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ABSTRACT

Origami engineering is a growing field of study with a goal of designing smart selfactuating materials and structures that respond to multiple external physical stimuli—namely,
applied electric, magnetic, and thermal fields. Current self-actuating designs typically contain
discrete actuators that add cost and weight to structures, and they are usually selectively
responsive to one external field, whether electrical, magnetic or other. Therefore, there is a need
for lightweight, cost-effective smart materials that can respond to two or more applied external
fields. The purpose of this thesis is to develop a processing technique for an electro- and
magneto-active smart material, and to fully characterize this new material. Processing includes
preparing the solution, dispersing magnetic particles, casting the solution, and poling of the
magnetic particles. Characterization focuses on morphology, electric response, and magnetic
response.
To accomplish this goal, P(VDF-TrFE CTFE) polymer, an electrostrictive material, is
used as the matrix for barium ferrite particle fillers, which exhibit hard magnetic characteristics.
A processing method was developed that led to good dispersion of the particles in the polymer.
The resulting composite was magnetically poled and showed a strong response to an external
magnetic field. Electric characterization of the composite was completed, and although the
barium ferrite containing films show lower electromechanical strain than the unmodified
terpolymer, they are also designed to exhibit magnetomechanical strain, hence their advantage
over the terpolymer. A composite of this nature would enable multifield actuation and will
advance applications where active folding and unfolding is needed such as in aerospace and
medical applications. Suggestions for future work were made to also exploit electromechanical
response in addition to magneto-active behavior.
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Chapter 1
Introduction

1.1 Background and Motivation

The art of origami has been used for centuries to create intricate three-dimensional
structures out of a flat sheet of paper. Origami discourages cutting the paper or using glue, so
that the final product is a free-standing, beautiful decoration made from a single material.
However, these structures typically have no purpose other than decoration. Now, researchers are
combining origami principles with mathematics and engineering design to create revolutionary
active material structures and compliant mechanisms.
“Origami engineering” is a growing field of study with a goal of designing smart
materials and structures that respond to external physical stimuli—namely, applied electric,
magnetic, and thermal fields. These new materials are self-actuating; they fold and unfold on
their own into various shapes depending on the applied field. Figure 1.1 demonstrates how a
smart material might begin as a flat sheet, then fold into a specific shape based on an applied
field, before unfolding back to a flat sheet. Origami engineering gives a significant purpose to
ancient designs. Smart origami structures could potentially have a vast number of applications
including reconfigurable robots, deployable spacecraft, minimally invasive surgery, and retinal
implants.
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Figure 1.1: Example of smart material folding and unfolding based on external field [1].

A key component of ongoing origami engineering research is developing and
characterizing the new self-actuating smart materials. Current self-actuating structures typically
contain discrete actuators that are added to passive or structural materials to force them to fold in
a certain manner. These discrete actuators can be piezoelectric patches or shape memory alloys
that are integrated into the structure with other materials to create an actuation system. Although
the structure and actuation system are integrated, they remain separate materials with only the
discrete actuators being stimulated for folding. In addition, the discrete actuators add cost and
weight to these smart structures, which is less desirable for certain applications [1]. Therefore, a
key goal is to create a single material that can simultaneously combine structural and
active/responsive functions.
A variety of materials exist that react to either electric, magnetic, or thermal fields, but
there is not one that currently reacts to all three. Therefore, researchers are working to combine
materials with couple magnetic, electric, and thermal properties in one microstructure to enable
response to two fields [2]. For example, dielectric elastomer (DE) polymers exhibit
electromechanical response, whereas magneto active elastomers (MAE) exhibit hard magnetic
properties, and deform in different directions under their respective fields, as shown in Figure
1.2.
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(a)

(b)

Figure 1.2: (a) Representative deformation of DE material under electric field, (b) representative deformation of
MAE material under magnetic field.

Combining strips of these two materials, as sketched in Figure 1.3, will create a bi-fold
structure that will bend along an x-axis fold line when subject to an electric field and along a yaxis fold line when subject to a magnetic field.

(a)

(b)

Figure 1.3: (a) Sketch of layers of DE and MAE that make up a bi-fold, (b) bi-fold actuating under alternating
electric and magnetic fields [1].

This hybrid bi-fold structure is the beginning of structures that exhibit multi-field
actuation. However, these structures must be taped or glued together, adding bulk and defects to
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the structures. Therefore, a need exists for a single, multi-field actuating material, which is the
focus of the research in this study.

1.2 Electromechanical Properties of P(VDF-TrFE-CTFE) Terpolymer
Electroactive polymers are ideal for use in smart material applications because of their
ability to convert and store electric energy. They will also reduce weight, volume, and cost of
structures, while contributing a high energy density, low dielectric loss, and high reliabilitiy to an
electroactive structure. Poly(vinylidene-fluoride-trifluoroethylene-chlorotriflurouroethylene)
[P(VDF-TrFE CTFE] terpolymer, referred to in this paper hereafter as PVDF terpolymer, is a
dielectric polymer with many properties that make it ideal in self-actuation applications [3].
In addition to having a great abillity to store electrical energy, PVDF terpolymer also has
piezoelectric and electrostrictive properties, allowing it to convert electrical energy into
mechanical energy [4]. PVDF and its associated co-and-terpolymers demonstrate a relatively
high electromechanical response along with thermal and chemical stability. PVDF terpolymer
has a large electrostrictive strain that is constant between 20˚ C and 80˚ C and a high Young’s
modulus ( >0.3 GPa), where the combination of both allows a high degree of motion for a
unimorph (a cantilever structure that consists of one active layer and one inactive layer) [5].
This can be seen in Figure 1.4; when the unimorph is subjected to an electrical field, the
electrostrictive layer extends while the substrate constricts motion, resulting in the unimorph
bending.
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Figure 1.4: Motions of a unimorph of PVDF terpolymer when an electric field is applied and increased.

