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ABSTRACT

The annual failure rates of composite restorations are low, though most of these
failures are due to recurrent caries, fractures of the tooth structure or restorative materials.
Volumetric shrinkage has received significant attention because of the role it plays in
recurrent decay. In this study, low stress formulations were designed with the ability to
release ions through the use of microcapsule technology to combat the causes of recurrent
decay. To meet the recommendations of the Scientific Committee on Emerging and
Newly Identified Health Risks, the formulations were also designed to be Bis-GMA free.
This study examines the flexural strength and fracture toughness of these formulations
and explores the effects of different variables on these mechanical properties. The
variables include: the type of low stress monomer in the continuous phase, the
UDMA/TEGMA ratio within the continuous phase, the amount of glass loaded, the
amount of fumed silica loaded, and the inclusion of low viscosity monomers. The study
confirms that these variables affect the flexural strength and fracture toughness of the
formulations and suggest that there is potential for developing a low stress, BPA free, ion

eluting flowable composite/ base liner.
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Chapter 1

Introduction



1.1 Demineralization and remineralization of enamel

Within the oral cavity the crystalline structures that make up the enamel of the
human tooth undergo the process of demineralization by being chemically broken down
through the removal of minerals, such as calcium and phosphate, from the hard surface.
Remineralization counteracts the process by providing calcium, phosphate and fluoride to
the tooth [1]. Demineralization occurs when there is an increase in the acidity within the
oral environment. When the acid-producing bacteria found in dental plaque feed on
fermentable carbohydrates, they produce organic acids (lactic and acetic) as by-products.
If the pH reaches 5.5 or below, the acid that leaches into the tooth surface dissolves the
carbonated hydroxyapatite in the tooth enamel, releasing calcium and phosphate [2].
Remineralization can occur naturally but can be aided by increasing the fluoride in the
saliva. Saliva is crucial in the remineralization process because it naturally contains
calcium, phosphate and fluoride enabling it to return minerals lost in the demineralization
process while also neutralizing the acid, raising the pH in the oral cavity [3,4]. The
fluoride in saliva is important to this process because it combines with the demineralized
carbonated hydroxyapatite to form a fluorapatite layer [5-7]. In this layer, the fluoride
replaces the hydroxide, creating a sturdier coating for the enamel with greater resistance
to acid dissolution. Tooth decay occurs when the rate of demineralization is greater than
the rate of remineralization in the tooth surface [8].
1.2 Restorations

If the demineralization leads to cavitation and loss of tooth structure a dental
restoration will become necessary. The purpose of placing dental restorations is to

remove the decay and fill the cavity to restore the integrity and functionality of the tooth



[9]. To accomplish this, the tooth is prepared by cutting out any decay and weakened or
unsupported tooth structure. Once the tooth is prepared a direct restoration, a restoration
placed within the mouth by building up the missing tooth structure, or an indirect
restoration, a restoration created outside the mouth and placed at a later time, is placed to
repair the missing tooth structure. Dental restorations can be created from a variety of
materials including metals and metal alloys, glass ionomer cements, porcelain, or
composite resins [10]. Because of the ability to color match with the tooth and the
longevity of restorations, composite resins have become increasingly popular [11-18].
1.3 Recurrent caries

Although composite restorations have low annual failure rates, most are due to
recurrent caries or fractures of the tooth structure or restorative materials [16-18].
Recurrent caries, or secondary caries, is decay found beneath a previously placed dental
restoration. Recurrent caries can occur for a few different reasons. If the decay was not
completely removed during the preparation process prior to filling the cavity, the existing
decay can continue to spread. Additionally, recurrent decay can occur if a margin is left
between the restoration and the tooth. This can be due to the margins not being
completely sealed when placing the restoration, the restoration breaking down near the
margin, or the volumetric shrinkage of the restoration pulling it away from the tooth
surface [19-24].
1.4 Low stress monomers

Because of the role it plays in recurrent decay, volumetric shrinkage has received
significant attention in recent years. The volumetric shrinkage for dimethacrylate-based

materials is around 2—4% [25]. Stress is generated at the interface between the composite



