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ABSTRACT

The illegal importation of special shielded nuclear materials (SSNM) is a serious national
security concern, as these materials could be weaponized if they fall into the wrong hands. Solid
scintillating organic detectors, which are usually made of scintillating hydrocarbon plastics, may
be used to prevent the smuggling of these materials into the United States. In order to fabricate
the polymer-glass composite detectors, lithium GS20 glass shards are suspended in thermoset
polyvinyl toluene (PVT), which has a molecular structure of [CH2CH(C6H4CH3)]n. The
composite scintillates, or emits light, when subjected to gamma rays and neutrons resulting from
the active interrogation of the SSNM. Through the process of Pulse Shape Discrimination (PSD),
one can detect the difference between fast neutrons, thermal neutrons, and gammas. However,
time, temperature, and applied loads are all factors that could negatively affect the detector’s
mechanical stability and performance. As a result, this thesis seeks to quantify and compare the
effect of thermal degradation, also known as aging, on PVT. The research approach includes
processing and synthesizing polyvinyl toluene, curing and polishing the samples, performing
mechanical as well as thermal testing, and finally statistically analyzing the results. The modulus
of elasticity, percent elongation, stress and strain at fracture, and glass transition temperature (Tg)
are the properties of interest.
A Design of Experiments (DOE) methodology is used to systematically test the polymer
specimens, which are made based on ASTM D638 Standard dogbone-shaped mold using a
predetermined curing technique. In order to establish limits for the temperature and time of
operation needed to maintain the mechanical integrity of the detectors, statistical calculations are
performed on the collected data. Such information will assist in improving future PVT-based

ii

detectors, therefore contributing to the progress towards making this country safer by eliminating
illegally trafficked special nuclear material.
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Chapter 1
Introduction

1.1 Research Motivation
The smuggling of shielded special nuclear material (SSNM), such as highly enriched
uranium (HEU) and plutonium, through American ports in cargo containers is a significant threat
to national security (Byrd, Moss and Priedhorsky), as these nuclear materials could be
weaponized if undetected (Runkle, Bernstein and Vanier). Therefore, nuclear terrorism
deterrence is the prime application for the technology investigated in this project. A solid
plastic-based composite scintillator, which can discriminate between fast neutrons and thermal
neurtrons, is being developed by teams from the Pennsylvania State University, the University of
Michigan, Massachusetts Institute of Technology, and Georgia Institute of Technology, with the
goal of enabling the detection of smuggled SSNM (Low-Dose Inspection for Nuclear Threats
Using Monochromatic Gamma-Rays). Previously, the rare noble gas isotope 3He was the main
component in SSNM detectors. It naturally forms during the decay of tritium, which itself is used
in nuclear weapons technology (Peerani, Tomanin and Pozzi). Prior to September 11, 2001, the
supply of 3He was larger than the demand, which kept the cost low, but this changed as fears of
domestic terrorism rose. Now, a shortage of the isotope, resulting from increased production of
nuclear material detectors, has led to its skyrocketing price (Peerani, Tomanin and Pozzi). With
this in mind, other forms of detectors are necessary to maintain secure borders and public spaces,
and solid organic scintillators are at the forefront of this technological progress.
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1.2 Background on SSNM Active Interrogation
Great promise exists for composite SSNM detectors, and the main matrix of interest is
PVT. Solid composite detectors are in development and have advantages over previously used
detectors such as 3H. However, clouding of PVT has been shown in literature, so for these
detectors to find more widespread applications, a better understanding of the behavior of PVT is
necessary. In the detector discussed in this thesis, the composite is comprised of GS20 Lithium
glass suspended in a PVT matrix (Figure 1). Since these two materials have significantly
different decay time constants than each other, it enables pulse shape discrimination between fast
neutrons and thermal neutrons. Thermal neutrons appear on the island of the pulse shape
parameter (PSP) graph and are captured by the Lithium glass while the PVT creates the gamma
band (Figure 2) (Mayer, Nattress and Foster). In order for the polymer-glass composite detector
to function, it must be used with the active interrogation method, a process in which the fission
of shielded nuclear materials is induced by targeting the shielded nuclear material with a
controlled source of gamma rays above 6 MeV or fast neutrons at all energies (Byrd, Moss and
Priedhorsky). Gamma rays and fast neutrons have the ability to probe cargo containers where
nuclear material may be stored. This forces the SSNM to emit gamma rays and neutrons, causing
the detector to scintillate, or emit light (Byrd, Moss and Priedhorsky). Both the GS20 Lithium
glass and the PVT are scintillators, and the composite’s light emission can also be seen while
under a UV light (Figure 1).
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Figure 1: PVT and Lithium glass rod
composite scintillating under UV light
(Photo credit: Albert Foster III).

Figure 2: PSP graph resulting from pulse shape discrimination (PSD).
The thermal neutron capture island can be seen above the gamma band
(Albert Foster III).