This high electrostrictive strain and modulus makes PVDF terpolymer suitable as a
structural component in addition to its electroactive functions. PVDF terpolymer also has a high
dielectric permitivity, which pertains to its ability to store energy. Its dielectric constant is
reported to be ~50; the highest known among all PVDF polymer variations [6].

1.3 PVDF as a a Matrix for Magnetic Particles
A previous study completed at Jiangsu University used barium ferrite fibers (BaFe12O19)
and poly(vinylidene-fluoride) [PVDF] resin to fabricate composite films possessing both
magnetic and dielectric properties. Following a similar processing detailed in Chapter 3, the
study resulted in a number of films with various weight percentages of barium ferrite fibers and
characterized their morphology. The results showed that the films possessed a hard magnetic
characterisitc and that the dielectric loss increased with higher relavtive levels of barium ferrite.
Also, the addition of barium ferrite at a very low weight percentage (about 1.0 wt%) led to an
increase in the dielectric constant of approximately 12.8, compared to 7.7 for pure PVDF. This
constant does not change significantly with greater weight percentages of barium ferrite [7],
which is surprising.
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The study also found that the dispersion of barium ferrite in pure PVDF leads to a phase
change from α- to β-PVDF. It is widely known that PVDF has a strong piezoelectric response
associated with the β-phase, and research has shown that the β-phase can be obtained by
extruding PVDF films or milling PVDF powder [8]; however, these methods can lead to
irregularities and defects while adding complexity to processing techniques. The β-phase can
also be established by the addition of chlorotriflurouroethylene (CTFE), a component of PVDF
terpolymer. Therefore, using PVDF terpolymer instead of pure PVDF, in addition to dispersing
the barium ferrite, is ideal for bringing about the phase transformation and strong piezolectric
resposne. Though this study measured the dielectric and magnetic properties of the barium
ferrite/PVDF films, they did not show actuation of any of the films and did not discuss magnetic
poling of barium ferrite particles.
Based on this previous research, our preliminary work has focused on demonstrating
feasibility of dispersing and characterizing an electric and magnetic composite. This process
used magnetic iron (Fe) particles dispersed in a PVDF/dimethylformamide (DMF) solution.
Two composite films, one with 7 wt% iron and the other with 22 wt%, were developed and
analyzed (Figure 1.5).

7

Figure 1.5: Fe/PVDF composite films.

These homogeneous films show well-dispersed aggregates of iron particles. Processing
was refined during these trials to create a repeatable set of steps for fabricating a film with
magnetic particles. The process also confirmed that optical microscope images and differential
scanning calorimetry tests could be used to characterize such a film. As a result of the success of
the preliminary work, the fabrication of barium ferrite/PVDF terpolymer composite films was
deemed feasible.

1.4 Research Objective
This thesis is integral to a larger project that seeks to fabricate smart materials exhibiting
both electric and magnetic properties, as well as actuation using both fields. The thesis includes
the development of a reliable, repeatable processing technique for the material, as well as full

8

characterization of its properties. The processing encompasses steps for creating, mixing, and
casting the solution. Although barium ferrite particles are magnetic by nature, they must be
poled so that the film can actuate in a specific direction. Therefore, a method for magnetically
poling the new material was also designed and included in the processing steps.
Based on a survey of the literature and our own preliminary work detailed above, P(VDFTrFE-CTFE) terpolymer (61.8/30.4/7.8 in Mole %) will be combined with barium ferrite
(BaFe12O19, -325 mesh) to create an electro-and-magneto-active multifunctional material. PVDF
terpolymer is used due to its important piezoelectric and electrostrictive properties, and barium
ferrite is included for its magnetic properties, as well as the ability to bring about the β-phase of
PVDF. The premise is that combining two materials with these properties will lead to a
homogeneous, magnetic composite with excellent magneto-mechanical and electromechanical
properties. The resulting properties of this new material will be fully investigated, characterized
and detailed in this thesis.
From a personal standpoint, a secondary objective of this research is to gain experience in
a research environment and to produce an honors thesis to fulfill the graduation requirements of
the Schreyer Honors College.
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Chapter 2

Experimental Design

2.1 Equipment

2.1.1 Processing
The processing of this material includes the dissolving of PVDF-terpolymer
powder in DMF, dispersion of barium ferrite particles in the terpolymer-DMF matrix, and
the casting, poling, and drying of the film. Full processing of this material is detailed in
Chapter 3. Table 2.1 gives a list of the equipment required for each task in the
processing:

Table 2.1 Processing Equipment
Task

Equipment Needed

Dissolve PVDF-Terpolymer in DMF
Disperse Barium Ferrite Particles

Beaker, Magnetic Stirrer, Magnetic Hot Plate
Mechanical Stirrer, 3-neck flask, Ultrasound Bath

Disperse PEG Surfactant

Mechanical Stirrer, 3-neck flask, Ultrasound Bath

Degas solution after mixing

Fischer-Scientific Oven, vacuum pump

Cast solution for magnetic poling

Casting frame (see section 3.2), casting slide, doctor blade, razor blade

Magnetic poling
Final solution drying

Curing Magnets, IR sensor
Fischer-Scientific Oven
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2.1.2 Microstructure Characterization
In order to fully characterize the microstructure and thermal behavior of this
material, it was necessary to examine it with an optical microscope, through SEM
images, and calorimetry analysis (Chapter 4 details the microstructure attributes of the
smart material). Table 2.2 lists the equipment required for each task in microstructure
characterization:

Table 2.2 Microstructure Characterization Equipment
Task
Microstructure Characterization
Thermal Behavior Characterization

Equipment
Optical microscope, ZEN Imaging software, SEM
DSC, TA Analysis Software

2.1.3 Electric and Magnetic Characterization
In this thesis, electric and magnetic characterization was based on references to the
constituent materials that were combined to make the new smart material (pure PVDF
terpolymer and pure barium ferrite). Electric characterization included determining the dielectric
constant and strain of the new material. Magnetic characteristics were defined by the level of
actuation, specifically the bend angle of the new material in reference to pure PVDF terpolymer.
Both electric and magnetic characterization methods are discussed further in Chapter 5. Table
2.3 lists the equipment needed for each method:

