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Abstract
The mechanical and thermal properties of composites made of polydimethylsiloxane (PDMS),
glass micro-balloons (GmBSs), and carbon nanotubes (CNTSs) were investigated in this thesis. The
objective of this study was to determine the effects of varying concentrations of GmBs and
CNTs on the mechanical, resistive, and thermal behavior of the composites. The experimental
approach involved preparing composite samples using a casting method, where the PDMS
polymer was mixed with a fixed 1.25% of CNTs and varying concentrations of GmBs. The
mixing and casting process was carefully crafted to ensure no GmBs were crushed during the
process and to allow for quality samples to be produced for more accuracy during testing. Next,
the samples were then subjected to mechanical and thermal tests to evaluate their properties. The
mechanical properties were evaluated using two main types of tensile tests, testing until fracture
and cyclic testing. During these tests the resistivity properties were measured to determine the
max resistance change and the repeatability of the resistance measurements. The thermal
properties were evaluated using LFA technology to determine the thermal diffusivity and to
calculate thermal conductivity. Finally, the resistance was measured while the sample underwent
heating to determine the effects of temperature on resistance. The results of the study showed
that the incorporation of GmBs and CNTs in PDMS improved and can alter the mechanical,
resistive, and thermal properties of the composite material. The addition of GmBs resulted in a
significant decrease of the thermal conductivity while increasing the resistance change during
tensile tests. Those samples with the highest loadings of GmBs had the best resistance stability at

the widest temperature range. The combination of GmBs and CNTSs resulted in a synergistic



effect, where the material properties of the composite were enhanced to a greater extent than
when either component was added alone. Overall, these experiments added valuable insight to
the abilities of CNT and GmB composites, but farther testing can still be completed. Testing
higher loadings of GmBs would be very beneficial but more complex mixing methods would be
required. Since the CNT loadings remained constant, varying the CNT amount could possibly

make the material properties more favorable for different applications.



CHAPTER 1: INTRODUCTION

1.1: Composites and the benefits of nano-composites:

The most common materials in the engineering field are simple homogenous materials. These
materials consist of a single type of material and have constant properties throughout them, such
as density, strength, and specific heat. Some examples of homogenous materials include plastics,
metals, and ceramics seen in Figure 1. Unlike homogenous materials, composite materials are
comprised of two or more materials combined to make a single composite. The raw materials
combined or the technique they are combined can alter and improve material characteristics and
properties. Some materials in the composite family, as seen in Figure 2, include carbon fiber
reinforced polymers, steel reinforced concrete, and plywood. A key difference between
homogeneous and composite materials is composites have varying properties throughout, while

homogeneous materials have constant properties.

Figure 1: Homogeneous Materials (plastic, metal, ceramic)



Figure 2: Composite Materials (Carbon fiber, steel reinforced concrete, plywood)

Composites can be used in a variety of different applications and are commonly used when high
strength is needed but weight savings are critical. The most common and adopting industry of
composites is the aerospace industry. Composite materials allow for extremely high strength to
weight ratio materials to be incorporated in aircraft structures [1, 2]. The weight savings allow
for higher efficiency airplanes thus reducing fuel consumption to lower cost and environmental
impact. Similar to aerospace, the automotive industry has also implemented composite materials.
Automakers have used the increased strength to better protect the driver and passengers while
simultaneously increasing the efficiency of the car [3, 4]. Due to the beneficial functionalities
provided by composites and nanocomposites, the development aerospace structural materials can
be extended to advanced applications, including damage detection, structural health monitoring,
energy storage, autonomous deicing, and self-healing [5-12]. Using steel reinforced concrete
mentioned earlier, the construction industry has revolutionized the ability to build complex
structures. The addition of steel in concrete significantly increases the strength allowing for

larger and safer infrastructure to be created. In the modern day, all roads and bridges utilize steel



reinforced concrete as well as concrete constructed buildings [13, 14]. The medical field also
uses composite materials to provide better treatment and medical devices for patients [15-18].
Since the material properties can be altered, biocompatibility can be enhanced to produce better
prosthetics and implants to increase the chances of success during the operation or treatment [19-

22].

Nano and micro particles have been gaining increasing attention in the field of composite
material research. These tiny particles have the potential to significantly improve the properties
of composite materials. The reason for this is that using smaller particles leads to a higher
surface area to volume ratio, which results in better mechanical and thermal properties of the
composite [23-26]. This is because the transfer of loads and heat among smaller particles is more
efficient compared to larger particles. The homogeneous distribution of additives is also
achievable with smaller particles. The incorporation of electrically or thermally conductive
particles can further enhance the properties of the composite material. The optimal utilization of
the conductivity of these particles is made possible due to their even distribution within the
composite matrix [27-30]. As a result, the use of small particles can lead to superior performance
in a wide range of applications, including electronic packaging, heat sinks, as well as electrical

and thermal insulation.



1.2: Overview of PDMS, CNT, and GmB

Polydimethylsiloxane, also called PDMS, is a silicone polymer that is known for excellent
mechanical, thermal, chemical, and biocompatibility properties. PDMS is a highly flexible and
rubber-like material that has high transparency and is odorless. PDMS also has exceptional
resistance to heat, chemicals, and UV radiation, while also being a good electrical insulator. As a
result of these outstanding characteristics, PDMS is known as a versatile material with a broad
range of applications. Due to the high tensile strength of PDMS, the material is often used in soft
robotics and microfluidic devices and other applications where flexibility and strength are key
[31-33]. Furthermore, the excellent thermal properties allow PDMS to be used in high
temperature environments and can act as thermal interface barriers. High chemical resistance
makes PDMS an excellent choice when producing coating or sealants for other less resistant

materials.