and cavity wall because the adhesion to the cavity wall restricts the volumetric shrinkage
of the composite [26,27]. This can lead to fractures in the tooth structure, fractures in the
composite, or a separation of the two along the adhesive layer [28-31]. Shrinkage is
linked to the degree of polymerization [32]. As the degree of conversion of the monomers
increases, the composite shrinks as a result of the decreasing van der Waal radii between
monomers as covalent bonds form between individual molecules [33]. Additionally, as
the filler load increases in a formulation, the total volumetric shrinkage decreases [34,35].
To minimize the volumetric shrinkage, clinical strategies such as filling the tooth
cavity in increments or curing with low initial irradiance have been attempted. In addition
to the clinical strategies, attempts have been made to develop new materials designed to
minimize volumetric shrinkage [29,30]. The different chemical approaches used to
address volumetric shrinkage include: the use of monomers with lower molar shrinkage
coefficients, the creation of higher molecular weight oligomers for use in the continuous
phase, or the addition of pre-polymerized additives [29,36,37]. Terathane oligomers and
thiourethane oligomers have higher molecular weight than standard monomers used in
most continuous phases (e.g. Bis-GMA, UDMA, or TEGMA). For Terathanes, the
polytetrahydrofuran (Fig. 1) segment comprises a significant amount of the molecular
weight and provides rotational freedom within the molecule. In addition to high
molecular weight, the thiourethane monomer has thiol functional groups which work as a
chain transfer agent to reduce the rate of polymerization of methacrylates in an attempt to

decrease the stress development in the polymer network [38-41].
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Figure 1. Chemical structure of polytetrahydrofuran. For Terathane 650, n averages 9
and for Terathane 1000, n averages 14.
1.5 BPA byproduct release

Bisphenol A (BPA) is an organic synthetic substance with two hydroxyphenyl
functional groups and a dimethylmethylene group (Fig. 2). This substance, which has
been found to be harmful to humans and animals, is commonly used in the production of
polycarbonate plastics and epoxy resins used in many industries including dentistry
[42,43]. Previous studies have shown that BPA is an endocrine disruptor, causing
multiple negative effects on various internal organs and systems. This is primarily due to
its similarity to estrogen and its ability to act on estrogen receptors [44,45]. BPA has been
found to affect the hormonal, cardiovascular and digestive systems. High exposure to
BPA can even increases the possibility of cancer, diabetes, hypertension, atherosclerosis
and many other diseases [46]. Bis-GMA may release BPA byproducts. It has been found
that after the placement of Bis-GMA composites, children and adolescents had an
increase in BPA concentrations in their urine for the first two weeks. After that period, an
increase in urinary BPA concentration was not detected. This suggests that BPA
byproducts may leach from recently placed composite restorations [43].

The Scientific Committee on Emerging and Newly Identified Health Risks
(SCENIHR) in Europe reported that long-term exposure to dental materials containing
BPA derivatives was below the BPA temporary value for tolerable daily intake (t-TDI)

set by the European Food Safety Authority (EFSA). Additionally, the report recommends



that BPA free medical and dental materials are preferable, and that the replacement of

BPA should be considered [47].
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Figure 2. Chemical structure of the BPA.

1.6 Mechanical properties

In the oral environment, restorative materials are exposed to mechanical
challenges. Testing the mechanical properties of flexural strength and fracture toughness
are particularly important when determining the durability and potential for success of a
flowable composite. Stress is the ability of a material to resist an external load applied to
the material with a value equal to the force per unit area. Flexural strength of a material is
the force per unit area at the instant of fracture when the specimen undergoes flexural
loading. Flexural strength must be determined by bending multiple specimens of the
same shape and size at the same rate [48]. Flexural strength is crucial for testing dental
restorations because the occlusal points of contact have forces acting on small areas
causing bending stress in restorations [49]. Fractures or flaws can occur in a material
causing weakened areas. To prevent failure of restorations, it is essential to ensure that
the composite has a high fracture toughness. Fracture toughness is the mechanical
property that describes a materials resistance to the propagation of flaws under an applied
stress [48].
1.7 Formulations

In this study, the formulations were designed to be low stress, ion releasing, Bis-



GMA free, light initiated flowable composites/ base liners. To help combat
demineralization and secondary caries, the flowable composites made contained low
stress monomers and microcapsules to release calcium, phosphate, and fluoride ions to
assist in remineralization. These ion permeable microcapsules have demonstrated that
they can be incorporated into resin composites and have a slow, controlled release of ions
[50-52]. The following four low stress monomers (LSM) were compared: Terathane 650
extended urethane methacrylate (650 Meth), Terathane 1000 extended urethane
methacrylate (1000 Meth), Terathane 650 extended urethane acrylate (650 Acr), and a
thiourethane oligomer (TU). UDMA was used instead of Bis-GMA in each of the
formulations in this study to limit the release of BPA byproducts. A range of
formulations were created examining the effect of the ratio of UDMA/TEGMA within
the continuous phase, the type of low stress monomer, the amount of glass, the amount of
fumed silica, and the type of low viscosity monomer (LVM), on the flexural strength and

fracture toughness in the presence of microcapsules.