Table 2.3 Electric and Magnetic Characterization Equipment
Task
Electric Characterization
Magnetic Characterization

Equipment
HP LCR meter (4284A model)
C-Magnet, Image J software
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2.2 Materials
Table 2.4 lists the specific materials used in this project, along with their manufacturer
and other pertinent information.
Table 2.4 Materials
Material
P(VDF-TrFE-CTFE) Terpolymer Powder
Dimethylformamide (DMF)
BaFe12O19 (Barium Ferrite) powder
Polyethylene Glycol (PEF) Surfactant

Manufacturer
PiezoTech
Sigma-Aldrich
ESPI Metals
Aldrich Chemistry

Other
61.8/30.4/7.8 in Mole %
anhydrous, 99.8%
-325 mesh (44 μm particles)
average Mn 400

Though the manufacturer states that the barium ferrite powder is made out of spherical
particles that are 44 μm in diameter, scanning electron microscopy of the powder reveals that the
particles actually range from about ~ 1 - 4 μm. Closer inspection of various SEMs indicates that
we are likely observing the width of the particles and that the particles are elongated rather than
spherical. The particles can be seen in Figure 2.1.

Figure 2.1: SEM image of barium ferrite particles
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Chapter 3
Processing
The processing of a material that is both electro- and magneto-active can be subdivided
into three main stages: mixing of the solution, casting the solution to prepare free-standing films,
and poling the film prior to fully curing. Figure 3.1 shows the overall processing flow
schematically:

Figure 3.1: Overall processing flow diagram
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3.1 Solution Preparation
The first step in the process is to create the base solution, or matrix, for the magnetic
particles by dissolving PVDF terpolymer in the solvent DMF. This is done in a 1:5 terpolymer
to DMF ratio. The terpolymer is dissolved on a hot plate using a magnetic stirrer at 130 rpm, 60˚
to 70˚ C for 1 hour, as depicted in Figure 3.2. The barium ferrite cannot be added at this time, as
the particles will be attracted to the magnet and will not disperse in the solution as desired.

Figure 3.2: Dissolving PVDF Terpolymer in DMF using a magnetic stirrer.

Next, the PVDF terpolymer/DMF solution is transferred to a three-neck flask and placed
in an ultrasonic bath. A mechanical stirrer is also placed in the flask (Figure 3.3a) in preparation
for the addition of barium ferrite and PEG surfactant. The mechanical stirrer and ultrasonic bath
should be operating before the barium ferrite and surfactant are added (Figure 3.3b).
The barium ferrite is introduced at the desired weight percentage for the film, and the
surfactant is introduced at one-fifth the weight percentage of the barium ferrite. It is important to
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note that the surfactant is measured relative to the barium ferrite powder, and not relative to the
whole solution. Once the mechanical stirrer and ultrasonic bath are operating, the barium ferrite
is added through one of the open necks of the flask, immediately followed by the addition of
PEG. The open necks of the flask are then covered with glass stops.

(a)

(b)

Figure 3.3: (a) Mechanical mixing setup, (b) adding barium ferrite to PVDF terpolymer and DMF solution

The ultrasonic bath should remain in operation for 4 hours and then switched off.
Though the surfactant improves the overall dispersion of the particles, the ultrasonic pulses will
assist the surfactant by breaking down larger particles or clumps of barium ferrite that may be
present in the solution. The total mechanical mixing time of the solution is 24 hours. This
includes the 4 hour period in which the ultrasonic bath is running. Once the solution has been
thoroughly mixed, the stirrer can be removed and the solution prepared for casting.
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3.2 Casting
The first step of the casting stage is to degas the solution. This step ensures that all the
air that has been mixed in with the solution is removed, so that the final film will be
homogeneous and smooth with no voids. The solution is degassed in a vacuum oven at room
temperature for a half hour, or until all bubbles have been removed.
If the solution does not need to be poled, it can simply be cast onto a clean glass plate
using a doctor blade and placed into the oven to dry and remove solvent. However, this study
calls for a sample that responds to a magnetic field. To achieve this result, the particles in the
solution must be magnetically poled, which involves particle orientation; therefore it should be
done prior to drying the film so that mobility is facilitated. Hence, a new casting method was
developed. This method was constrained by the geometry and configuration of the the poling
stage. A set of small magnets (6-inch diameter shell containing a 2-inch diameter magnet) was
used in this study. However, the glass plate typically used for casting is much too large to fit
between the magnets. To create a sample that was small enough to fit between the magnets, the
solution had to be cast on microscope slides (2-inch by 3-inch). Casting on these slides proved
difficult. Attempting to hold the slide in place while moving the doctor blade in the correct
manner to ensure an even and homogeneous sample was virtually impossible. The first attempt
resulted in a thin, nonhomogeneous film with some areas heavy with barium ferrite particles
while others had very few particles (Figure 3.4). Though this film was not useful for data
collection, it could still be used to test the poling process (see Chapter 5).
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Figure 3.4: Nonhomogeneous, poled film

To ensure the fabrication of a better quality sample, it is necessary to securely hold the
slide in place while casting, guaranteeing that the slide would not slip and that the doctor blade
would move evenly across the entire slide. Therefore, a casting frame was developed. This
frame consisted of five microscope slides arranged in a U-shape formation. The slides were
taped together and secured to a larger glass plate.
In the center of the U-shape, a sixth slide could be inserted. When a solution needs to be
cast for poling, it can be cast on the one slide in the middle of the frame. The arms of the doctor
blade rest on the slides that make up the outside U-formation, and the blade can be pulled across
the solution evenly. These steps are shown below in Figure 3.5.
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Figure 3.5: (1-3) Sliding the casting glass plate into the frame, (4) pouring the solution, (5-6) pulling the blade
across the slide, (7-8) removing the glass plate from the frame.