Carbon Nano Tubes, known as CNTs, are cylindrical structures made of highly organized carbon
molecules typically 1-100 nanometers in diameter. CNTs can be produced in two different main
forms, single and multi-walled, corresponding to the number of carbon layers in the cylinder. In
recent years carbon nano tubes have been heavily researched due to their extreme material
properties. CNTs have an extremely high tensile strength, roughly 100 times greater than steel,
while also remaining very light [34]. The incredible strength to weight ratio allows CNTSs to be

used in a variety of applications. In addition to the high strength, CNTSs are also very thermally



and electrically conductive making them very useful in electronics and high temperature
environments [35]. The size of the CNTs creates a very high surface area ratio allowing them to

be excellent at absorbing energy such as in batteries.

The final additive to be discussed is glass micro-balloons also known as GmB. GmB are micro
sized hollow spheres ranging from 10 to 100um in diameter. The thickness of the sphere walls is
extremely thin allowing for the particles to have a very low density making them ideal to reduce
existing composite densities [36]. Since GmBs are made of glass, the excellent thermal
properties of glass are transferred to the GmBs which enable them to be used in thermal

insulative applications [37].

1.3: What composites will be investigated

This study involves the investigation of various composite material compositions, aiming to
evaluate the potential benefits and drawbacks of combining polydimethylsiloxane with carbon
nanotubes and glass micro-balloons. In particular, the base material will be PDMS, and the CNT
and GmB additives will be introduced at varying concentrations to form five unique
compositions, each with a specific weight percentage of GmBs (0%, 5%, 10%, 15%, and 20%).
CNTs will be introduced into the mixture at 1.25% weight and will remain constant across all

compositions. This study holds significant importance in the field of materials science as it seeks



to reveal the effects of introducing CNT and GmB into PDMS, and to determine the respective
strengths and weaknesses of the resultant composite materials. By conducting a thorough
examination of each composition, this research will contribute to our understanding of how
varying concentrations of these additives can influence the properties of PDMS and lead to the

development of novel composite materials with improved characteristics.

CHAPTER 2: SAMPLE PRODUCTION

2.1: Introduction

The preparation of samples is a crucial process that involves a sequence of five steps. The first
step is to accurately measure and mix the appropriate weight percentages of Carbon Nanotubes
(CNTSs) and Micro-Glass Balloons (GmB) into Polydimethylsiloxane (PDMS). This step requires
precision to ensure that the resulting material has the desired properties and characteristics. Next,
the mixed material is cast into molds, requiring careful handling to ensure even distribution of
the mixture throughout the mold. After casting, the molds are then placed in an oven to undergo
the curing process. The curing process involves a precisely controlled temperature and duration
to ensure optimal cross-linking of the PDMS matrix. Once the curing process is complete, the
material is carefully removed from the molds to prevent the sample from ripping or tearing. This
step is critical in maintaining the integrity of the sample and ensuring accurate results. Finally,
the cast material is cut into the desired sample shapes using a various stamping die, ensuring that

each sample shape is consistent and uniform. Each step requires great attention to detail and



precision to ensure that the resulting samples have the desired properties and are suitable for

accurate testing and analysis. The entire process can be summarized in Figure 3.

Cast Cure Cut

e

-
K 4B

Figure 3: Sample Production Process

Mix
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-

2.2: The Mixing Process

Starting with mixing, three main types of mixing are used in combination. First is using a metal
spatula to hand mix the material. A centrifugal mixer is used to evenly disperse the nano and
micro particles. A Kitchen Aide planetary mixer is used to mix in high loadings of micro glass

balloons.



PDMS Centrifugal Mixer Planetary Mixer
Part A

Glass Micro
Balloons

Centrifugal Mixer Centrifugal Mixer
PDMS
B
- 1

=

Figure 4: The Mixing Process

The mixing process outlined in Figure 4 begins by carefully measuring and dispensing the
PDMS part A and CNTs into a plastic beaker. A metal spatula is then used to hand mix the two
components thoroughly. The beaker is then placed into a centrifugal mixer for a duration of 10
minutes to ensure further dispersion of the CNTs. Next, the material is scooped into the stainless-
steel bowl of the planetary mixer. The addition of micro glass balloons must be a slow to avoid
them floating in the air or static electricity causing adhesion to the mixing bowl. Once all micro
glass balloons have been added, the material is scooped back into the plastic beaker. The beaker
is then returned to the centrifugal mixer for 3 minutes, ensuring not to overmix the micro glass
balloons to avoid the risk of crushing and resulting in failed samples. After the addition of the

PDMS part B, the mixture is once again hand mixed using a metal spatula to ensure



homogeneity. The beaker is then placed back into the centrifugal mixer for 3 more minutes to

disperse part B evenly throughout the mixture.

2.3: Casting

Following the careful mixing process, the next step in the preparation of the composite materials
is the casting process. In this regard, the Aerospace and Mechanical Engineering machine shop at
the University of Oklahoma was utilized to machine the necessary molds. An aluminum mold
was machined to produce four rectangular cavities, measuring 5.25x2.25 inches in total, with 3
of them being 2mm deep and the other 0.5mm deep, as depicted in the schematic diagram
presented in Figure 5. The dimensions of the molds were carefully chosen to enable the

production of multiple sample types from a single batch of material.