1.3 Characteristics of Crosslinked Polyvinyl Toluene
A thermoset polymer is a material with crosslinking, which is the linking between
polymer chains through primarily covalent bonds (Figure 3). In PVT, vinyltoluene monomers
can be crosslinked with a crosslinking agent, such as divinylbenzene (DVB). With significant
crosslinking, the polymer becomes a three-dimensional network, making the polymers more
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rigid and stable. A notable characteristic of thermoset polymers is that they degrade rather than
melt upon heating (Odian). The glass transition temperature is the point below which the
polymer is in a glassy state and above which it is in a rubbery state (Pascault and Williams).
The combination of crosslinking and degradation, which has been accelerated and
simulated through thermal aging in a vacuum oven, will be the determining factors in the
polymer’s expected mechanical behavior, representing what will happen to the polymer network
when it is utilized as a detector (Jo and Ko). In many composites, “the properties of the matrix
strongly influence the behavior of the composite material. In polymer based composites, the long
term stability of the matrix is an important aspect of the composite itself” (Lee and McKenna).
Physical aging occurs when a polymer becomes more brittle after being exposed to temperatures
near its glass transition temperature (Tg) for extended amounts of time (Cook, Mehrabi and
Graham). Though aging experiments have not been conducted on PVT before, other thermoset
polymers, such as epoxy, have been investigated (Merrall and Meeks). Existing literature shows
that thermal degradation leads to volumetric relaxation, which is an increase in density due to a
reduction in free volume, or the volume not filled with polymer chains. Free volume can also be
defined as the excess volume taken up by an amorphous polymer compared to the volume of a
crystalline polymer of the same mass (Figure 4). Such a decline in free volume with thermal
aging results in increased packing density since there are more polymer chains in a smaller
volume. Both the volumetric relaxation, which increases the packing density and thus
strengthens the polymer, and the higher degree of crosslinking due to aging ultimately increase
the samples’ stiffness. Packing density is likely to be the dominant cause of any increased
stiffness since this property is more reliant on “molecular architecture” (Jo and Ko). Thermal
aging also leads to enthalpy relaxation (i.e. restricted molecular motion), so the polymer chains
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require higher temperatures to initiate an enthalpy release, leading to a higher glass transition
temperature (Odegard and Bandyopadhyay).
For the composite detector, PVT provides a medium in which to suspend the lithium
glass shards, and it offers mechanical stability as it is a solid, not a liquid or gas, detector, which
reduces the possibility of leaks and combustion (Pozzi, Bourne and Clarke). The effects of aging
on the composite detectors are important because the resulting thermal degradation as well as
deformation under applied loads could affect the PVT’s performance during use in the field. As a
result, in order for the composite to be useful as a detector, the application requires it to be
structurally robust, with respect to thermal degradation and aging. Degradation of PVT due to
aging has been reported and manifests itself as fogging in the polymer, and this has also been
observed in experiments conducted in our research group (EMCLab,
http://www.mne.psu.edu/emcl/) (Figure 5). When the detector is exposed to high temperatures or
extreme weather conditions, internal fogging adversely affects the scintillator’s performance
with decreased efficiency of light output (Cameron, Fritz and Hurlbut)

Figure 3: Crosslinking of adjacent polymer chains (Odian).
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Figure 4: Illustration of "free volume" as the difference between the volume occupied by chains
of equal mass polymer in the crystalline versus amorphous states (Odegard and
Bandyopadhyay).

Figure 5: Fogging of PVT due to aging in experiments
(Photo credit: Albert Foster III).

Swelling experiments involve submerging a crosslinked polymer into a compatible
solvent so that the polymer will absorb the liquid and consequently increase in mass over time to
an equilibrium. This change in mass allows for the calculation of the percent crosslinking present
in the polymer. The main advantages of swelling experiments are their simplicity and
affordability (Cambridge Polymer Group). Swelling experiments to quantify crosslink density
are documented in literature after having been performed on PDMS and epoxy samples with
solvents ranging from water, deuterated toluene, ethanol, methanol, p-xylene (99%), and n-
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hexane (99%) (Chasse, Lang and Sommer) (Chen, Ober and Poliks) (Nandi and Winter)
(Enscore, Hopfenberg and Stannett) (Bae, Okano and Kim). These polymers were submerged in
the solvents for various amounts of time, ranging from 4 days to 19 days (Chasse, Lang and
Sommer) (Chen, Ober and Poliks). The amount of swelling of the polymer with the solvent is
directly related to the degree of crosslinking in the sample. A lower percentage of crosslinking
will lead to a larger change in mass due to swelling, while greater crosslinking does not allow as
much solvent to enter the sample (Cambridge Polymer Group). It is believed that thickness is the
most dominant dimension in predicting how much swelling will occur in a sample because the
solvent will be able to penetrate more of the total mass.

1.4 Problem Statement
This project seeks to investigate the mechanical and thermal properties of PVT for use as
polymer matrix for an SSNM detector. Two main aspects affect the polymer’s robustness: time
and temperature effects, known as aging, and the morphology of the polymer, mainly dictated by
crosslinking. This thesis will focus on both of these factors. The first objective is to establish the
aging temperature and aging time that yields the greatest change in the polymer’s mechanical
and thermal properties, which indicates the most significant material degradation. The second
objective is to quantify and qualify the crosslinking density of PVT samples made with different
weight percentages of the crosslinker DVB. In order to achieve the first goal, EJ-290 PVT
ASTM dogbone-shaped samples will be degraded in an accelerated manner via heating in a
vacuum oven at various times and temperatures based upon the nine run Taguchi Design of
Experiments matrix. The samples have been tested on an Instron 5584 tensile machine and a
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Differential Scanning Calorimeter (DSC) to ascertain the Young’s Modulus, percent elongation,
and glass transition. To meet the second objective, 0wt% and 5wt% DVB samples of in-house
Penn State PVT will be synthesized and characterized using DSC and equilibrium swelling
experiments to quantify as well as qualify the degree of crosslinking in each.
For the remainder of the thesis, the chapters are organized as follows: Chapter 2 will
outline the fabrication techniques for commercial PVT and in-house synthesized PVT, with DVB
as the crosslinker, as well as describe sample geometry and the methodology of Design of
Experiments. Furthermore, it will discuss the testing configuration for both mechanical and
thermal experiments. Chapter 3 focuses on the first objective of aging, and presents the collected
data and subsequent analysis, including trends, and determination of the aging combination that
leads to the most significant mechanical and thermal degradation. Chapter 4 focuses on objective
two and discusses swelling experiments as well as the resulting calculations to quantify crosslink
density. Finally, Chapter 5 will draw conclusions and chart future research.
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Chapter 2
Experimental Procedure