Chapter 2

Materials and Methods



2.1 Pre-polymer synthesis

A polyurethane pre-polymer was synthesized by a solution polymerization in
cyclohexanone (Sigma Aldrich). For this study, polyurethane was synthesized using
isophorone-diisocyanate (Fluka) and ethylene glycol (Sigma Aldrich). First, a flask was
evacuated and flame dried. Then, nitrogen gas was gradually introduced to the flask.
While allowing the inert gas to continue to flow through the flow adapter, cyclohexanone
was added. Next, the isophorone-diisocyanate was added using a syringe. The septum
was replaced and secured. A syringe needle was inserted through the septum, to relieve
pressure inside the flask, while the solution stirred. After stirring for 30 minutes, ethylene
glycol and an initiator were added. The septum was replaced a final time and secured.
Next, the flask was carefully lowered into an oil bath. A degassing needle, connected to
the manifold, was inserted until it rested at the bottom of the flask. Then the adjacent
inert gas port on the manifold (connecting to the hose of the degassing needle) was
opened slowly until the reaction mixture began to bubble. Once complete, the solution
degassed at room temperature for 30 minutes. Once complete, the degassing needle was
removed and the reaction mixture was set to 70°C. Once the temperature was set, the
reaction ran overnight.

On day two, the flask was removed from the oil bath and cooled for one hour.
After, the solution was transferred, fitted to a flow adapter, and secured to a vacuum line
from a cold trap. The dewar was filled approximately one third of the way with
isopropanol (Fisher Scientific). Dry ice was added to the dewar in small pieces while the

cold trap was in place. Following this, the round bottom flask was lowered into the oil



bath, and set to 100°C. All exposed glassware including the cold trap, flow adapter, and
round bottom flask were insulated.

The flask was then evacuated, so that the evaporating solvent could travel into the
trap and liquefy in a cold environment. The vacuum was pulled until the pre-polymer
appeared dry and all of the solvent was recovered from the product. The pre-polymer was
then collected and stored in vials in a cabinet at room temperature until microcapsule
synthesis.

2.2 Preparation of oil solution and salt solution

The preparatory solutions were made at least 24 hours prior to microcapsule
synthesis. The oil solution consisted of methyl benzoate (Acros), an emulsifying agent,
and the polyurethane pre-polymer. The three components were combined in an
Erlenmeyer flask and stirred until the polyurethane was dispersed.

The salt solutions were made to accommodate our desired molarity for ion
release. For this experiment, we used 3.0 M potassium phosphate dibasic (Fisher
Scientific), 5.0 M calcium nitrate tetrahydrate (Alfa Aesar) and 0.8 M sodium fluoride
(MP Biomedicals) solutions. It is important to note that the higher concentrations were
given a significant amount of time to dissolve, in some cases, overnight. Solutions were
stored at room temperature until use.

2.3 Microcapsule synthesis

The prepared pre-polymer oil solution was agitated to create a reverse emulsion
and the aqueous salt solution was then added incrementally over a period of fifteen
minutes while the oil solution was agitated in a reactor at 70 “C. The polyurethane was

then chain extended using ethylene glycol to create the desired product. The
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microcapsules were then centrifuged and stored for use in the flowable composite
formulations.
2.4 Flowable composite formulations

The formulations in this study were prepared to be a low stress, ion releasing, Bis-
GMA free, light initiated flowable composites. The formulations consisted of w/w%
loadings of monomers UDMA and TEGMA (Esstech), Terathanes (DM Healthcare
Products), thiourethane, HEMA or HPMA (DM Healthcare Products), glass (Schott),
fumed silica (Evonik), photoinitiator (MP Biomedicals), and microcapsules. The flowable
composites were prepared with loadings of 5 w/w% microcapsules containing 0.8 M
sodium fluoride (MP Biomedicals), 5.0 M calcium nitrate tetrahydrate (Alfa Aesar), and

3.0 M potassium phosphate dibasic (Fisher Scientific) aqueous salt solutions.

Continuous Phase Ratio
ID Number Glass Fumed Silica (UDMA/TEGMA/Terathane)
1A 55 2.5 30/50/20
2A 55 2.5 40/40/20
3A 55 3.0 40/40/20
4A 60 2.5 30/50/20
5A 63 2.5 30/50/20

Table 1. The formulations of flowable composites where the ratio of Terathane 650
extended urethane methacrylate in the continuous phase and microcapsules were held
constant. The loading of glass, fumed silica and UDMA/TEGMA ratios varied. All values

are given in w/w%.
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Continuous Phase Ratio
ID Number | Glass Fumed Silica (UDMA/TEGMA/Terathane)
1B 55 2.5 30/50/20
2B 55 2.5 40/40/20
3B 60 2.5 30/50/20
4B 60 3.0 30/50/20
5B 63 2.5 30/50/20

Table 2. The formulations of flowable composites where the ratio of Terathane 1000

extended urethane methacrylate in the continuous phase and microcapsules were held

constant. The loading of glass, fumed silica and UDMA/TEGMA ratios varied. All values
are given in w/w%.