To remove the middle slide, a razor blade can be inserted between it and the casting
frame to aid in pushing it out from the frame without disturbing the casted solution. Once the
slide has been removed, it is ready to be poled.
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3.3 Magnetic Poling
The third and final stage of material processing is magnetic poling. In this stage, the
material gains its ability to actuate under a magnetic field.
Once the solution has been cast and the slide removed from the casting frame, the slide
can be placed between the poling magnets (Figure 3.6). If desired, risers can be placed between
the slide containing the solution and a cover slide, so that the cover is not directly touching the
solution. However, this is not a necessary step, as the barium ferrite particles will not be drawn
out of the solution when under the magnetic field, nor does the glass slide provide any benefit to
thermal properties of the material.

Figure 3.6: Sample resting inside the curing magnets.

With the glass slide containing the sample placed on the bottom magnet, the other magnet
can be placed on top (Figure 3.7a). The magnet is then connected to a voltage supply, and the
maximum voltage value is applied (in this study, that is 33.05 V). An IR sensor is used to
monitor the temperature of the magnets as a function of time (Figure 3.7b). After about 15
minutes, or when the magnets reach a temperature of 60˚ C, the voltage supply is turned off, and
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the magnets are allowed to cool. It takes about 45 minutes until the magnets are cool enough to
handle. When they are cool, the now-magnetically-poled sample can be removed.

(a)

(b)

Figure 3.7: (a) Magnet configuration during poling step with sample placed between the two magnets,
(b) IR sensor used to monitor temperature of magnets.

The sample is then placed into a vacuum oven for 1 hour at 90˚ C to complete the drying
process. After this time, the vacuum is removed, the heat is turned off, and the oven and sample
are allowed to cool for 12 hours. Once cool to the touch, the sample is removed from the slide
by immersing in water. The final step is to anneal the sample at 120˚ C for 9 hours. Annealing
is an important step for reducing surface porosity and increasing dielectric permittivity of the
sample.
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Chapter 4

Effect of Barium Ferrite on Microstructure
Using the processing outlined in Chapter 3, several films with various weight percent of
barium ferrite (10, 20, 30 wt %) were fabricated. Because of the continuous improvement in
processing that were introduced throughout the study, some films were made that did not contain
PEG and were not poled. Samples of these films were analyzed along with the samples that did
contain the surfactant and were poled in order to determine the effect of barium ferrite content,
PEG content, and poling. Table 4.1 lists the various films that were investigated and details on
composition. In this thesis, the samples will be referred to by their composition rather than
“Film 1,” “Film 2.”

Table 4.1 Film Composition Details
Film 1
Film 2
Film 3
Film 4
Film 5
Film 6
Film 7
Film 8

Barium Ferrite Content (wt %)
0
10
20
10
30
30
30
30

With or Without PEG Surfactant
Without
Without
Without
With
With
With
With
With

Poled/Unpoled
Other
Unpoled
Unpoled
Unpoled
Unpoled
Unpoled
Unpoled
70 hr mix
Poled
Poor casting
Poled
-

The morphology of these samples were examined with the use of an optimal microscope,
scanning electron microscope, and differential scanning calorimeter. Samples were made with
and without the use of the surfactant mentioned in Chapter 3, in order to analyze the effect of its
addition. One sample was also mixed for 70 hours, rather than 24 hours, to determine if a longer
mixing time led to better particle dispersion. Another sample had poor casting, as was shown in
Chapter 3, which resulted from the doctor blade being uneven and the slide moving during
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casting. This film had some areas with high concentration of barium ferrite particles and other
areas with low concentration of barium ferrite particles. Its morphology and electric properties
were not analyzed, since the properties would not be uniform across the film. However, its
magnetic actuation ability was measured to test the effects of magnetic poling. The resulting
properties of the other samples are discussed in this chapter.

4.1 Optical Microscopy
Optical microscopy (OM) was used in this study to examine dispersion of barium ferrite
particles in each sample and study the effects of various processing techniques. The pure PVDF
terpolymer is shown in Figure 4.1 as the control film.

Figure 4.1: Pure PVDF terpolymer

The first solution with barium ferrite that was fabricated was a 9.8 wt% sample. This
sample followed all processing steps in Chapter 3, except that it was not poled. The sample
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showed dispersed agglomerations of barium ferrite particles (Figure 4.2a), which was confirmed
by OM images (Figure 4.2b).
This prompted the investigation of the use of a surfactant. Ideally, the surfactant would
break down the large agglomerations and lead to much better dispersion. Polyethylene glycol
(PEG), a surfactant used in previous applications with PVDF, was selected based on its chemical
composition. It possesses a free hydrogen molecule that can form a polar bond with a fluoride in
the PVDF chain, as well as a free hydroxyl group that can pair with the barium ferrite molecules
(Figure 4.3).

(a)

(b)

Figure 4.2: (a) image of 9.8 wt% film, (b) OM image of 9.8 wt% film
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Figure 4.3: Chemical structure of PVDF (left) bonding with PEG (right) [9].

To assess the effect of the surfactant on dispersion, two 10 wt % samples were prepared,
one with PEG and one without PEG. The results, seen in Figure 4.4, were dramatic. With the
naked eye, one can clearly see that the surfactant led to a homogeneous film with a much higher
degree of dispersion; since the particles were better dispersed in the film, the film appeared more
uniform in color. Dispersion was so great that the OM was no longer useful; the sample was
totally opaque and individual particles could not be seen under the microscope. This led to the
use of SEM to examine further samples, which is discussed later in this chapter.
The optical microscope was used again in this study in a mixing time experiment. In this
experiment, processing with the surfactant was followed as detailed in Chapter 3 for a 30 wt %
sample, but it was mixed for 70 hours instead of 24 hours. The solution was examined at 24
hours, 48 hours, and 70 hours to determine if a longer mixing time led to smaller particles and
better dispersion. As can be seen in Figure 4.5, the images taken at each time stage did not show
a significant difference in particle size. In fact, it actually appeared that dispersion was better
after 24 hours. Therefore, mixing time remained at 24 hours for all subsequent samples.
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Figure 4.4: Comparison of 10 wt % samples with and without surfactant.