To begin the casting process, mold release agent is sprayed into the mold and allowed to dry for
5 minutes. The material is then scooped into the mold and evenly spread inside the cavities to
ensure that it reaches all corners with limited voids. Careful attention is required in this step to
ensure that the material is evenly distributed with no air bubbles trapped inside the material.
Once the cavity has been filled with the material, another piece of aluminum is used to scrape
across the top of the mold, producing a consistent thickness for all the samples. The scraping
process is critical to the overall quality of the samples produced and must be carried out

meticulously to ensure the material is spread evenly. The final result of the casting process can



be seen in Figure 6, where the result is uniform and high-quality samples needed for accurate and

precise testing in the later on.

Figure 5: Aluminum molds with no material

JUrS T o] T

Figure 6: Aluminum molds filled with material

2.4: Overcoming Casting Implications
When casting high loadings of GmB, a challenge was encountered with a curling effect observed

during the process of scraping the top surface of the molds. This phenomenon is drawn in Figure

10



7 and involves the material curling out of the mold as the scraper moves across its surface. There

were several different methods attempted to eliminate this problem.

Scraper

N

Curling
Effect

/

N Introduced Void

Figure 7: Material Curling Effect

Initially, a thinner piece of metal was sharpened to act as a knife and slice the top off the
material. However, this approach did not produce the desired result, as the same curling effect
was still observed. Next, a roller was utilized as an alternative method to flatten the material into
the molds, similar to the use of a rolling pin in baking. Unfortunately, this technique proved to be
unsuccessful, as the material adhered to the roller instead of remaining within the molds, even

with mold release applied to the roller's surface.

The next approach involved manually pressing the material into the molds and smoothing the top

surface by hand. Nevertheless, this method yielded variable thicknesses among the samples,

11



which was not acceptable during the testing phase. It was then evident that a more effective

solution was necessary to address this problem.

Finally, a scraper made of a thicker piece of metal than the initial attempt was employed. The
thick piece of aluminum pushed the material into the mold rather than cutting the top of the
material off similar to the thin scraper design. This solution proved to be successful and

effectively eliminated the curling effect of the material outside of the mold.

2.5: Curing and Cutting Samples

Upon completion of the casting process, the molds were carefully transferred to an oven and
subjected to a temperature of 150°C for a duration of 1.5 hours. This ensured that the samples
were fully cured and gave proper results during the testing phase. Once the curing process was
completed, the molds were allowed to cool down to ambient temperature before the samples
were removed. The use of a mold release agent before casting facilitated the easy and gentle
removal of the samples, minimizing the likelihood of any undesired tearing or ripping of the

material.

In order to obtain test samples, a set of dies was used for various tests. For instance, a steel

ASTM D412-16D standard die was machined to cut dogbone shaped samples for tensile testing.

12



This standardized method was applied to ensure consistency and accuracy in the tensile strength
testing process. In addition, a FDM 3D-printed die was utilized to cut rectangular samples for
density and cyclic resistance testing. Finally, a circular die with a diameter of 1/2 inch was used
to create samples suitable for thermal diffusivity testing. The tensile and resistance sample
shapes were cut from the 2mm thick material while the samples used in thermal diffusivity
testing were 0.5mm thick. These samples had to be thinner than the ASTM standard 2mm due to

the machine used to measure thermal diffusivity. All the dies used can be seen in Figure 8.

Figure 8: Sample cutting dies

2.6: Electrode attachment
During the course of resistivity testing, it became apparent that an additional critical step was

required in order to obtain accurate results. Conductive leads needed to be securely attached to

13



the samples to ensure the connection of a resistance meter. Initially, copper tape was simply
adhered to the back of the sample, as depicted in Figure 9. However, this approach proved to be
suboptimal, as the weak adhesive on the copper tape resulted in a high level of contact resistance,

leading to unreliable readings during resistivity tests.

Figure 9: Sample with copper tape attached

To address this issue, a conductive silver epoxy was utilized to secure copper strips to the
sample. This two-part conductive silver epoxy can be observed in Figure 10, and its
implementation significantly reduced the contact resistance between the copper leads and the
sample. Moreover, this approach yielded more stable and accurate results. Images of the samples
with the conductive silver epoxy and copper strips can be found in Figure 11Figure 11 and
Figure 12Figure 11. It was imperative to ensure that the conductive silver epoxy was applied
smoothly and completely covered the copper strips to avoid any inconsistencies or errors in the

testing process.

14



The application of a conductive silver epoxy to secure copper strips to the samples represents an
essential step in the resistivity testing process. This approach, as compared to the use of copper
tape, substantially reduces the contact resistance between the copper leads and the sample,

resulting in more accurate and stable test results.

Figure 10: Silver conductive epoxy

15



Figure 12: Dogbone samples with epoxied copper electrodes

Chapter 3: Testing Procedure and Setup

3.1: Testing Purpose

The purpose of the testing phase is to determine various material properties of the composite
material. These properties include density, tensile strength, resistivity, thermal conductivity, and

lastly thermal effects on resistivity. To discover these properties different types of tests and

16



experiments need to be conducted. Creating known volume samples and measuring their mass
allows for calculation of the material density. Using tensile testing machine, the stress strain
curves can be found to determine the material’s tensile properties. Utilizing a resistance meter,
the resistance of the sample can be measured under different conditions to determine the resistive
behavior. Thermal properties can be found with specialized machines designed to accurately and
precisely measure thermal conductivity. Physical characteristics can be found be using high
powered optical microscopy to visualizes the structures within the composite. All these testing

procedures and testing machines will be discussed in greater detail in this chapter.