Continuous Phase Ratio
ID Number | Glass Fumed Silica (UDMA/TEGMA/Terathane)
1C 55 2.5 30/50/20
2C 55 2.5 40/40/20
3C 55 3.0 40/40/20
4C 60 2.5 30/50/20
5C 63 2.5 30/50/20

Table 3. The formulations of flowable composites where the ratio of Terathane 650
extended urethane acrylate in the continuous phase and microcapsules were held

constant. The loading of glass, fumed silica and UDMA/TEGMA ratios varied. All values
are given in w/w%.

Continuous Phase Ratio

ID Number | Glass Fumed Silica (UDMA/TEGMA/Thiourethane)
1D 50 2.5 40/40/20
2D 50 3.0 40/40/20
3D 55 2.5 40/40/20
4D 55 3.0 40/40/20
5D 60 2.5 30/50/20
6D 60 3.0 30/50/20
D 60 2.5 40/40/20
8D 60 3.0 40/40/20

Table 4. The formulations of flowable composites where the ratio of thiourethane in the

continuous phase and microcapsules were held constant. The loading of glass, fumed
silica and UDMA/TEGMA ratios varied. All values are given in w/w%.
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Low

ID Fumed | Continuous Phase Ratio Viscosity Low Stress
Number | Glass | Silica | (UDMA/TEGMA/Terathane/LVM) | Monomer Monomer
1E 60 2.5 40/38/20/2 HEMA 650 Meth
2E 60 2.5 40/38/20/2 HPMA 650 Meth
3E 60 2.5 40/38/20/2 HEMA 650 Acr
4E 60 2.5 40/38/20/2 HPMA 650 Acr
SE 63 2.5 30/48/20/2 HEMA 1000 Meth
6E 63 2.5 30/48/20/2 HPMA 1000 Meth
7E 63 2.5 40/38/20/2 HEMA 1000 Meth
8E 63 2.5 40/38/20/2 HPMA 1000 Meth
9E 60 2.5 40/35/20/5 HEMA 650 Meth
10E 60 2.5 40/35/20/5 HPMA 650 Meth
11E 60 2.5 40/35/20/5 HEMA 650 Acr
12E 60 2.5 40/35/20/5 HPMA 650 Acr
13E 63 2.5 30/45/20/5 HEMA 1000 Meth
14E 63 2.5 30/45/20/5 HPMA 1000 Meth
15E 60 2.5 40/30/20/10 HEMA 650 Meth
16E 60 2.5 40/30/20/10 HPMA 650 Meth
17E 60 2.5 40/30/20/10 HEMA 650 Acr
18E 60 2.5 40/30/20/10 HPMA 650 Acr
19E 63 2.5 30/40/20/10 HEMA 1000 Meth
20E 63 2.5 30/40/20/10 HPMA 1000 Meth

Table 5. The formulations of flowable composites where the ratio of Terathane in the
continuous phase and microcapsules were held constant. The loading of glass, fumed
silica and UDMA/TEGMA/LVM ratios as well as the type of low stress monomer and low

viscosity monomer varied. All values are given in w/w%.

13




1D Continuous Phase Ratio | Low Stress
Number | Glass Fumed Silica (UDMA/TEGMA/LSM) | Monomer
IF 60 2.0 40/40/20 TU

2F 60 2.0 40/40/20 650 Meth
3F 60 2.0 40/40/20 1000 meth
4F 60 2.0 40/40/20 650 Acr
SF 60 2.5 30/50/20 TU

6F 60 2.5 30/50/20 650 Meth
7F 60 2.5 30/50/20 1000 Meth
8F 60 2.5 30/50/20 650 Acr
9F 60 2.5 40/40/20 TU

10F 60 2.5 40/40/20 650 Meth
11F 60 2.5 40/40/20 1000 Meth
12F 60 2.5 40/40/20 650 Acr
13F 60 3.0 40/40/20 TU

14F 60 3.0 40/40/20 650 Meth
15F 60 3.0 40/40/20 1000 Meth
16F 60 3.0 40/40/20 650 Acr

Table 6. The formulations of flowable composites where the ratio of low stress monomer
in the continuous phase and w/w% of 10-MDP and microcapsules were held constant.
Each formulation contains 1% 10-MDP. The loading of glass, fumed silica and
UDMA/TEGMA ratios as well as the type of low stress monomer varied. All values are

given in ww%.
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2.5 Flexural strength testing