Figure 4.5: OM images after 24 hours (left), 48 hours (center), 70 hours (right)
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4.2 Scanning Electron Microscope
As samples got too dark for the optical microscope, a scanning electron microscope
(SEM) was used to determine their morphology. This technique produces images of a sample by
scanning with a focused beam of electrons that detect information about the surface’s
composition. SEM images show that samples with no surfactant have larger, less dispersed
aggregates of barium ferrite. Figure 4.6 shows the images from the 9.8 wt % sample and the 20
wt % sample with no PEG, and it can be clearly seen that the agglomerates are not evenly
dispersed throughout the polymer, even when the weight percent is increased.

Figure 4.6: SEM images of 9.8 wt % sample (left), and 20 wt % sample (right) with no PEG.

In contrast, it can be seen in Figure 4.7 that the samples prepared with PEG—a 30 wt %
prepared with normal processing techniques, and a 30 wt % sample that mixed for 70 hours—
show much better dispersion. It is also noted that it does not appear that there is much difference
between the sample mixed for 24 hours and the sample mixed for 70 hours, which was also
deduced from the OM images above.
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Figure 4.7: SEM images of 30 wt % samples, one mixed for 24 hours (left), and one mixed for 70 hours (right).

However, when comparing these samples at a higher resolution (Figure 4.8), it is clear
that longer mixing time has a significant effect on dispersion. This is an area of study for future
research.

Figure 4.8: Higher resolution SEM images of 30 wt % samples, one mixed for 24 hours (left),
and one mixed for 70 hours (right).
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4.3 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is a technique that is used to study the thermal
behavior of polymers by measuring the differences in heat flow into a substance and reference as
both are subjected to a controlled temperature profile. In this study, DSC was used to
characterize the thermal transitions of the new barium ferrite/PVDF terpolymer films and to
study the effect of barium ferrite on these transitions.
DSC analysis of pure PVDF terpolymer shows a glass transition (Tg) temperature of
32˚ C, a melting temperature (Tm) of approximately 130˚ C, and a recrystallization (or fusion)
temperature (Tf) of approximately 105˚ C. A study completed at the University of Rhode Island
and The Pennsylvania State University [10] provides DSC results for P(VDF-TrFE), and it was
assumed that P(VDF-TrFE-CTFE) would exhibit similar behavior in the same temperature range.
As can be seen in Figure 4.9, the DSC results for PVDF terpolymer from this study are
consistent with those found in literature; therefore, they will serve as the baseline for
comparison.
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Figure 4.9: DSC curve for pure P(VDF-TrFE-CTFE)

DSC curves for each sample follow a similar path as the pure terpolymer curve, with
similar results for glass transition temperature, melting temperature, and recrystallization
temperature. The data show no consistent trend with an increase in barium ferrite content or
addition of PEG in regards to any of the three temperatures. Likewise, there is no trend in heat
flow for glass transition or recrystallization. However, there does appear to be a decrease in
melting enthalpy with an increase in barium ferrite content, especially when PEG is included in
the solution. The decrease is most obvious when both barium ferrite content and PEG content
increase. Since PEG is measured relative to the weight of the barium ferrite, higher barium
ferrite content means a higher content of PEG. Table 4.2 presents the data and highlights this
trend.
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Table 4.2 DSC Result for All Samples

10 wt % BF

It should be noted that though there is a change in melting enthalpy with an increase in
barium ferrite and addition of PEF, there does not appear to be a change in melting temperature.
This can be explained by studying the Gibbs-Thomson Equation (Equation 4.1). It is shown in
this equation that Tm depends on the thickness of the crystals in the polymer, and not on the
melting enthalpy.

2𝜎𝑒

𝑇𝑚 = 𝑇𝑚 ° [1 − ∆𝐻

𝑓 ° 𝑙𝑐

]

(4.1)

Additional explanation comes from Equation 4.2, which shows that a decrease in melting
enthalpy (ΔHf) will decrease the degree of crystallinity (Xc) when ΔHfo is constant. In this case,
ΔHf 0 is unknown because it is impossible to know a value for 100% crystallinity in a terpolymer.

Xc =

∆Hf
∆Hf °

(4.2)

The decrease in degree of crystallinity might be due to the surfactant being included in
the solution. The surfactant interacts with the polymer chain and disrupts its normal organization
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it so that barium ferrite particles, can become more dispersed. With a better dispersion, the
crystalline structure will not be able to form as well as it does in a pure terpolymer sample,
therefore there is a decrease in melting enthalpy. This is just one possible explanation for these
results, and it should be investigated further in future research.
Studying the percent change of the melting enthalpy from the pure terpolymer reveals
that surfactant content alone does not cause the change. As seen in Table 4.3, melting enthalpy
decreases 12.17% from the pure terpolymer value at 20 wt% barium ferrite content when no PEG
is added. Additionally, when the barium ferrite content is doubled from 10 wt% to 20 wt% and
no surfactant is added, the melting enthalpy decreases by about 14%, indicating that the melting
enthalpy change is not strictly caused by PEG.

