrease is not appreciable
important. The stiffness of the material greatly exceeded that of the polymer, by a
factor of two to three depending on the precise measurement. The hardness was
also greatly increase, achieving almost double that of polystyrene. Overall the
composite was able to achieve potentially practical set of properties and could be
implemented as a commercially viable material.

Table 1: Comparison of Polystyrene and 36 vol% ESC Filled Composite
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8. RECOMMENDATIONS
Based on these findings, bulk fillers appear to be better suited for use in
biorenewable composites. Initially, more filler can be used, which correlates to
less styrene usage and less usage of nonrenewable resources. Several material
properties, such as modulus and hardness, can be improved to make the composite
perform better than polystyrene. While the thermal properties and breaking
energy cannot be improved, they are also made no worse by the addition of the
bulk fillers. The nanofiller did have better dispersion and smaller particle sizes,
but not significantly enough to warrant its usage. Specifically, egg shell calcium is
recommended to be used as a filler, as higher loadings of it can be added and it
improves the properties more than any other filler tested.
Much further research can be performed based on this study. The exact
benefit of the other components to the copolymer besides the comonomers should
be determined. Exactly how much the divinylbenzene actually improves the
crosslinking and how much is required to be used should be investigated.
Alternative polymerization methods, such as UV polymerization, should be
investigated to determine if the results are similar. In terms of composites,
alternative blends of AESO in the copolymer, such as 75 or 90 vol%, should be
researched. This will demonstrate how effective these fillers are at improving the
properties of the composites and how little nonrenewable resources can be used to
make them. The use of bonding agents in the composites could greatly improve
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the properties of the materials. One of the largest problems with the fillers is their
lack of cohesion with the polymer, which diminishes their physical properties.
The addition of bonding agents could further improve the properties and help
make even better biorenewable materials.
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APPENDIX A: Three Point Flexural Testing Data

Table 2: Three Point Flexural Data of AESO/Styrene Copolymers

Table 3: Three Point Flexural Data of PNSF Filled Composites

Table 4: Three Point Flexural Data of ESC Filled Composites
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Table 5: Three Point Flexural Data of OMC Filled Composites
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APPENDIX B: Impact Testing Data

Table 6: Impact Testing Data of AESO/Styrene Copolymers

Table 7: Impact Testing Data of PNSF Filled Composites

Table 8: Impact Testing Data of ESC Filled Composites
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Table 9: Impact Testing Data of OMC Filled Composites
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APPENDIX C: Durometer Measurement Data

Table 10: Durometer Measurement Data of AESO/Styrene Copolymers

Table 11: Durometer Measurement Data of PNSF Filled Composites

Table 12: Durometer Measurement Data of ESC Filled Composites
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Table 13: Durometer Measurement Data of OMC Filled Composites

C-2

APPENDIX D: Dynamic Mechanical Analysis Data

Table 14: DMA Data of AESO/Styrene Copolymers
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Table 15: 30 °C Storage Modulus Data of AESO/Styrene Copolymers

Table 16: Measured and Predicted Tg Data of AESO/Styrene Copolymers
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Table 17: Storage Modulus and M
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Table 18: DMA Data of PNSF Filled Composites
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Table 19: 30 °C Storage Modulus Data of PNSF Filled Composites

Table 20: Glass Transition Temperature Data of PNSF Filled Composites
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Table 21: DMA Data of ESC Filled Composites
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Table 22: 30 °C Storage Modulus Data of ESC Filled Composites

Table 23: Glass Transition Temperature Data of ESC Filled Composites
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Table 24: DMA Data of OMC Filled Composites
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Table 25: 30 °C Storage Modulus Data of OMC Filled Composites

Table 26: Glass Transition Temperature Data of OMC Filled Composites
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APPENDIX E: Scanning Electron Microscopy Images

Figure 70: 22x Mag SEM Image of Styrene Polymer Fracture Site

Figure 71: 75x Mag SEM Image of AESO Polymer Fracture Site
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Figure 72: 70x Mag SEM Image of 50:50 AESO/Styrene Copolymer

\
Figure 73: 75x Mag SEM Image of 50:50 AESO/Styrene Copolymer
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Figure 74: 500x Mag SEM Image of 50:50 AESO/Styrene Copolymer

Figure 75: 33x Mag SEM Image of 7 vol% PNSF Filled Composite
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Figure 76: 35x Mag SEM Image of 7 vol% PNSF Filled Composite

Figure 77: 55x Mag SEM Image of 7 vol% PNSF Filled Composite
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Figure 78: 100x Mag SEM Image of 7 vol% PNSF Filled Composite