2.1 Procedure for Sample Fabrication

2.1.1 Polyvinyl Toluene Resin Kit
The crosslinked PVT is processed from the Eljen Technology resin kit EJ-290. First, the
EJ-290 Part C Catalyst is dissolved in the EJ-290 Part B Vinyltoluene Monomer using a ratio of
0.1 grams per 1 mL. Then, with the ratio of 2 mL for every 1 mL of monomer used, the EJ-290
casting resin (C6H4(CH3)2) is mixed into the solution using a THINKY vibrational mixer, which
vibrates the mixtures at different revolutions per minute under various vacuum pressures for
specified time periods (Figure 6). The liquid polymer is poured into the dogbone-shaped mold
and degassed under vacuum without heat for one hour. Afterwards, it is cured for 30 hours at 60
o

C and post-cured for 24 hours at 80 oC. The samples are removed from the molds and are

polished using a 320-grain sandpaper to remove the residual polymer along the edges that remain
following shrinkage of the material during curing.
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Figure 6: THINKY vibrational mixer used to mix the PVT resin and solvent.

.

2.1.2 In-House Synthesized Polyvinyl Toluene

PVT was also synthesized in-house, building upon a procedure developed by Dr. Natalia
Zaitseva at Lawrence Livermore National Laboratory, with some adjustments. (Zaitseva, Rupert
and Pawelczak) For example, the original methylstyrene was replaced with liquid vinyltoluene
monomers (C9H10) from TCI. The initiator used was 1,1-di(t-butylperoxy)-3,3,5trimethylcyclohexane, which is sold under the name Luprox 231 by Sigma Aldrich. The amount
used is 0.1% by weight for small (<30 grams) samples and 0.025 % by weight for larger
samples. The divinylbenzene (DVB), which was purchased from Alfa Aesar, was used as a
crosslinking agent at 5% by weight to produce a thermosetting polymer. The liquid monomer,
crosslinking agent, and initiator must be filtered by column chromatography. To complete this
process, a glass column fitted with a glass frit is filled in the following order with: 8 cm of Silica
gel 60 purchased from Alfa Aesar, 10 cm of Brockmann Grade I basic alumina from Alfa Aesar,

11

and 2 cm of sand bought from Sigma-Aldrich (Figure 7). The alumina removes the inhibitors as
well as most of the water, while the silica removes the oxidized monomer. Gravity pulls the
chemicals through each column, which has the capability of purifying approximately 200 mL of
liquid (Zaitseva, Rupert and Pawelczak). Because the polymer will turn yellow and have
different properties if exposed to oxygen, all of the above steps are performed in an inert
environment of a glovebox backfilled with nitrogen and curing is completed in a sealed vial. The
chemicals are then mixed in the glovebox with a stirbar for 30 minutes. The vial is capped with
the stirbar still inside and placed in a silicon bath that is heated to 55 oC for 4 hours in order to
increase the molecular weight of the polymer until it is a viscous resin that could be poured into
another mold, if desired.

Glass Column

Sand
Alumina
Silica gel
Glass Frit

Figure 7: Glass column filled with Silica
gel, alumina, and sand.

Once the polymer thickened, the stirbar was removed, the vial was recapped, and the
curing process in the silicon bath can begin (Figure 8). The procedure is as follows: 60 oC for 4
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days, 65 oC for 2 days, 70 oC for 4 days, cool slowly to 55 oC and hold for five hours, then
remove from oven. The cured polymer is then extracted from the vial by breaking the glass.
Finally the samples are cut using a diamond saw and polished prior to testing.

Curing Resin
Glass Beaker
with Silicon
Hot Plate

Figure 8: PVT undergoing the curing process in
a silicone oil bath.

2.1.3 Sample Geometry
The ASTM D638 dogbone-shaped sample design was fabricated to comply with polymer
tensile testing standards (Figure 9). ASTM 638 dictated the geometry of the dogbone sample,
and this standard is appropriate since it outlines the standard tensile test method for plastics, like
PVT. A mold of aluminum and Teflon layers (Figure 10), which allows for the easy release of
cured PVT, was created that can be disassembled with an Allen wrench (Figure 11). Teflon was
chosen because it is a material that neither adheres to PVT nor is degraded by it. Aluminum was
the metal of choice since it can withstand the oven temperatures necessary to cure the polymer
and was the most inexpensive of the materials that would not be affected by PVT.
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Figure 9: ASTM D638 dogbone sample standard (Standard Test Method for
Tensile Properties of Plastics: D 638-02a).

Figure 10: ASTM D638 dogbone sample mold.