A 3-point flexural test was performing using 10 bend bar specimens (2%2x25mm)
made according to the dimensions specified by ISO 4049/2000 [53]. The specimens were
prepared by compressing the restorative material between two glass plates, separated by
a Teflon mold. Irradiation occurred on top and bottom of the specimens for 90 s using
an Optilux 501 halogen curing light unit (Kerr), followed by 5 minutes in a Triad 2000
light curing oven (Densply), which assured that the whole surface was cured. After
removal from the mold, the specimens were polished with 600 grit sand paper in order
to get rid of disturbing edges or bulges. All specimens were then stored an oven at 40°C
prior to testing for a minimum of 7 days. Intact bar specimens without any defects or
chipped edges were adjusted to a 3-point flexural test using a supporting span of 20 mm.
The 3-point flexural strength was determined at a crosshead speed of 1.0 mm/min (n =
10) using the universal testing machine (MTS Insight Electromechanical — 1 kN
standard length). The 3-point flexural strength (o) was calculated using the following
equation: 0 = 3F1/2bh?, where F is the maximum stress determined by the universal
testing machine (MTS Insight Electromechanical — 1 kN standard length), and 1, b, and h
are the span length, width, and height of the specimen, respectively [54].
2.6 Fracture toughness testing

The fracture toughness (Kic) was determined using ten single-edge notched-
beam specimens of each material. The specimens (25 mm length X 5 mm
height x 2.5 mm width) were made by compressing the restorative material between
two glass plates, separated by a steel mold with a razor blade fragment inserted to

create a 2 mm deep notch. The width of the notch was determined by the thickness of
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the blade. Irradiation occurred on top and bottom of the specimens for 90 s using an
Optilux 501 halogen curing light unit (Kerr), followed by 5 minutes in a Triad 2000
light curing oven (Densply), which assured that the whole surface was cured. After
removal from the mold, the specimens were polished with 600 grit sand paper in order
to get rid of disturbing edges or bulges. All specimens were then stored an oven at 40°C
prior to testing for a minimum of 7 days. Intact bar specimens without any defects or
chipped edges were adjusted to a fracture toughness test using a supporting span (L) of
20 mm. The samples were loaded until failure in a universal testing machine (MTS
Insight Electromechanical — 1 kN standard length). During testing, the crosshead speed
was 1.0 mm/min. The universal testing machine measured the force during bending as
function of deflection of the beam. Load-deflection (P = load) curves were recorded;
the height (B) and the width (W) of the specimens were measured with a micrometer
and the notch depth (a) was calculated by measuring the lip with a micrometer and
subtracting it from the height. Kic was calculated from measurements with the single-
edge notched-beam specimens as [55,56]:

3 5 7 9

Kic = ;‘;‘;; (1.93 (%); ~3.07(3) + 1453 (5) - 25.11 (3)* + 258 (3)*)

2.7 Statistical analysis

The average value for flexural strength and fracture toughness were determined
for each of the samples after removing the outliers. Outliers were identified with a 95%
certainty using the Grubbs’ test for outliers. The Tukey method was used to compare the
sample values to determine if any samples had a statistically different flexural strength or
fracture toughness. All samples that were found to be statistically different from one

another were found with a 95% certainty.
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Chapter 3

Results
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3.1 Results

In this study, the flexural strength and fracture toughness were determined for a
number of formulations designed to be low stress, ion releasing, Bis-GMA free, light
initiated flowable composites. To compare the effects of the materials used within the, a
variety of formulations were created with the amount of low stress monomer and
microcapsules held constant. The variables within the variety of formulations include:
the type of low stress monomer in the continuous phase, the UDMA/TEGMA ratio within
the continuous phase, the amount of glass loaded, the amount of fumed silica loaded, and
the inclusion of low viscosity monomers. The average value for flexural strength and
fracture toughness were determined after identifying outliers using the Grubbs’ test for
outliers.
3.2 Low stress monomers
3.2.1 Varied low stress monomers

To examine the effect of the different low stress monomers on flexural strength and
fracture toughness, the following graphs compare formulations where the type of low stress
monomers differed while the amount of glass and fumed silica were held constant. Figures
3- 7 illustrate the effect the different low stress monomers have on the flexural strength and