3.2: Density Testing

The determination of density is a crucial aspect in the characterization and evaluation of various
materials, as it plays a significant role in predicting their physical properties and behavior. In this
study, density tests were performed to measure the mass of the samples in relation to their
volume, enabling the calculation of their density. To ensure accurate and consistent sample
preparation, a 3D printed square was utilized to cut rectangles of a uniform size and shape, as
depicted in Figure 13. Dimensional measurements were conducted on each sample using a digital
caliper with an accuracy of 0.01mm, enabling the precise determination of the width, length, and
thickness. Subsequently, each sample was weighed on a highly sensitive scale, such as the Hioki
RM 3545 as shown in Figure 14, to determine its mass. The density of each sample was then

calculated using the mass and dimensional data, in accordance with the well-established formula

17



seen below. A total of seven samples were tested for each composite composition, and the results
were averaged to determine the average density of the composite material. This meticulous

approach to the density testing process ensures the reliability and accuracy of the data obtained.

Figure 14: Scale

18



mass mass
volume  width * length * thickness

Density =

Equation 1: Formula used for density calculations

As part of this research study, a critical aspect of the investigation involves comparing the
measured densities of the different composite compositions to their corresponding theoretical
densities. The theoretical density of a material represents the density that it would possess if it
were perfectly formed, with no internal voids or defects. This can be used to discover the
integrity of the samples since it was a common problem that GmBs were crushed during the
mixing procedure, thus significantly increasing the actual density. To determine the theoretical
density of each composite, the density of PDMS, CNT, and GmB were found independently.
These measurements were then combined, using the percentages of the composite compositions,
to determine the theoretical densities of the different composite materials, as per Equation 2. The
theoretical densities, therefore, provide a fundamental basis for comparing the measured
densities of the composite compositions, offering insight into the extent to which the samples
deviate from their idealized forms. By conducting a comparison between the measured and
theoretical densities, valuable insights can be gained into the quality and properties of the
composite materials being studied. The density comparison was the first test completed to ensure

the samples produced accurate results in the remaining tests.
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100

PDMS % n CNT % n GmB %
PDMS Density = CNT Density = GmB Density

Theoretical Density =

Equation 2: Formula used to calculate theoretical density

3.3: Tensile tests until fracture

In order to gain a comprehensive understanding of the mechanical properties of the composite
materials under investigation, dogbone samples that were created earlier were subjected to
tensile testing. The Instron 5969 tensile testing machine, which is widely recognized for its high
precision and accuracy, was utilized for this purpose, as depicted in Figure 15. The aim of these
tests was to generate stress-strain curves that would allow the determination of maximum stress
and strains, as well as Young's modulus of the composite materials. To ensure consistency and
repeatability, each sample was securely placed in the jaws of the machine, as illustrated in Figure
16, before initiating the testing procedure. The machine was then programmed to pull the sample
apart at a constant rate of 2mm/min, while simultaneously taking load and extension
measurements. These measurements were critical for calculating the stress and strain
experienced by the samples at different stages of the testing process, thus enabling the generation
of accurate stress-strain curves. These curves provide valuable insight into the behavior of the
composite materials under tensile loading conditions and allow for the determination of
fundamental mechanical properties, such as the ultimate tensile strength, strain at failure, and
Young's modulus. Overall, the tensile testing procedure is a critical step in understanding the
mechanical properties of composite materials, and the use of precise and reliable testing

equipment, such as the Instron 5969, is essential for achieving meaningful and accurate results.

20



Figure 15: Instron 5969 Tensile Testing Machine
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Figure 16: Dogbone sample in tensile testing machine

3.4: Resistivity tensile testing preparation

One critical aspect of the resistance testing procedure was to ensure that the samples were
adequately isolated from their surroundings before conducting tensile testing in the Instron
machine. In order to achieve accurate resistance measurements during the testing process, it was
necessary to prevent any external factors from interfering with the results. However, during the
insertion of the samples into the metal jaws of the Instron machine, it was discovered that the
resistance remained unchanged throughout the tensile test, contrary to expectations. It was
anticipated that the resistance would experience a significant change as a result of the tensile
forces acting on the sample. After careful investigation, it was determined that the resistance
meter was measuring the resistance of the Instron machine rather than the sample being tested.

This phenomenon was caused by the conductive path that was created through the Instron
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machine as a result of the silver epoxy making contact with the metal jaws of the machine. This
conductive path allowed the current to flow through the machine frame rather than the sample, as
the resistance of the sample was significantly higher than the resistance through the jaws and
machine frame. This phenomenon, which is depicted in Figure 17, illustrates the importance of
conducting a thorough isolation procedure to ensure that the resistance measurements taken

during tensile testing are accurate and meaningful.
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Figure 17: Electrical path possibilities of the resistance meter

To overcome the challenge of measuring the resistivity of the sample instead of measuring the

resistance of the Instron machine, it was necessary to establish a non-conductive isolation
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between the sample and the machine jaws. To achieve this, several methods were considered and
tested. The first approach, seen in Figure 18, was to apply a layer of paper tape to the jaws,
which proved effective in isolating the sample and allowing for resistance measurements to be
taken. However, this method had its limitations. The stiffness and strength of the silver epoxy
applied to the sample meant that over time, the tape would eventually tear, making direct contact
between the sample and the jaws possible again. Additionally, at higher strains, the sample
would slip as the tape covered the rough texture that was designed to increase friction on the
sample. Furthermore, applying the tape to the jaws proved challenging due to the limited space
within the jaws, making it difficult to achieve an even and thorough covering of the tape, which

could not be replicated accurately when replacing the tape.
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Figure 18: Paper tape applied to the metal jaws of the Instron machine