Figure 11: Disassembled Teflon and aluminum mold used to make PVT dogbone
samples.
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2.2 Design of Experiment

2.2.1 Purpose of Design of Experiments
Design of Experiments (DOE) is a testing method that ensures the time and cost effective
collection of data. Instead of changing one variable at a time and holding all others constant to
determine changes in output, variables are changed simultaneously and the effect and
significance of each variable is determined through statistical analysis. There are many different
types of DOEs, depending on how much time and money are available to perform the
experiments, but in all cases, the experimentalist must determine the contributing factors, or
inputs that could affect the results. Additionally, one must determine the levels that will be
applied to each factor. Typically, there are high, medium, and low levels that represent the
amount of a certain factor in that combination of variables (Hockman and Berengut).

2.2.2 Taguchi Orthogonal Array
The DOE approach this thesis utilizes is a nine run Taguchi Orthogonal Array with two
factors (aging time and aging temperature) and three levels for each factor (Oktem, Erzurumlu
and Uzman). For the aging time factor, 12, 30, and 48 hours were chosen as the three levels, and
the three levels for the aging temperature factor were 60 oC, 80 oC, and 100 oC. In a general
Orthogonal Taguchi array, each level of each factor must be run with each other level of all other
factors. Moreover, there must be no repetition of level combinations between any two or more
parameters (Table 1). As seen in Table 2, an aging temperature of 60 oC was chosen as Level 1
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because it is twenty degrees below the glass transition temperature (Tg) of PVT (Jo and Ko).
Level 2 is approximately equal to the glass transition temperature itself, 80 oC, and Level 3 is
100 oC in order to exaggerate aging. Special care was taken when selecting the differentials
between the different levels’ times and temperatures because if the change between any two
levels is too small, changes in the output may not be apparent in the DOE analysis. Conversely,
if the level differentials are too large, a sensitive component could mask the effect of other
parameters (Jeoungseok). In existing Design of Experiments literature, as well as in Table 2, the
middle level (Level 2) is made to be the average of the maximum and minimum level values
(Oktem, Erzurumlu and Uzman). In addition to the above aging combinations, a set of control
samples with no thermal aging was tested on the Instron. Another group of samples was kept in a
desiccator, a humidity-controlled container, for five weeks and then tested in order to examine if
this storage technique has any effect on the appreciable aging of the sample. PVT data was
collected following the runs laid out in the Orthogonal Taguchi array show in Table 1.
Table 1: Orthogonal Taguchi array with Factors A and B (Aging Time and Aging Temperature) at three
different Levels 1, 2, and 3, which was used for testing PVT.

Run #

A = Time

B = Temperature

X

1

1

1

X1

2

1

2

X2

3

1

3

X3

4

2

1

X4

5

2

2

X5

6

2

3

X6

7

3

1

X7

8

3

2

X8

9

3

3

X9
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Table 2: Orthogonal Taguchi array with time and temperature levels used to age PVT prior to testing.

Run #

Time (hours)

Temperature (oC)

1

12

60

2

12

80

3

12

100

4

30

60

5

30

80

6

30

100

7

48

60

8

48

80

9

48

100

2.3 Testing

2.3.1 Tensile Testing

Static tensile testing measures the force and displacement with an extensometer of a
sample under a load. By dividing the force by the original cross-sectional area of the gauge
length (A0), one can calculate the engineering stress at each data point collected. Likewise, by
dividing the displacement by the original gauge length (L0), one is able to calculate the
engineering strain. Then the graph is constructed by plotting engineering stress vs. engineering
strain. This graph is useful for finding material properties because the slope of the linear region
is the Young’s Modulus and one can evaluate the ductility of a material by the extent of the
percent elongation. The dogbone-shaped samples of both types of Polyvinyl Toluene,
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commercially-purchased kit and in-house synthesized, were mechanically tested on an Instron
5584 (Figure 12) at a 0.01 mm/s strain rate with a 150 kN load cell and wedge grips. The strain
rate was selected based upon ASTM D638 Standards. On the other hand, the 150 kN load cell
was chosen based upon the ultimate strength of PVT while the wedge grips were selected after
the samples shows signs of slipping in hydraulic grips. An Electronic Instrument Research LE-05
laser extensometer (Figure 13) was used to collect displacement data, which will subsequently be
turned into stress-strain data using sample geometry measurements. The laser extensometer
requires the placement of reflective tape on either end of the gage length in order to measure
strain without interfering with the sample. The hypothesized outcome of the Taguchi aging
experiments (Table 2) is that Young’s Modulus and Tg will have a positive correlation with both
time of aging and temperature of aging. In other words, it is expected that an increase in time,
temperature, or both will result in an increase in the values found for Young’s Modulus and Tg.
Consequently, it is expected that aging will cause the percent elongation of the polymer to
decrease. The data analysis in the Taguchi matrix aging experiments will either prove or
disprove the hypotheses that Young’s Modulus and glass transition temperature both increase
with aging and if the percent elongation has an inverse correlation to aging.
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Load Cell
Sample

Wedge Grips

Figure 12: Instron 5584 that specimen were tested on.

Figure 13: Electronic Instrument Research LE-05 laser extensometer used to collect displacement data from
tensile testing of samples.

2.3.2 Thermal Testing

To find the average glass transition temperature, of each aged run, five samples of mass
between 0.005 grams and 0.01 grams were cut from various run samples and were heated in a
Differential Scanning Calorimetry (DSC) at a rate of 10 oC/minute. The DSC measures the heat
flux into the sample to maintain a constant heating rate, so if the heat flux changes when the
sample experiences glass transition, which will cause a dip in the DSC plot. A computer program
is then used to find the temperature to two significant figures at which the glass transition occurs
for each sample. Since the first heating cycle in the DSC removes any thermal history from the
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polymer, the Tg can be seen as a dip in the second heating cycle of the Heat Flow (W/g) vs.
Temperature (oC) graph (Figure 14).