fracture toughness in several different formulations.
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Figure 3. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of four different low stress monomers was
changed in the continuous phase of each formulation. Each formulation was loaded with
55 ww% glass, 2.5 ww% fumed silica, 5 w/w% microcapsules and a continuous phase
ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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In Figure 3 (a) the flexural strength; and Figure 3 (b) the fracture toughness of
formulations where the chemical identity of four different low stress monomers was
changed in the continuous phase of each formulation. Each formulation was loaded with
55 w/iw% glass, 2.5 w/w% fumed silica, 5 w/w% microcapsules and a continuous phase
ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20. For flexural strength, the
following averages and standard deviations (in MPa) were determined for the various
formulations: 109.93+£14.0 (1A: 650 Meth 30/50/20), 98.17+ 14.4 (1B: 1000 Meth
30/50/20), 109.26%23.5 (1C: 650 Acr 30/50/20), 104.8+£27.5 (2A: 650 Meth 40/40/20),
114.51+20.2 (2B: 1000 Meth 40/40/20), 114.31+16.8 (2C: 650 Acr 40/40/20), and
89.091+9.2 (3D: TU 40/40/20). For fracture toughness, the following Kic averages and
standard deviations (in MPa*m'?) were determined for the various formulations:
2.21£0.386 (1A: 650 Meth 30/50/20), 2.03£0.287 (1B: 1000 Meth 30/50/20), 2.1940.206
(1C: 650 Acr 30/50/20), 2.1840.291 (2A: 650 Meth 40/40/20), 2.16£0.426 (2B: 1000

Meth 40/40/20), 2.63%0.3 (2C: 650 Acr 40/40/20), and 2.3+0.223 (3D: TU 40/40/20).
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Figure 4. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of three different low stress monomers was
changed in the continuous phase of each formulation. Each formulation was loaded with
55 ww% glass, 3.0 ww% fumed silica, 5 w/w% microcapsules and a continuous phase
ratio of UDMA/TEGMA/LSM of 40/40/20.
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Figure 4 (a) and (b) differ from Figure 3 (a) and (b) by increasing fumed silica from
2.5 w/w% to 3.0 w/w% with a continuous phase ratio of UDMA/TEGMA/LSM of
40/40/20. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 107.16+14.3 (3A: 650 Meth), 95.394+19.5
(3C: 650 Acr), and 71.74+£14.8 (4D: TU). For fracture toughness, the following Kic
averages and standard deviations (in MPa*m'?) were determined for the various
formulations: 1.924+0.167 (3A: 650 Meth), 1.69+0.444 (3C: 650 Acr), and 2.041+0.292

(4D: TU).
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Figure 5. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of four different low stress monomers was
changed in the continuous phase of each formulation. Each formulation was loaded with
60 ww% glass, 2.5 ww% fumed silica, 5 w/w% microcapsules and a continuous phase
ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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Figure 5 (a) and (b) differ from Figure 3 (a) and (b) by increasing glass load from
55 w/w% to 60% w/w%. For flexural strength, the following averages and standard
deviations (in MPa) were determined for the various formulations: 121.83+12.0 (3B: 1000
Meth 30/50/20), 122.47+14.4 (4A: 650 Meth 30/50/20), 126.5+£26.5 (4C: 650 Acr
30/50/20), 82.48+15.9 (5D: TU 30/50/20), and 74.91+10.1 (7D: TU 40/40/20). For
fracture toughness, the following Kic averages and standard deviations (in MPa*m'?) were
determined for the various formulations: 2.14+0.304 (3B: 1000 Meth 30/50/20),
2.08+0.14 (4A: 650 Meth 30/50/20), 2.17£0.081 (4C: 650 Acr 30/50/20), 2.344+0.115

(5D: TU 40/40/20), and 2.5340.586 (7D: TU 40/40/20).

24



125
100
<
o
2 75
£L
S)
c
o
&
= 50
]
x
@
[T
25
0
4B: 1000 Meth 30/50/20 6D: TU 30/50/20 8D: TU 40/40/20
Sample
(a)
3
. 2
N
<
£
*
©
o
2
o
T 1
0
4B: 1000 Meth 30/50/20 6D: TU 30/50/20 8D: TU 40/40/20
Sample
(b)

Figure 6. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of two different low stress monomers was
changed in the continuous phase of each formulation. Each formulation was loaded with
60 ww% glass, 3.0 ww% fumed silica, 5 w/w% microcapsules and a continuous phase
ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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Figure 6 (a) and (b) differ from Figure 3 (a) and (b) by increased fumed silica from
2.5 w/w% to 3.0 w/w%, glass from 55 w/w% to 60 w/w%. For flexural strength, the
following averages and standard deviations (in MPa) were determined for the various
formulations: 102.07£16.0 (4B: 1000 Meth), 108.88+12.5 (6D: TU), and 91.56£20.90
(8D: TU). For fracture toughness, the following Kic averages and standard deviations (in
MPa*m'’?) were determined for the various formulations: 1.74+0.245 (4B: 1000 Meth),

2.46£0.257 (6D: TU), and 2.17£0.166 (8D: TU).
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Figure 7. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of three different low stress monomers was
changed in the continuous phase of each formulation. Each formulation was loaded with

63 ww% glass, 2.5 ww% fumed silica, 5 w/w% microcapsules and a continuous phase
ratio of UDMA/TEGMA/LSM of 30/50/20.
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Figure 7 (a) and (b) differ from Figure 3 (a) and (b) by increased glass from 55
w/w% to 63 w/w% glass with a continuous phase ratio of UDMA/TEGMA/LSM of
30/50/20. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 128.85426.2 (5A: 650 Meth), 109.39+17.8
(5B: 1000 Meth), and 123.19+29.9 (5C: 650 Acr). For fracture toughness, the following
Kic averages and standard deviations (in MPa*m'?) were determined for the various
formulations: 2.52+0.275 (5A: 650 Meth), 2.26+0.351 (5B: 1000 Meth), and 2.59+0.23

(5C: 650 Acr).