To find a more viable solution, a design for plastic covers was created using Autodesk Fusion
360. The design was optimized to fit the jaw dimensions of the Instron tensile testing machine
accurately. This design is seen in Figure 19. The plastic covers provide a stronger and thicker
barrier between the sample and metal jaws. Due to their durability and strength, they will not tear
like the paper tape method, and the rough texture on the surface allows for a better grip on the

sample. In addition, the design uses the existing pins on the upper and lower jaws to hold the
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plastic covers in place, thereby eliminating the need for tape or glue. The result is a reliable and

repeatable solution that provides consistent resistance measurements throughout the tensile test.

Figure 19: CAD design of non-conductive plastic jaws

Figure 20: Close view of textured surface to increase grip

To design the plastic jaw covers, precise measurements were taken during the partial
disassembly of the machine to ensure that the covers fit the jaws accurately. These measurements

were then used to create a 3D model of the covers. The model was optimized to fit the jaw
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dimensions perfectly and provide a rough surface for better grip on the sample. The final product
was then 3D printed, and several tests were performed to ensure that there was no slipping
between the sample and the plastic cover or between the metal jaws and plastic covers. The final

3D printed covers can be seen in Figure 21.
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Figure 21: Installed non-conductive plastic jaws on Instron machine

The design and implementation of plastic covers for the Instron tensile testing machine's jaws
provided a reliable and repeatable solution for isolating the samples from the machine's metal

jaws, thus eliminating the inaccuracies in the resistance measurements. This solution not only
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eliminates the need for unreliable paper tape but also provides a better grip on the sample,
making the tests more consistent and accurate. The design process was a meticulous and precise
task, and the final product has proven to be an effective solution for the resistance measurement

challenges encountered during the tensile testing.

3.5: Resistivity tensile tests until fracture

In addition to conducting tensile tests, simultaneous resistivity tests were carried out to collect
data on the electrical properties of the composite materials. To ensure accurate and reliable
measurements, a resistance meter was utilized, specifically the Hioki RM 3545, as it is capable
of high-speed sampling at a rate of 450Hz and can record data automatically into a CSV file. To
connect the resistance meter to the samples, clips were attached to the copper leads on the
sample, as shown in the Figure 22. This setup allowed for the continuous monitoring of the
resistance of the sample during the tensile test. By collecting data on both the mechanical and
electrical properties of the samples simultaneously, a comprehensive understanding of the

behavior of the composite materials under different stresses and strains could be achieved.
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Figure 23: Reading on the resistance meter once connected to the sample
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3.6: Extended Length Cyclic Resistance Tests

Following the successful completion of the fracture tensile tests, cyclic tensile resistance tests
were conducted. The test setup for this experiment was similar to that of the fracture resistance
tests, as the same Instron 5969 tensile machine and Hioki RM3545 resistance meter were
utilized. Rectangular samples, which had been previously prepared with silver-epoxied copper

leads, were clamped into the Instron, and connected to the resistance meter.

In order to determine the appropriate parameters for the resistance cyclic tests, the maximum
strain data gathered during the initial tensile tests was used to determine new strain values.
Specifically, 75% of the maximum strain value was calculated for each composite composition
individually. With the newly calculated value, the Instron was then programmed to perform 250
cyclic loads on the sample to the 75% maximum strain at a rate of 25% strain per minute, while

the resistance meter simultaneously recorded resistance data.

Once the cycles were completed, the resistance data was processed to align both the tensile and
resistance data sets together. This allowed for a comprehensive analysis of the composite

material's performance characteristics under varying loads and strain levels.
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3.7: Variable Strain Cyclic Resistance tests

After conducting the resistance cyclic tests as described earlier, the next experiment involved
subjecting the sample to a series of 30 cycle tests at different strain amounts. To accomplish this,
the sample was left in the tensile machine and connected to the resistance meter, allowing for

simultaneous strain and resistance data collection.

Similar to the previous test, the appropriate strain values for the cyclic tests were found as a

percentage of the max strain the composite could withstand. The values for 2, 5, 10, 15, 25, and
50% max strain values were identified for each composite composition. These values were then
used to program the tensile machine to stretch the sample to 2% max strain for 30 cycles before

moving on to 5% max strain and so on, until all six strain values had been tested.

Throughout the testing process, the resistance meter was collecting data to measure the resistance
change of the sample compared to the strain value. By subjecting the sample to multiple strain
amounts and collecting corresponding resistance data, valuable insight into the material

properties and performance of the composite material were discovered.
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3.8: Temperature Influence on Resistance tests
To determine the thermos-resistance properties of the composites, a series of tests were
conducted to measure the resistance of the specimens in different temperature ranges. To do this,

rectangular samples identical to those employed in cyclic testing were prepared.

The Hioki RM3545 resistance meter was used to obtain the resistance data. The samples were
placed inside a Cole-Parmer furnace, as seen in Figure 24, which features a vent hole on the top
side where the resistance meter wires were fed through. Notably, the Hioki RM3545 meter
includes a Z2001 temperature sensor, which allowed the meter to data log the temperature inside

the furnace.