Differential Scanning
Calorimetry
Computer

Figure 14: Differential Scanning Calorimetry and attached computer.

2.3.3 Swelling Experiment Procedure

The equilibrium swelling experiments are completed at room temperature by immersing a
polymer sample (whose original mass is m0) in a compatible solvent. Once the samples are
swollen and the mass has stopped changing, the sample is removed from the solvent, lightly
patted down with chemwipes, and instantly weighed and recorded as msw. The sample is then
dried in the oven over a few days and weighed again as mdry. These mass measurements are used
to calculate ωsol, which is the “fraction of polymer chains not coupled to the network after the
cross-link reaction”, while Q is “the volume fraction of polymer in the swollen network”
(Chasse, Lang and Sommer). To find the percent crosslinking in the samples, ωsol and Q will
both be calculated. For the equilibrium swelling experiment, the Penn State in-house processed
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PVT will be cured and cut to 1 mm thick samples with a circular cross-section. Preliminary
swelling experiments were conducted to establish a solvent that PVT would readily absorb. Eljen
PVT samples of 6 mm thickness were submerged in various solvents and were removed, patted
dry, and weighed every five days until their masses reached a steady value and then began
decreasing. The point at which the samples’ masses stopped changing was taken as the time it
took for the polymer to reach swelling equilibrium. Since the sample’s mass changed during its
immersion in ethanol, this proves that it is a viable solvent. Additionally, this preliminary
experiment showed that PVT in ethanol reaches equilibrium swelling faster than when an
identical sample is submerged is in water. However, methanol will actually be used as the
solvent in which the sample is submerged during the official experiment because it was expected
to reach equilibrium in the polymer at a faster rate than ethanol, as it is a smaller molecule.
Details about this are discussed further in Chapter 4, Section 1.
As previously mentioned, the samples will be weighed before the experiment (m0) as well
on alternating days during experiment (msw), and once the change in mass reaches a plateau, the
sample will be dried in an oven at 85 oC for 24 hours at a time to dry until the mass once again
reaches an equilibrium. At this point, the equilibrium mass will be mdry (Chasse, Lang and
Sommer). This will then be used to calculate the percent crosslinking of the polymer, 1-ωsol,
where the density of the polymer PVT (𝜌𝑃 ) is 1.03 g/cm3 and density of the solvent methanol (𝜌𝑠 )
is 0.7913 g/cm3.

𝑚𝑑𝑟𝑦
+ (𝑚𝑠𝑤 − 𝑚𝑑𝑟𝑦 )/𝜌𝑠
1
𝑉𝑠𝑤
𝜌𝑃
𝑄=
=
=
𝜑𝑃 𝑉𝑑𝑟𝑦
𝑚𝑑𝑟𝑦 /𝜌𝑃

Eq. (1)
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𝜔𝑠𝑜𝑙 =

𝑚𝑑𝑟𝑦 − 𝑚0
𝑚0
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Chapter 3
Aging Results
Control PVT refers to the EJ-290 resin samples that did not undergo any heat exposure
beyond the initial curing. The control PVT samples are used as a reference against which to
compare the effects of aging on the mechanical and thermal properties of the polymer. Since
PVT is a brittle polymer, the stress-strain graph shows mostly elastic behavior with little to no
plastic region (Figure 15) and the Young’s Modulus is calculated by a best-fit line for the data
under 0.2% strain after re-zeroing (Figure 16). The stress-strain graph is linear for brittle
materials because it stays in the elastic region during axial loading, so the sample will return to
its original dimensions after any stress below fracture stress is released. The 0.2% Offset Method
is an ASTM Standard to find the yield strength, below which the material remains in the elastic
region. In this region, the elastic modulus can be calculated based on Hooke’s Law, where σ is
the normal engineering stress, ε is the normal strain, and E is the Young’s Modulus (Penn State
EMCH315).
𝜎 = 𝐸𝜀
The average Young’s Modulus for the six control samples tested on the Instron 5584 is
2.825 GPa, while the average Tg for six control samples is 86.6 oC (Table 3). The laser
extensometer provided data up to five decimal points, but due to noise, the resolution could only
be meaningfully reported to three decimal points, but the DSC can reliably provide one decimal
resolution. As aging time and aging temperature are changed according to columns two and three
in Table 2, these mechanical and thermal material characterization values are expected to
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change. The step in the DSC data, which can be seen in Figure 17, indicates the T is expected to
move towards higher temperatures as aging time and aging temperature increase.

Figure 15: Complete Stress (ksi) versus Strain (in/in) data for Eljen EJ-290 PVT dog-bone sample tested on the
Instron 5584.
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Figure 16: Elastic region, below 0.2% strain, of data from control sample of Eljen EJ-290 PVT dog-bone sample
tested on the Instron 5584.