3.2.2 Constant LSM with different glass and fumed silica loading

Figures 8-11 compare the effects of glass and fumed silica loading on flexural
strength and fracture toughness for each low stress monomer formula created. Within the
following graphs the glass loading, fumed silica loading, and continuous phase ratio were
the variables that changed while the low stress monomer remained constant. Each figure

in 8-11 depicts a different LSM with different glass and fumed silica loadings.
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Figure 8. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where each was created using Terathane 650 extended urethane methacrylate
as the low stress monomer. Each formulation was loaded with 55, 60, or 63 w/w% glass,

2.5 or 3.0 ww% fumed silica, 5 w/w% microcapsules and a continuous phase ratio of
UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.

29



In Figure 8 (a) the flexural strength; and Figure 8 (b) the fracture toughness of
formulations where each was created using Terathane 650 extended urethane methacrylate
as the low stress monomer. Each formulation was loaded with 55, 60, or 63 w/w% glass,
2.5 or 3.0 w/w% fumed silica, 5 w/w% microcapsules and a continuous phase ratio of
UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20. For flexural strength, the following
averages and standard deviations (in MPa) were determined for the various formulations:
109.93+14.0 (1A: 55% glass, 2.5% FS 30/50/20), 104.8+27.5 (2A: 55% glass, 2.5% FS
40/40/20), 107.16+14.3 (3A: 55% glass, 3.0% FS 40/40/20), 122.47+14.4 (4A: 60% glass,
2.5% FS 30/50/20), and 128.85+26.2 (5A: 63% glass, 2.5% FS 30/50/20). For fracture
toughness, the following Kic averages and standard deviations (in MPa*m'?) were
determined for the various formulations: 2.21+0.386 (1A: 55% glass, 2.5% FS 30/50/20),
2.18%£0.291 (2A: 55% glass, 2.5% FS 40/40/20), 1.92+0.167 (3A: 55% glass, 3.0% FS
40/40/20),2.0810.14 (4A: 60% glass, 2.5% FS 30/50/20), and 2.5240.275 (5A: 63% glass,

2.5% FS 30/50/20).
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Figure 9. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where each was created using Terathane 1000 extended urethane
methacrylate as the low stress monomer. Each formulation was loaded with 55, 60, or 63
ww% glass, 2.5 or 3.0 ww% fumed silica, 5 w/w% microcapsules and a continuous phase
ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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Figure 9 (a) and (b) differ from Figure 8 (a) and (b) by changing 650 Meth with
1000 Meth. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 98.17+14.4 (1B: 55% glass, 2.5% FS
30/50/20), 114.51£20.2 (2B: 55% glass, 2.5% FS 40/40/20), 121.83+12.0 (3B: 60% glass,
2.5% FS 30/50/20), 102.07£16.0 (4B: 60% glass, 3.0% FS 30/50/20), and 109.39+17.8
(5B: 63% glass, 2.5% FS 30/50/20). For fracture toughness, the following Kjc averages
and standard deviations (in MPa*m'?) were determined for the various formulations:
2.03£0.287 (1B: 55% glass, 2.5% FS 30/50/20), 2.25+0.317 (2B: 55% glass, 2.5% FS
40/40/20), 2.144+0.304 (3B: 60% glass, 2.5% FS 30/50/20), 1.74+0.245 (4B: 60% glass,

3.0% FS 30/50/20), and 2.2640.351 (5B: 63% glass, 2.5% FS 30/50/20).
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Figure 10. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where each was created using Terathane 650 extended urethane acrylate as
the low stress monomer. Each formulation was loaded with 55, 60, or 63 w/w% glass, 2.5

or 3.0 ww% fumed silica, 5 w/w% microcapsules and a continuous phase ratio of
UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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Figure 10 (a) and (b) differ from Figure 8 (a) and (b) by changing 650 Meth with
650 Acr. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 105.92+23.5 (1C: 55% glass, 2.5% FS
30/50/20), 114.31+16.8 (2C: 55% glass, 2.5% FS 40/40/20), 95.39+19.5 (3C: 55% glass,
3.0% FS 40/40/20), 122.13+26.5 (4C: 60% glass, 2.5% FS 30/50/20), and 116.42£29.9
(5C: 63% glass, 2.5% FS 30/50/20). For fracture toughness, the following Kjc averages
and standard deviations (in MPa*m'?) were determined for the various formulations:
2.19£0.206 (1C: 55% glass, 2.5% FS 30/50/20), 2.63£0.3 (2C: 55% glass, 2.5% FS
40/40/20), 1.6910.444 (3C: 55% glass, 3.0% FS 40/40/20), 2.17£0.081 (4C: 60% glass,