Table 4.3 Percent Change in Melting Enthalpy

Pure Terpolymer
10 wt% BF
20 wt% BF
30 wt % BF with PEG
30 wt % BF with PEG, poled

ΔHm
18.9
19.3
16.6
15.9
15.1

Change From Pure (%)
0
2.12
-12.17
-15.87
-20.11

Surprisingly, the melting enthalpy of the 10 wt% barium ferrite sample increases from
that of the pure terpolymer. As was shown in Figure 4.4 above, this film had dispersed
aggregates of barium ferrite particles. Some of these aggregates were larger than others and
some areas had a higher concentration of particles than others. Because this dispersion was not
as even as the films with higher barium ferrite content and the films that included PEG, the
increase in melting enthalpy is likely related to the issues with processing.
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There is clearly a large change between the two 30 wt% barium ferrite samples that
contain PEG. The only difference between them is that one was poled and one was not, so
magnetic poling seems to have an effect on the thermal properties of the material. When the film
is being poled, it is not completely dry, so the particles have some mobility. Theoretically, the
barium ferrite particles may migrate, link together, or rotate from their original positions based
on the magnetic field. This movement would further disrupt the crystallization of the polymer
beyond the reasons discussed above, which can explain why the change in melting enthalpy is so
much greater.
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Chapter 5

Electric and Magnetic Characterization

5.1 Electric Characterization
Dielectric measurements were conducted on all prepared samples: PVDF terpolymer as
control, and composites of 10 wt%, 20 wt%, and 30 wt% barium ferrite. Some of these samples
contained PEG surfactant and some did not. An additional 30 wt% sample containing PEG that
was mixed for 70 hours was also analyzed to assess impact of mixing time on properties.
The dielectric measurements were taken with HP LCR meter (4284A model) over a
frequency range of 20 Hz to 1MHz, which measures capacitance and conductance of the
samples. Silver electrodes were deposited using a Kurt J. Lesker Evaporator on top of all films
used in electrical characterization. The dielectric constant (ε’) was calculated using Equation 5.1
from the capacitance values by assuming a parallel plate capacitor configuration,
𝐶∙𝑡

𝜀′ = 𝜀

0 ∙A

(5.1)

where C is the capacitance measured by the LCR meter, t is the thickness of the sample, A is the
area of the electrode surface, and 𝜀0 is the dielectric constant of vacuum (=8.854x10-12 F/m).
The dielectric loss is represented by the loss tangent tan 𝛿, where tan 𝛿 is the dissipation factor
measured by the LCR meter. In addition to these measurements, electric strain values for select
samples were taken as electric field was varied.
The dielectric constant was then plotted as a function of frequency to analyze differences
across various barium ferrite and PEG contents, and to assess effects of dispersion and volume
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content of dielectric behavior. As can be seen in Figure 5.1, the dielectric constant changes with
barium ferrite content. When there is no PEG included in the solution, the dielectric constant
values for both the 10 wt% and 20 wt% barium ferrite films follow the same behavior as at that
of the pure terpolymer, though they are lower. The 10 wt% barium ferrite film shows a decrease
in dielectric constant from the pure terpolymer of 13.80% at 100 Hz, and a decrease of 14.45% at
1 kHz. At 20 wt% barium ferrite content, these changes double.

80
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60
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50

30 wt%, with PEG,
70 hr mix

40

30

20

10

0
10

100

1000

10000

100000

Frequency (Hz)

Figure 5.1: Dielectric Constant vs. Frequency for all Films
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There is a continuously decreasing trend with frequency for the PEG modified samples is
in contrast to that of the samples with no PEG, where the dielectric constant plateaus to 10 MHz
then starts decreasing around 100 MHz. When PEG is added and dispersion is improved, the
dielectric constant appears to be very high at low frequencies. For the 30 wt% sample with PEG
that was mixed for 70 hours, the dielectric constant reaches a maximum value of 73.9 at a
frequency of 20 Hz, compared to a value of 36.9 for the pure terpolymer at the same frequency.
However, the dielectric constant decreases significantly from these values at higher frequencies.
In fact, around 200 Hz, values for the dielectric constant of samples that contain PEG fall below
the values for pure terpolymer to a value of 25.9. This suggests a transition in behavior from an
insulating material to a conductive material for the PEG samples. Further analysis of the data
indicates that this transition appears to be due more to the increased dispersion of the barium
ferrite particles, rather than just the mere presence of PEG. Both 30 wt% barium ferrite films
contained the same amount of PEG, but the solution that was mixed for 70 hours had much better
dispersion (seen in SEM images), and showed a greater change in dielectric constant values.
It is most relevant to analyze differences in values at 100 Hz and 1 kHz, as shown in
Table 5.1. Based on this analysis, it can be seen that while the percent change dielectric constant
of the 30 wt% barium ferrite films with PEG is positive at 20 Hz, it is negative at both 100 Hz
and 1 kHz. At 100 kHz, the film that was mixed for 70 hours has a decrease of only 6.624%
from the pure terpolymer film, while it was a decrease of 44.31% at 1 kHz.
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Table 5.1 Percent Change in Dielectric Constant
Composition
Pure Terpolymer
10 wt %, no PEG
20 wt%, no PEG
10 wt% with PEG
30 wt% with PEG
30 wt% with PEG, 70 hr mix

at 20 Hz
0
-12.47
-29.09
-12.064
26.11
84.96

at 100 Hz
0
-13.80
-29.63
-29.04
-18.50
-6.624

at 1 kHz
0
-14.45
-29.57
-37.81
-37.05
-44.31

Analyzing the dielectric loss can aid in determining whether the materials are behaving as
conductors or insulators. In Figure 5.2, the dielectric loss is represented by the by the loss
tangent tan 𝛿 and is plotted as a function of frequency. The loss values are significantly lower
for films that do not contain PEG. The behavior of the curves for these films is also quite
different than the behavior for films with PEG. For films with no PEG, including the pure
terpolymer film, values for tan 𝛿 are relatively low and low frequencies, and increase at higher
frequencies. The opposite behavior is seen for films that contain PEG.
Coupled with the data for the dielectric constant, the behavior shown by the dielectric
loss values reinforces that increased dispersion of barium ferrite particles brings about a
transition from insulating to conductive properties in barium ferrite/PVDF terpolymer films.
However, this should be investigated further. It is not clear whether this transition is due strictly
to increased dispersion, or if it is tied to the chemical nature or content of PEG. In the films
studied in this thesis, PEG was included in the solutions at 20 wt% of the barium ferrite. Future
research should investigate if this is the proper surfactant content for these films, as well as how
various content levels of PEG affect barium ferrite dispersion, dielectric constant values, and
dielectric loss. Additionally, dielectric measurements were not taken for any poled samples.
These measurements should be taken to see in what ways, if any, the changes due to magnetic
poling affect electric properties.
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Figure 5.2: Dielectric Loss vs. Frequency for All Films