The experimental setup involved programming the Coleman Furnace to incrementally increase
the temperature from 30°C to 90°C by 10°C steps. Once the target temperature was reached, the
samples were left to soak for 5 minutes to ensure stabilization before increasing the temperature
further. After the soaking period at 90°C was completed, the samples were then left to cool to
room temperature. During this process, the resistance meter was continuously logging resistance

data.
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In particular, the resistance values were recorded at the end of each soaking period to be plotted
later on. The resulting dataset will serve as a basis for the analysis and interpretation of the

composite material's resistance behavior under varying temperature conditions.

Figure 24: Furnace samples were placed into

3.9: Thermal Diffusivity tests

To characterize more thermal properties of composite materials, an experimental investigation
was carried out to determine the thermal diffusivity of the materials. To complete these tests, a
collaboration with Dr. Jivtesh Garg's Micro/Nano Heat Transfer Laboratory at the University of

Oklahoma was needed. To carry out the testing, a Laser Flash Analysis (LFA) machine was
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used, which is a widely accepted method for measuring thermal diffusivity. Specifically, the
Netzsch HyperFlash 467 was used, seen in Figure 25, which is known for its high precision and
accuracy. The experiment involved using quarter inch circular samples that were fabricated
earlier, which had a thickness of 0.5mm. It is important to note that the LFA machine operates by
using a laser to deliver the energy required for the test. Hence, it is critical that all the energy
from the laser is absorbed by the sample with minimal energy reflected. To ensure complete
absorption of the laser energy, the samples were coated with a thin layer of graphite, which has
high thermal conductivity thus minimal interference with the testing results. The coated samples

can be seen in Figure 26.
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Figure 25: Netzsch HyperFlash 467 machine
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Figure 26:Graphite coated samples

In essence, the LFA machine measures the amount of time it takes for an energy source to travel
into the bottom of the sample and out of the top side of the sample. In this particular experiment,
a laser pulse was sent into the sample from the bottom, and a highly sensitive sensor was utilized
to detect when the energy passes through the thickness of the sample. Notably, this process was
conducted in a precisely temperature-controlled chamber that was isolated from the outside
environment to ensure accurate results. A schematic of the experimental setup can be seen in
Figure 27. With the time delay measured from the machine, the thermal diffusivity of the

composite material was calculated using the known thickness of the sample with Equation 3.
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Equation 3: Thermal diffusivity calculation with time delay

Isothermal Chamber

Figure 27: LFA machine theory diagram

Based on the thermal diffusivity results, it is possible to calculate the thermal conductivity of the
composite materials by using the specific heat and density values of its individual components.
Theoretical specific heat values of the various composites can be determined using a formula that

involves the combination of different percentages of additives, as shown in Equation 4. This
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method closely resembles the process of calculating theoretical density values, which was
previously performed. Theoretical density values will also be utilized to calculate the specific
heat of the composite material. Once the theoretical specific heat values have been obtained, they
can be used in combination with the theoretical density values to determine the thermal

conductivity of the composite material by applying Equation 5.

100

PDMS % _ CNT % _mGB %
PDMS C, " CNTC, " mGBC,

Theoretical Specific Heat =

Equation 4: Formula used to calculate theoretical specific heat

k = apC,

Equation 5: Thermal diffusivity to thermal conductivity

3.10: Optical Microscopy

In order to conduct a more in-depth examination of the composite materials, the samples were
processed through a microscopic analysis. To carry out this task, the Keyence VHX-7000 optical
microscope, seen in Figure 28, that is renowned for its superior resolution and imaging

capabilities, was employed. This advanced microscope is equipped to capture images with 4K

37



resolution and provides zoom capabilities of up to 6000x with 4 switchable lenses, enabling a

detailed inspection of even the nano particles within the composites.

Figure 28: Keyence VHX-7000 optical microscope

One common challenge encountered during high-magnification microscopy is the issue of
surface roughness, which can cause significant height variation in the sample. When there is
height variation, it can be difficult or even impossible to achieve optimal focus throughout the
entire image. However, the custom VHX software incorporated in the microscope has the unique

capability to detect areas of the image that are in focus and those that are not. With this ability,
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the microscope can slowly adjust the focus throughout the image capturing process, then extract
the highest quality portions at each focusing level to construct a single image with every aspect

of the sample being in focus.

Moreover, the Keyence VHX-7000 microscope has the ability to understand its current zoom
level and distance between the lens and sample, enabling it to make dimensionally accurate
measurements. Once an image has been captured, the user can draw lines or circles to measure

different particles within the composite, making it an invaluable tool for quantitative analysis.

In addition to the advanced focusing technology mentioned earlier, the custom VHX software
incorporated in the Keyence VHX-7000 microscope has an additional capability to calculate the
depth at which each focused area is located. By using this technology, the microscope can detect
surface variations of the sample as the image is slowly focused in. This feature enables the
software to generate a 3D view of the surface from the final image captured. This 3D mapping
technology is a valuable tool for better understanding the properties of the composites being
analyzed and the effects of the casting process. The generated 3D maps allow for a visualization
of the surface roughness of the samples in great detail, providing insights into the nature and

distribution of the composite particles.
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The Keyence VHX-7000 optical microscope also has the ability to move the stage in both the X
and Y directions to examine different areas of the sample. With the stitching operation within the
VHX software, users can select a 3x3 or 5x5 grid for a larger image to be taken. The sample is
then moved in the X and Y directions, and images are captured according to the selected grid
size. The VHX software then automatically stitches the 9 or 25 images together into a single,
comprehensive image. This unique capability allows for the collection of very large images that
contain significantly more data than a single stationary image. The stitched image provides a
panoramic view of the sample, providing insights into the overall structure and characteristics of

the composite material being analyzed.