Figure 79: 150x Mag SEM Image of 7 vol% PNSF Filled Composite
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Figure 80: 400x Mag SEM Image of 7 vol% PNSF Filled Composite

Figure 81: 700x Mag SEM Image of 7 vol% PNSF Filled Composite
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Figure 82: 30x Mag SEM Image of 15 vol% PNSF Filled Composite

Figure 83: 35x Mag SEM Image of 15 vol% PNSF Filled Composite
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Figure 84: 100x Mag SEM Image of 15 vol% PNSF Filled Composite

Figure 85: 250x Mag SEM Image of 15 vol% PNSF Filled Composite
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Figure 86: 500x Mag SEM Image of 15 vol% PNSF Filled Composite

Figure 87: 1000x Mag SEM Image of 15 vol% PNSF Filled Composite
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Figure 88: 30x Mag SEM Image of 23 vol% PNSF Filled Composite

Figure 89: 35x Mag SEM Image of 23 vol% PNSF Filled Composite
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Figure 90: 100x Mag SEM Image of 23 vol% PNSF Filled Composite

Figure 91: 250x Mag SEM Image of 23 vol% PNSF Filled Composite
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Figure 92: 500x Mag SEM Image of 23 vol% PNSF Filled Composite

Figure 93: 30x Mag SEM Image of 20 vol% ESC Filled Composite
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Figure 94: 30x Mag SEM Image of 20 vol% ESC Filled Composite

Figure 95: 100x Mag SEM Image of 20 vol% ESC Filled Composite
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Figure 96: 250x Mag SEM Image of 20 vol% ESC Filled Composite

Figure 97: 500x Mag SEM Image of 20 vol% ESC Filled Composite
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Figure 98: 1000x Mag SEM Image of 20 vol% ESC Filled Composite

Figure 99: 27x Mag SEM Image of 27 vol% ESC Filled Composite

E-15

Figure 100: 35x Mag SEM Image of 27 vol% ESC Filled Composite

Figure 101: 100x Mag SEM Image of 27 vol% ESC Filled Composite
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Figure 102: 250x Mag SEM Image of 27 vol% ESC Filled Composite

Figure 103: 500x Mag SEM Image of 27 vol% ESC Filled Composite
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Figure 104: 1000x Mag SEM Image of 27 vol% ESC Filled Composite

Figure 105: 27x Mag SEM Image of 36 vol% ESC Filled Composite
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Figure 106: 35x Mag SEM Image of 36 vol% ESC Filled Composite

Figure 107: 100x Mag SEM Image of 36 vol% ESC Filled Composite
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Figure 108: 250x Mag SEM Image of 36 vol% ESC Filled Composite

Figure 109: 500x Mag SEM Image of 36 vol% ESC Filled Composite
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Figure 110: 500x Mag SEM Image of 36 vol% ESC Filled Composite

Figure 111: 33x Mag SEM Image of 1 vol% OMC Filled Composite
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Figure 112: 33x Mag SEM Image of 1 vol% OMC Filled Composite

Figure 113: 100x Mag SEM Image of 1 vol% OMC Filled Composite
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Figure 114: 250x Mag SEM Image of 1 vol% OMC Filled Composite

Figure 115: 500x Mag SEM Image of 1 vol% OMC Filled Composite
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Figure 116: 1000x Mag SEM Image of 1 vol% OMC Filled Composite

Figure 117: 30x Mag SEM Image of 2 vol% OMC Filled Composite
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Figure 118: 35x Mag SEM Image of 2 vol% OMC Filled Composite

Figure 119: 100x Mag SEM Image of 2 vol% OMC Filled Composite
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Figure 120: 250x Mag SEM Image of 2 vol% OMC Filled Composite

Figure 121: 500x Mag SEM Image of 2 vol% OMC Filled Composite
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Figure 122: 1000x Mag SEM Image of 2 vol% OMC Filled Composite

Figure 123: 30x Mag SEM Image of 4 vol% OMC Filled Composite
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Figure 124: 35x Mag SEM Image of 4 vol% OMC Filled Composite

Figure 125: 100x Mag SEM Image of 4 vol% OMC Filled Composite
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Figure 126: 250x Mag SEM Image of 4 vol% OMC Filled Composite

Figure 127: 500x Mag SEM Image of 4 vol% OMC Filled Composite
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Figure 128: 1000x Mag SEM Image of 4 vol% OMC Filled Composite

Figure 129: 4000x Mag SEM Image of 4 vol% OMC Filled Composite
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