The electric strain for some samples—10 wt% barium ferrite content with no PEG, 20
wt% barium ferrite content with no PEG, and pure PVDF terpolymer—was also calculated by
recording strain values as electric field was varied. As shown in Table 5.2, the electric strain at
100 MV/m for pure terpolymer was found to be 2.5%, for 10 wt% barium ferrite it was found to
be 1.2%, and for 20 wt% barium ferrite it was found to also be 1.2%.

tanδ (Samples with PEG)

tanδ (Samples without PEG)

0.38
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Table 5.2 Electric Strain (%)

Composition
Pure Terpolymer
10 wt %, no PEG
20 wt%, no PEG

at 60 MV/m
1.5
1.0
0.9

at 100 MV/m
2.5
1.2
1.2

These results show that the addition of barium ferrite diminishes the electric strain by
more than 50%, which is not surprising given that the dielectric constant is decreased in all cases.
Additionally, these results also show that the magnetic particle modified composites respond to
an electric field. Although the modified composites show a lower electromechanical strain, they
also exhibits a magnetomechanical strain (discussed below), giving an advantage over the pure
terpolymer. The same tests should be conducted on the other films discussed in this thesis to
further examine the effect of a higher barium ferrite content and addition of PEG on the electric
strain rate.

5.2 Magnetic Characterization
In this thesis, magnetic characterization is defined as degree of actuation in the presence
of a magnetic field. The first step in this characterization process was to use a Gauss meter in an
attempt to measure magnetic flux. A Gauss meter is a probe that measures the magnetic field
emitted from any magnetic object. To measure this field, the samples were placed in an acrylic
holder and the probe rested on top to measure the magnetic field, as sketched in Figure 5.3. This
method proved inconclusive, as the meter read the same value for the pure terpolymer film as a
magnetically poled 30 wt% barium ferrite/PVDF terpolymer film, which cannot be correct.
Even when the meter was placed directly over the sample, without the distance required by the
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holder, the readings were the same for the pure terpolymer and the samples containing barium
ferrite, potentially indicating that the films may be too thin to register a reading on the meter.

Figure 5.3: Set-up for magnetic field testing with Gauss meter probe

Because the Gauss meter readings were inconclusive, characterization of the barium
ferrite/PVDF terpolymer composite films was completed by testing actuation under an applied
magnetic field and measuring the bend angle. Films were held between 2 glass plates and then
placed in the middle of a C-magnet, which was connected to a voltage supply, as sketched in
Figure 5.4a. The bend angle, shown in Figure 5.4b, is defined as the angle between the
horizontal position when the magnetic field is zero and the bent position when the magnetic field
is a maximum. The voltage was slowly increased from 0 V to a maximum value of 33.0 V, and
images were taken of the bending response (Figure 5.5).
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(a)

(b)

Figure 5.4: a) Configuration for testing actuation under an applied magnetic field; b) Schematic of bend angle under
applied magnetic field.

The images were then analyzed with Image J software [11] to calculate the bend angle
between positions at 0.0 V and 33.0 V. Table 5.3 shows the results of this analysis. The data
reveal that even when a film contains magnetic particles, it does not show an actuation response
at all unless the particles are poled. The pure terpolymer sample and all non-poled films show no
bending response under the magnetic field.

Figure 5.5: Poled 30 wt% barium ferrite/PVDF terpolymer composite film actuating under magnetic field
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Table 5.3 Bending Angles for all Barium Ferrite/PVDF Terpolymer Composite Films

The poled 10 wt% barium ferrite sample shows a bending response of 30˚, and the poled
30 wt% sample shows a response of 46˚. The 10 wt% barium ferrite sample is likely bending at
a smaller angle than the 30 wt% barium ferrite sample because it contains fewer barium ferrite
particles, therefore showing a weaker response in a magnetic field. There are less ‘active’
particles, so the film exhibits a less ‘active’ response.
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Chapter 6

Conclusion and Future Research

6.1 Microstructure
The processing steps detailed in this thesis produces a homogeneous material displaying
both electric and magnetic characteristics simultaneously, owing to its designed composition.
The PVDF terpolymer matrix is electrostrictive, i.e., it responds to electric field by exhibiting a
deformation or strain. The addition of barium ferrite particles to the PVDF terpolymer gives the
material its magnetic attributes, following magnetic poling of the composite. This composite
would enable multifield actuation and will advance applications where active folding and
unfolding is needed, such as in aerospace and medical applications. Optical microscopy and
scanning electron microscopy show good dispersion of barium ferrite particles, and improved
dispersion with the use of PEG surfactant. There is indication that a mixing time longer than 24
hours will further improve dispersion, but more research needs to be conducted to find the
optimal mixing length.
Differential scanning calorimetry experiments do not show any significant effect of
barium ferrite content, addition of PEG, or magnetic poling on the glass transition temperature,
melting temperature, or recrystallization temperature. There appears to be no affect in heat flow
for glass transition or recrystallization; however, there does seem to be a decrease in melting
enthalpy with an increase in barium ferrite content, especially when PEG content increases. A
lower melting enthalpy indicates a reduction in degree of crystallinity, which can be attributed
the presence of the barium ferrite particles and the surfactant. The particles, especially when
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assisted by the surfactant, disrupt the polymer chains so that they cannot form their typical
structure. This means that a lesser amount of heat is required to transition the material from a
crystalline state to an amorphous state. One explanation for this is found in the Gibbs-Thomas
Equation, which shows that the melting temperature does not depend on melting enthalpy, so
seeing a change in melting enthalpy will not affect the melting temperature.