To begin looking of the sample, the lens with the lowest magnification is selected and the sample
is placed below it. The bottom plate, or stage, is now raised until the sample starts to appear
within the image. Using the control panel seen in Figure 29, the sample can then precisely be
moved in the Z direction until the image is within focus. The next lens is now selected which
increases the magnification of the image and now the fine tune focusing process is done again.

This same process is repeated until the desired zoom level is reached.
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Figure 29: Control panel for microscope

During the tests completed, large, stitched images were taken at multiple different zoom levels as
well as 3D views of each sample. For the samples containing GmB, the glass balloons were

measured using the measuring feature to determine the average diameter of the spheres.

CHAPTER 4: DISCUSSION AND RESULTS

4.1: Density Results

To begin with the results, the calculated density values will be evaluated. Utilizing the measured
density values and theoretical calculated values discussed earlier, the sample’s quality can be
determined [38]. To calculate the theoretical densities of the various compositions, the individual
component densities seen in Table 1 will be used [39-41]. The final calculated theoretical and

measured densities can be seen in Table 2 and visualized in Figure 30.
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Table 1: Density values for additives in the composites tested

Additive PDMS
Density (g/mm~3) | 0.00103

CNT GmB
0.0018 | 0.00013

Table 2: Measured densities and calculated theoretical values

GmB % 0 5 10 15 20
Measured (10"3) 1.027 0.749 0.591 0.493 0.477
Theoretical (10M3) | 1.036 0.759 0.599 0.495 0.481
% Difference 0.80 1.39 1.47 0.49 0.88
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Figure 30: Theoretical and measured density values
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From the results it can be determined the samples remained within 1.5% of the ideal density. A
unique take away from the results is the measured values were consistently lower than the
theoretical value. This phenomenon is most likely caused by internal voids within the material
introduced during the mixing or casting processes. The results also proved that no GmBs were
crushed during the mixing process since the measured densities would be significantly greater
due to the GmB having less volume when broken. It was determined the results of this test

guaranteed the integrity of the composites and allowed them to be farther tested.

4.2: Tensile results

Following the tensile tests performed with the Instron 5969, the stress and strain results can be
analyzed. The stress strain curves can be generated from the results to determine the max tensile
strain, max tensile stress, and Youngs Modulus. The consistent stress strain plots can be seen in
Figure 31 depicting the repeatability of results across multiple samples. The small variation
within each sample tested shows the acquired results reflect a true and accurate description of the

material properties.
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Figure 31: Stress v. strain plots for all compositions

From the stress strain curves the maximum stress can be plotted seen in Figure 32. Similarly, the

composite max strain and modulus can be seen in Figure 33 and Figure 34. These plots were
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created by taking the average max stress, max strain, and modulus values of 4 samples within

each composite composition. The error bars present on the plots represent the standard deviation

between the samples.

Max Stress (MPa)
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Figure 32: Maximum stress of all compositions
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Figure 33: Maximum strain of all compositions
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Figure 34: Modulus of all compositions
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From these results it can be determined that adding higher loads of GmB to the composite will
decrease both the maximum stress and strain the material can withstand but also increase the

Youngs modulus.

4.3: Resistance until fracture results

While recording tensile data from the tensile test, resistance data was also being recorded
simultaneously. Similar to the stress strain curves, resistance strain curves were generated. All
the resistance strain curves can be seen in Figure 35 which display accurate and consistent results

from each sample in each composition.
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Figure 35: Resistance v. strain for all compositions

As seen in Figure 36, the greatest change in resistance while stretching the sample until fracture

was the composition with no GmB. As the loadings of GmB went up, the resistance change value

decreased. In reality, this is reasonable since glass is an electrical insulator meaning it does not
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conduct electricity easily. The more glass contained within the sample the less conductance thus

less resistance change.
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Figure 36: Maximum resistance change for all compositions

Using the same principle of glass electrical insulation, the resistance of the samples should
increase with the loading of GmB under no load. As seen in Figure 37, this statement is true
since the resistance of the composite steadily increases, then significantly increases with a

loading of 20% GmB.
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Figure 37: Averaged initial resistance of multiple samples with standard deviation error bars

4.4: Cyclic resistance results

In addition to measuring the resistance of the sample in tensile loading until fracture, the sample
was also subjected to cyclic loading. The samples first underwent 250 cycles to prove the
repeatability of the resistance measurement values, these results can be seen in Figure 38. The
results look as expected, the composite slowly drifts downward until stability is found, then each
cyclic gives repeatable resistance measurements. It is worth noting that the lower GmB loadings

had a trend of reaching stability in fewer cycles than those with higher loadings.
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Figure 38: Resistance change v. cycle number for all compositions

In addition to the 250 cycle tests, shorter 30 cycle tests were completed at different strain
amounts. These resistance tests were completed to 2, 5, 10, 15, 25, and 50% of the max strain of
the composites. The results can be seen in the following figures. It is worth noting that the

composite containing a 20% loading of GmB consistently has a resistance change 2-3 times
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greater than the other composites. The results from all compositions are all very consistent,

allowing for an accurate comparison between all samples.
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Figure 39: 2% max strain section from 30 cycle test
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Figure 40: 5% max strain section from 30 cycle test
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Figure 41: 10% max strain section from 30 cycle test
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Figure 42: 15% max strain section from 30 cycle test
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Figure 43: 25% max strain section from 30 cycle test
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Figure 44: 50% max strain section from 30 cycle test
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4.5: Thermal results