Tg

Figure 17: Data from control sample of Eljen EJ-290 PVT tested on DSC and with a found Tg value.
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This next chapter will detail the analysis of the aging time and aging temperature on the
mechanical and thermal properties of PVT, including the Young’s Modulus and the glass
transition temperature, Tg. Forty-one total samples were tested on the Instron 5584 and the
Differential Scanning Calorimetry. The outputs, including Young’s Modulus, Percent
Elongation, and glass transition temperature, which are represented as X in Table 1, are results of
multiple samples with specific combinations of aging time and aging temperature. These run
averages, as seen in the “Average Young’s Modulus (GPa)” column of Table 3, were then
averaged across the levels of each parameter (Appendix A). For example, the outputs for twelve
hours of aging at 60, 80, and 100 oC are added and then divided by three to find the average of
the outputs across that particular length of time in the oven. Such calculations were completed
for all individual aging times and temperatures and can be seen in Appendix A. The level
averages are then plotted against the levels at which they were calculated. In one instance, the
level averages for Young’s Moduli at 12 hours, 30 hours, and 48 hours were plotted against those
time values. The error bars were created using error propagation from the standard deviation of
the outputs of each sample run through the level averages calculation. Details of the calculations
are found in Appendix B. Calculating level averages independently for time and then
temperature removes the effect of the other parameter and creates a visual representation of the
effect of one single parameter on the output of interest. One can then analyze the effects of the
different parameters and levels through the trends visible in the aforementioned plots (Cimbala).
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Table 3: Table of Young's Modulus and Tg outputs for each run in the Taguchi Orthogonal matrix.

3.1 Effect of Aging Time

3.1.1 Mechanical Properties

Three aging times of 12 hours, 30 hours, and 48 hours, and corresponding to groups of
runs R1-R3, R4-R6, and R7-R9 (Table 3), respectively, were mechanically tested. As can be
seen, each level of aging time was aged at 60 oC, 80 oC, and 100 oC. The corresponding outputs
are Young’s Modulus and percent elongation. According to Eq. (3) in Appendix A, the Young’s
Modulus and percent elongation data were separately averaged for each aging time to essentially
remove the effect of aging temperature from the trend line. Figure 18 shows the Young’s
Modulus level averages at each of the three time levels within Parameter a (time), and the control
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sample’s average Young’s Modulus is included for comparison. Although it appears that the
level averages are minimum at 30 hours, this is not statistically different from the Young’s
Modulus after 48 hours of aging as the two data points’ error bars do not overlap. However,
because the error bars for an aging time of 12 hours do not overlap with those of the other two
amounts of aging, it can be said that this is statistically different than the 30 and 48 hour aged
samples. Interestingly, the aging time of 12 hours level average is statistically similar to the
control samples’ average Young’s Modulus, which can be seen in orange on the plot. It appears
that longer aging times of 30 and 48 hours at all temperatures actually decrease the elastic
moduli of the PVT samples made from the Eljen kit. In summary, 12 hours in the oven does not
significantly alter the Young’s Modulus, but the Young’s Modulus decreases from 12 hours to
30 hours by 38.95% and then the level average at 30 hours is not statistically different from that
at 48 hours. This was different from the expected result that the Young’s Modulus would
increase as aging time increased. Polymer degradation or depolymerization are possible
explanations for this unanticipated result. Such a phenomenon has previously been documented
in literature about crosslinked epoxy resin. If cured epoxy is heated in an oven, the cure reaction
will continue to occur, which increases the Tg. However, if the temperature is great enough,
bond scissions will result in a lower Tg as well as the formation of volatile products from
decomposition. When the temperature of heating is greater than the Tg, these volatile products
form more readily, most likely leading to the “rapid deterioration of mechanical properties” in
crosslinked epoxy resins (Merrall and Meeks). One could test if these findings also apply to
crosslinked PVT through further characterization experiments like Gel Permeation
Chormotography (GPC) to see if the molecular weight of the polymer chains is decreasing,
which would indicate depolymerization, thus explaining the decreasing Young’s Modulus.
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Figure 18: Plot of level averages for Young's Modulus (GPa) versus aging time (hours).

In order to determine if aging causes PVT to become more brittle or ductile, percent
elongation was also studied in the same manner (Figure 17). The horizontal line that forms from
the level averages across the three tested times indicated that there is no effect on percent
elongation from the amount of time that the samples are aged at any temperature. This is most
likely due to the fact that PVT is such a brittle polymer that aging will not cause a significant
change in percent elongation; the samples will fail in the linear region with or without aging.
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Figure 19: Plot of level averages for percent elongation (%) versus aging time (hours).

3.1.2 Thermal Properties

Three aging times of 12 hours, 30 hours, and 48 hours, and corresponding to groups of
runs R1-R3, R4-R6, and R7-R9 (Table 3), respectively, were also thermally tested. As can be
seen, each level of aging time was aged at 60 oC, 80 oC, and 100 oC. The output of interest for
this analysis was Tg. According to Eq. (3) in Appendix A, the glass transition temperature was
averaged for aging time to remove the effect of aging temperature on the trend line. The effects
of time on the output of glass transition temperature (Tg) can be seen in Figure 20. Although
there appears to be an upward trend as aging time increases, the standard deviations of the
control samples as well as the 12-hour and 30-hour level average are large and thus overlap,
meaning they are statistically the same. However, at 48 hours of aging, the level average of the
glass transition temperature is significantly greater than those at the two lower aging times.
Consequently, it is evident that only the longest time of aging (48 hours) affects the Tg of PVT
resin kit samples. As expected, greatly extended aging time leads to higher glass transition
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temperatures at all tested aging temperatures. In order to see a greater difference in Tg between
12 hours and 30 hours of aging, more samples are needed for testing after 12 hours of aging in
order to decrease the standard deviation and, thus, shrink the error bars. The Tg behaves mostly
as expected, since it is greatest after the sample is aged for the longest amount of time.