6.2 Electric Characterization
Dielectric measurements taken for all samples showed that the addition of barium ferrite
powder lowers the dielectric constant in comparison to the pure terpolymer. The dielectric
constant and behavior of the material changes even more greatly from that of the pure terpolymer
when PEG is added to aid in dispersion of the barium ferrite particles. At low frequencies, the
values for films containing PEG are very high, which indicates interfacial polarization, likely due
to the good dispersion of particles giving rise to high internal surface in the composite. However,
as frequencies increase, it is clear that this behavior is ‘artificial,’ as the dielectric constant values
fall greatly below those for the pure terpolymer and films that do not contain PEG.
It is evident that the addition of PEG is not the only contributing factor to the increase in
dielectric constant, as two 30 wt% barium ferrite samples showed different dielectric constant
behavior despite having the same compositions. However, one film was mechanically mixed for
70 hours and the other was mixed for only 24 hours. Measured at 1 kHz, the film that was mixed
for 70 hours shows a decrease in dielectric constant from that of the pure terpolymer of 44.31%,
while the film mixed for 24 hours showed a decrease of only 37.05%. SEM images of these
films show that the barium ferrite particles in the film mixed for 70 hours were much better
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dispersed throughout the film. Thus, it is likely that the increase in dielectric constant is related
to dispersion, rather than just the chemical structure of PEG.
The behavior of the dielectric constant and the dielectric loss seem to indicate a transition
from insulating behavior to conducting behavior when PEG is added to the solution. However, it
is not clear whether this transition is due to the chemical nature of PEG, the content level of
PEG, or increased dispersion of barium ferrite particles.
Electric strain results of pure PVDF terpolymer reveal a strain of 2.5% at 100 MV/m.
Addition of barium ferrite at a very low weight percentage of 10 wt% exhibits an electric strain
of 1.2%, and a barium ferrite content of 20 wt% also shows an electric strain of 1.2%. Although
the barium ferrite containing films show lower electromechanical strain than the unmodified
terpolymer, they are also designed to exhibit magnetomechanical strain, hence their advantage
over the terpolymer. More tests should be conducted on other samples discussed in this thesis to
learn more about the relationship between electromechanical strain and barium ferrite content, as
well as to discover the effect of better particle dispersion on the electromechanical response.

6.3 Magnetic Characterization
Magnetic characterization of the barium ferrite/PVDF terpolymer films was conducted by
measuring the bending angle of actuation when the films were placed in the presence of a
magnetic field. As expected, the pure terpolymer film showed no actuation response when
placed in the magnetic field. Similarly, all barium ferrite/PVDF terpolymer films that were not
magnetically poled showed no response. Both magnetically poled films, 10 wt% and 30 wt%,
showed a strong actuation response. The bend angle of the 10 wt% poled film was measured to
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be 30˚, and that of the 30 wt% poled film was measured to be 46˚. This weaker response is
likely due to the fact that it contains less barium ferrite particles than the 30 wt% film, thus the
film as a whole does not feel the effects of the magnetic field as strongly.

6.4 Suggestions for Future Research
Based on the promising results and several remaining challenges encountered in this
study, there are a few areas that could be pursued in future research. First, an experiment could
be conducted to find the optimum mixing time to maximize barium ferrite particle dispersion.
While lengthy mixing times increase the length of processing for a single solution, a better
dispersion of the barium ferrite particles may be desired for repeatability of composite behavior,
so a longer mixing time would be an acceptable compromise. Greater dispersion also seems to
have an effect on electrical properties, so it is possible that mixing time may be tailored to
achieve certain desired material responses.
Second, other options for sample poling should be explored. Ideally, the set up should be
similar to the one detailed in this thesis, but larger, so that more samples or one large sample can
be poled at the same time. This will also reduce processing time.
Third, a deeper DSC investigation should be conducted to further analyze the data trends.
Samples with different barium ferrite contents, for example, 5, 15, 25, 35 wt %, could be
fabricated and studied to confirm the trend in melting enthalpy. Further analysis would lead to a
deeper understand of why percent crystallinity is impacted whereas other values, such as melting
temperature, are not.
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Fourth, a more detailed investigation of electric characterization should be completed. It
is not clear whether dielectric constant behavior is due to the chemical nature or content level of
PEG. Therefore, samples with various levels of PEG and potentially samples with a different
surfactant should be made and dielectric measurements taken to thoroughly understand the
effects of the surfactant on electric properties. Additionally, conductivity measurements, electric
strain and polarization loops should be conducted for all samples to better understand the
transition in behavior from insulator to conductor.
Finally, a more in-depth study of the magnetic properties of all the films should be
carried out. This includes magnetic hysteresis loop analysis, determination of magnetic
saturation, and magnetic polarization. These studies will give a more complete profile of the
magnetic attributes of barium ferrite/PVDF terpolymer composite films.
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Used engineering knowledge to develop a tool to capture plant operation capacity
Identified new segments and new customers to meet aggressive growth goals and develop a
marketing plan
Research and development of anti-foam technology in lubricants

Design Intern, Pratt & Whitney
Externals Department, East Hartford, CT





May 2013 – August 2013

Authored and implemented standard work documents to introduce new thermoplastic
material for design and advancement of engine technology
Contributed cost- and weight-saving efforts for the Bombardier engine program
Used MATLAB and Excel to develop a tool to prove deflection of engine components to
ensure safety
Collaborated with team members to drive projects to completion

RESEARCH EXPERIENCE
Undergraduate Researcher, Penn State University

February 2014 – Present

Electromagnetic Materials Characterization Laboratory
Advisor: Zoubeida Ounaies



Research and develop a process to create and fully characterize a smart material that actuates
when exposed to external electrical and magnetic fields
Publish a thesis paper presenting the results of the study

LEADERSHIP
Speaker, Penn State Engineering Ambassadors
Phillips 66 Designation (2013-2014), UTC Designation (2012-2013)





May 2012 – Present

Professional development organization with an outreach mission
Receive advanced communication and leadership training
Represent the College of Engineering through presentations and tours
Create and present technical talks to large groups of people

HONORS AND AWARDS
Schreyer Honors College Academic Excellence Scholarship, 2011-2015

Dean’s List: Spring 2015, Fall 2014, Spring 2014, Fall 2013, Fall 2012, Spring 2012