Next, the results from the thermal analysis will be discussed. The results from the thermal testing
directly measured the thermal diffusivity. Using those results and the specific heat of the
individual composite additives, the thermal conductivity can be calculated. For each
composition, 4 samples were tested, while the results were averaged and an error bar was
generated using the standard deviation. These results are plotted in Figure 45 and Figure 46
respectively. As the loading of GmBs increased, the thermal diffusivity increased while the
thermal conductivity decreased. This means heat takes more time to flow through the composite
thus making it a better insulator and more resistant to heat. This makes sense since glass is

known to be a very good thermal insulator.
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Figure 45: Averaged thermal diffusivity between 4 tested samples
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Figure 46: Averaged thermal conductivity between 4 tested samples

The next test preformed uncovered the effects temperature has on the resistance of the samples.
As the samples were heated, resistive data was taken and plotted in Figure 47. It was discovered
the composition with a 10% loading of GmB gave me the most stable resistance results

throughout the entire temperature range. The higher GmB loadings had a dramatic decrease in

resistance during the test.
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Figure 47: Resistance change of sample at varying temperatures

4.6: Optical microscopy results

To obtain physical images of the composite materials, a high-power optical microscope was used
to image the surface of the samples. Using the 400X magnification images, it was determined the
GmB had very even and consistent dispersion throughout the sample seen in Figure 48. The
reflection of the microscope light on the glass allowed the balloons to be easily visualized.
Utilizing the measuring tool the microscope is capable of, it was found the GmBs had largely

varying diameters seen in Figure 49, with an average diameter being 13.20pum.
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Figure 48: 400X zoom of all compositions
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Figure 49: Measured GmB diameters

58



Zooming in farther to 2500X, the microscope was able to image the CNTs within the composite.
The images allow for the level of CNT dispersion to be visualized and to determine the amount
of CNT agglomerations. In Figure 50, the small white lines are the CNTs while the large colorful
areas are the GmB. It can be seen that the CNTs are well dispersed with minimal agglomeration
which can be difficult to overcome when using centrifugal mixing methods. Those composites
with GmB made visualizing the CNTs more difficult since the glass reflects light back into the

lens causing some areas to be blurry.

Figure 50: 2500X zoom of all compositions
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

Developing nano CNT and GmB nano-composites have shown to be a viable way to produce
highly flexible and heat resistant sensors. In order to create these sensors, a great deal of research
was conducted to determine possible additives that could express these behaviors once combined
into a composite material. It was determined that multiple different composite compositions
needed to be investigated to determine the effects of different weight percentages of GmBs,
starting at 0% and working to 20% in 5% increments. After the compositions were established, a
careful and consistent sample preparation method was established. The mixing and casting
process was an intricate process to ensure no GmBs were damaged or crushed while also
ensuring proper dispersion of CNTs and GmB. Since this material is designed to be a sensor, a
strong and reliable method needed to be chosen to attach copper electrodes to the sample. To do
this, conductive silver epoxy was utilized to guarantee a low resistance connection between the
copper and the sample. After all the samples were produced, it was now time to begin testing the
samples to determine various material properties. The first test preformed was to measure the
density of the material and compare it to the ideal theoretical density. It was found that the
density for all compositions measured within 2% of the theoretical density showing that GmB
were not crushed during the production of the sample and that the material integrity was great
enough to continue testing. Next, using a tensile testing machine, the sample was pulled until
fracture while simultaneously measuring resistance. This test allowed for the max stress, strain,

and resistance as well as the modulus to be determined. It was shown that the composite with 0-
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5% GmB was 2-3 times stronger than the other compositions. However, it was discovered that
the composition with 20% GmB had the largest change in resistance. To farther investigate the
resistive behavior of the materials, the samples were subjected to a series of cyclic tensile tests
while resistance was being measured. The first cyclic test consisted of bringing the sample to
75% of the maximum strain 250 times. From this test it was found that all compositions
consistently and repeatedly measured the same resistance change while having very little drifting
in the data. After the first cyclic tests were completed, the sample then underwent a series of 30
cycle tests, bringing the sample to 2, 5, 10, 15, 25, and 50% maximum strain. This test allowed
the repeatability and sensitivity of the sensor to be visualized while it was discovered the 20%
GmB composition again had a significantly higher resistance change at all strain values. To
determine the thermal property effects of the GmBs, the samples were placed in an LFA machine
to measure the thermal diffusivity. With this value, the thermal conductivity could be calculated
where it was found the thermal conductivity consistently decreased as the GmB loading
increased. This matches the hypothesis since glass acts as a thermal and conductive insulator.
Finally, the composite materials were viewed under a high-power microscope to visualize the
particle dispersion. At 400X the GmBs were able to be clearly seen and it was found they had an
even dispersion at all loadings. Zooming to 2500X, CNTs were able to be seen where it was
discovered they had decent dispersion but had many agglomerates which was determined to be

caused by the mixing method.
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Overall, it was determined that the CNT, GmB, and PDMS composite have good promise to be
utilized as high temperature flexible sensors. The weight percentages of each additive could be
tailored to match the specific use case. In the future it would be beneficial to use better mixing
methods to vary the amount of CNTs in the composite and to increase the loading of GmB.
Changing the amount of CNTSs could possibly achieve better tensile and resistance properties
allowing for better sensors to be made. Being able to increase the percent of GmBs has the
ability to farther increase the thermal properties of the composite and even possibly increase

resistive behaviors.
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