Figure 20: Plot of level averages for the glass transition temperature, T g (oC) versus aging time (hours).

3.2 Effect of Aging Temperature

3.2.1 Mechanical Properties

Another parameter—aging temperature— was also tested to investigate its effects on the
Young’s Modulus and percent elongation of PVT samples that were aged in the oven for 12, 30,
and 48 hours. These three different aging times correspond to groups of runs R1, R4, R7; R2, R5,
R8; and R3, R6, R9 (Table 3), respectively, and the samples for these runs were all mechanically
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tested on the Instron 5584. According to Eq. (3) in Appendix A, the Young’s Modulus and
percent elongation were individually averaged for aging temperature to remove the effect of
aging time on the level average trend line. In Figure 21, one can see the level averages plotted
against the aging temperatures of each group of runs, and the control sample average and
standard deviation are provided for comparison. An interesting result can be seen: it appears that
aging the samples for all tested times at 60 oC, 80 oC, and 100 oC resulted in decreased Young’s
Moduli. On the other hand, the differences between all of the aged level averages are not
statistically significant, indicating that aging decreases the Young’s Modulus when compared to
the control but a greater amount of aging does not alter this mechanical property of PVT more.
This result is unexpected because it was hypothesized that a higher aging temperature would
create more crosslinking bonds as well as increase packing density, both of which were though to
increase Young’s Modulus. Again, the discrepancy between expectations and results could be
due to depolymerization or degradation of the polymer, which would counteract any additional
crosslinking that occurs during the polymer’s aging. However, a higher potential could prove to
increase the Young’s Modulus if the positive effects of aging overcome degradation.
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Figure 21: Plot of level averages for Young's Modulus (GPa) versus aging temperature (oC).

Figure 22 shows the percent elongation averages at each aging temperature plotted
against the latter value. This graph fails to show any significant change in percent elongation as
temperature increases. This is due to the large and corresponding error bars on each data point.
These large error bars are most likely due to small imperfections in the different samples and
there not being a large enough sample size for each run. Additionally, the level average for each
temperature is not significantly different from the control samples’ average and their standard
deviation, indicating that increasing temperature from 60 oC to 80 oC to 100 oC does not change
the polymer’s ductility. Again, this is likely due to the fact that thermoset PVT is a brittle
polymer that fails in the elastic region of the Stress-Strain curve with very little deformation, so
any thermal aging will not significantly decrease the polymer’s ductility. However, more
extreme aging temperatures have the potential to show an effect on the percent elongation.
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Figure 22: Plot of level averages for percent elongation (%) versus aging temperature (oC).

3.2.2 Thermal Properties

Three aging temperatures of 12, 30, and 48 hours were used on PVT samples before
thermal testing. These values correspond to runs R1, R4, R7; R2, R4, R8; and R3, R5, R9 (Table
3), respectively, and the samples for these runs were all thermally tested on a DSC. The output of
interest for this analysis was Tg. According to Eq. (3) in Appendix A, the glass transition
temperature was averaged for each aging temperature to remove the effect of aging time on the
level average trend line. In Figure 23, one can see the Tg level averages plotted against the aging
temperatures of each group of runs, and the control sample average and standard deviation are
provided for comparison. Figure 23 shows that none of the aging temperatures (60 oC, 80 oC, or
100 oC) have an effect on the glass transition temperature because the error bars of each of the
aged level averages overlap with each other as well as with the error bars of the control samples
average. A larger range of aging temperatures might be needed to see changes in Tg.
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Figure 23: Plot of level averages for glass transition temperature, T g (oC) versus aging temperature (oC).

35

Chapter 4
Crosslinking Results
Another way to alter the thermal properties through increased crosslinking density is by
increasing the weight percent of the crosslinker DVB to the in-house PVT resin. In order to
qualify the effect of increased crosslinking density on the glass transition temperature, samples
with 0wt% and 5wt% DVB were tested on the DSC, after which Tg values were compared.

4.1 Swelling Experiment

Preliminary equilibrium swelling experiments were conducted as a test for compatible
solvents for PVT. Based on the literature and the various solvents’ availability and safety, water,
ethanol, and toluene were tested first. Toluene dissolved the PVT and is therefore not included in
Table 4. In Table 4, the first column indicates the numbered mass values (shown as m with a
subscript) at each day that the sample was weighed. The table also shows the mass difference
between a particular swelling time and the original mass (m_0). The red number indicates the
day at which the change in mass due to swelling began to plateau. Beyond this, the polymer
begins to lose mass due to its dissolution into the solvent. Because the change in mass of PVT
reached a steady-state 10 days sooner in ethanol than water for samples with identical crosssectional areas, the former was deemed the superior solvent. However, for the future equilibrium
swelling experiments, methanol is the anticipated solvent, as it is similar in chemical structure to
ethanol but with smaller molecules, which is believed to allow for even quicker penetration into
the interior of the submerged polymer sample. Completing an equilibrium swelling experiment
of 0wt% and 5wt% DVB in-house PVT in methanol will allow for a more quantitative study of
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crosslink density than DSC can provide, as it will allow for the calculation of a quantitative
crosslink density as opposed to the qualitative results the DSC provides.

Table 4: Preliminary equilibrium swelling experiments as proof of concept for water versus ethanol as
compatible solvent for PVT.

4.2 Differential Scanning Calorimetry

The DSC results for one sample each of 0wt% and 5wt% DVB in-house PVT can be seen
in Figure 24 and Figure 25, respectively. Three samples of each weight percent PVT were tested
in total, and the average Tg for 0wt% DVB (pure) PVT is 96.6 oC with a standard deviation of
0.5 oC (Figure 24), while the average Tg for 5wt% DVB PVT is 110.7 oC with a standard
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deviation of 1.37 oC (Figure 25). As was expected, this clearly indicates that the Tg significantly
increases, by 14.6%, as percent crosslinking rises.

Figure 24: DSC results of in-house PVT with 0wt% DVB.
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Figure 25: DSC results of in-house PVT with 5wt% DVB.
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Chapter 5
Conclusions and Future Work
The goal of this research has been to study the mechanical and thermal properties of PVT
polymer, used as a matrix in newly developed SSNM composite detectors. In particular, this
thesis investigated the effect of thermal aging with varying times and temperatures as well as the
effect of morphology, specifically crosslinking, on PVT’s mechanical and thermal material
properties. Results were collected to address these different objectives through the use of the
Instron 5584, DSC, and swelling of the polymer in a solvent. The trends shown here create a
deeper understanding of PVT as a matrix and how its use and exposure will affect its various
material properties while in use as part of a polymer and Lithium glass composite for neutron
detection.

5.1 Time and Temperature Aging

To summarize the results found in Chapter 4, aging temperature has a more observable
and predictable effect on the mechanical and thermal properties of PVT, while aging time either
had no statistically significant effect or had a relatively unexpected response. The two most
substantial results were seen in the increasing Young’s Modulus with greater aging temperatures
(Figure 21), and the increase in Tg with greater aging time (Figure 20), both of which are
expected due to enthalpy relaxation. The phenomenon of enthalpy relaxation decreases free
volume, which in turn, increases the packing density of the crosslinks creating a stiffer material.
Additionally, this enthalpy relaxation further restricts the mobility of the polymer chains,

40

increasing the Tg. On the other hand, the observed decrease in Young’s Modulus after 30 hours
of aging (Figure 18) was unexpected but not unheard of in literature, as bond scission could
occur at a certain level of thermal aging. Neither aging time nor aging temperature have any
statistically significant effect on the percent elongation of Eljen PVT samples, since the polymer
is already brittle and thus has very little appreciable deformation even before aging. Going
forward, these results should be used as a basis for further investigations into the effect of aging
on the properties and behavior of PVT. However, these experiments do indicate that aging
temperature has a greater effect on stiffening PVT, i.e. creating more crosslinks, while the time
of aging has a more significant effect on the polymer’s degradation. Degradation, however, is
likely the aspect that would most adversely affect the performance of the detector, so long
periods of thermal exposure on PVT should be avoided.

5.2 Swelling and Crosslinking

Crosslinking has the potential to improve age resistance and increase mechanical
properties. With this in mind, Penn State’s in-house PVT is to be investigated at a molecular
level by studying how different weight percents of DVB affect the polymer’s crosslinked
network. The DSC results indicate that increased crosslinking, even with only 5wt% of a
crosslinking agent, leads to about a 15% jump in Tg, which was expected because literature has
shown that when the crosslinking of polystyrene, a similar polymer to PVT, increases, the
polymer chains are more restricted when the resin is in its liquid form. Thus, there is less of a
difference between the polymer’s “glassy and liquid structures”, which in turn causes the Tg to
increase (Lee and McKenna).The preliminary swelling experiment showed that ethanol, and by
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extension methanol, are compatible solvents that PVT will absorb. Additionally, it was shown in
Table 4 that it will take approximately 20 days for PVT and ethanol to reach an equilibrium state,
but this may vary with differing sample thicknesses. Such information can help a future
researcher estimate how long a PVT and ethanol swelling experiment may last.

5.3 Future Research

There are a few experiments that would be advantageous to perform in order to expand
upon this research. The first step would be to process more samples of Eljen EJ-290 PVT for
testing on the Instron after different degrees of aging in order to decrease the standard deviations
of the already collected data. Additionally, it would be important to create more extreme aging
runs to see more significant effects on the mechanical and thermal properties of PVT in the level
average plots. Completing the swelling experiment of 0wt% and 5wt% DVB in-house PVT in
methanol would be beneficial as it allows for the quantitative analysis of the crosslinking density
of the polymer. The crosslinking of PVT can also be qualified through Dynamic Mechanical
Analysis (DMA) of these two weight percent polymers for comparison to the quantitative results
from the equilibrium swelling experiments.
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Appendix A
Equations
The following equations are used to calculate the error propagation of the
standard deviation of the mechanical and thermal properties when calculating values for the level
average plots (Figures 18-23). In Eq. (3), the Level Average Calculation, x12, y12, and z12 are the
values of the material property of interest that were all aged at different temperatures for 12
hours. In the Error Propagation Equation, Eq. (4), Δx, Δy, and Δz are the standard deviations for
the material property at each level aged for 12 hours. ΔQ is the error propagation value used to
make the error bars for each point on the level plots.
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Appendix B
Spreadsheet Calculations
The spreadsheet calculations for level average plots are shown below.
Table 5: Young's Modulus error propagation calculations for time levels.
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Table 6: Young's Modulus error propagation calculations for the temperature levels.

Table 7: Percent Elongation error propagation calculations for the time levels.
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Table 8: Percent Elongation error propagation calculations for the temperature levels.

Table 9: Glass transition temperature error propagation calculations for time levels.
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Table 10: Glass transition temperature error propagation calculations for temperature levels.
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