2.5% FS 30/50/20), and 2.5940.23 (5C: 63% glass, 2.5% FS 30/50/20).
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Figure 11. In Figure (a) the flexural strength,; and Figure (b) the fracture toughness of
formulations where each was created using the thiourethane oligomer as the low stress
monomer. Each formulation was loaded with 50, 55, or 60 ww% glass, 2.5 or 3.0 w/w%

fumed silica, 5 w/w% microcapsules and a continuous phase ratio of UDMA/TEGMA/LSM
of either 30/50/20 or 40/40/20.
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Figure 11 (a) and (b) differ from Figure 8 (a) and (b) by changing 650 Meth with
TU and including 50 w/w% glass instead of 63 w/w% glass. For flexural strength, the
following averages and standard deviations (in MPa) were determined for the various
formulations: 98.16+15.8 (1D: 50% glass, 2.5% FS 40/40/20), 96.46+10.8 (2D: 50%
glass, 3.0% FS 40/40/20), 87.4249.2 (3D: 55% glass, 2.5% FS 40/40/20), 71.74+14.8 (4D:
55% glass, 3.0% FS 40/40/20), 78.82+11.5 (5D: 60% glass, 2.5% FS 30/50/20),
108.88%+17.5 (6D: 60% glass, 3.0% FS 30/50/20), 72.69%£10.1 (7D: 60% glass, 2.5% FS
40/40/20), and 91.56+20.9 (8D: 60% glass, 3.0% FS 40/40/20). For fracture toughness,
the following Kic averages and standard deviations (in MPa*m'?) were determined for the
various formulations: 2.214+0.244 (1D: 50% glass, 2.5% FS 40/40/20), 2.46+0.165 (2D:
50% glass, 3.0% FS 40/40/20), 2.3+0.223 (3D: 55% glass, 2.5% FS 40/40/20), 2.0440.292
(4D: 55% glass, 3.0% FS 40/40/20), 2.34%0.115 (5D: 60% glass, 2.5% FS 30/50/20),
2.46£0.257 (6D: 60% glass, 3.0% FS 30/50/20), 2.53+0.586 (7D: 60% glass, 2.5% FS
40/40/20), and 2.17£0.166 (8D: 60% glass, 3.0% FS 40/40/20).
3.3 Low viscosity monomers
3.3.1 Varied low stress Monomers

Figures 12-17 compare the effect of adding different low viscosity monomers in
constant amounts to the continuous phase. Figures 12-14 compare the effects of HEMA
and HPMA on flexural strength and fracture toughness for the different low stress
monomers. Figures 15-17 show the effect on flexural strength and fracture toughness by
adding 1 w/w% 10-MDP to the total mass of formulations with different low stress

monomers.
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Figure 12. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of three different low stress monomers changed
in the continuous phase of each formulation. Each of the formulations contained 2 w/w%
of a low viscosity monomer, HEMA or HPMA, within the continuous phase. Each
formulation was loaded with 60 or 63 ww% glass, 2.5 ww% fumed silica, 5 ww%
microcapsules, and a continuous phase ratio of UDMA/TEGMA/LSM/LVM of either
40/38/20/2 or 30/48/20/2.
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In Figure 12 (a) the flexural strength; and Figure 12 (b) the fracture toughness of
formulations where the chemical identity of three different low stress monomers changed
in the continuous phase of each formulation. Each of the formulations contained 2 w/w%
of a low viscosity monomer, HEMA or HPMA, within the continuous phase. Each
formulation was loaded with 60 or 63 w/w% glass, 2.5 w/w% fumed silica, 5 w/w%
microcapsules, and a continuous phase ratio of UDMA/TEGMA/LSM/LVM of either
40/38/20/2 or 30/48/20/2. For flexural strength, the following averages and standard
deviations (in MPa) were determined for the various formulations: 136.91+15.9 (1E: 650
Meth, HEMA, 60% glass 40/38/20/2), 129.08+£20.0 (2E: 650 Meth, HPMA, 60% glass
40/38/20/2), 93.72422.4 (3E: 650 Acr, HEMA, 60% glass 40/38/20/2), 115.04+20.4 (4E:
650 Acr, HPMA, 60% glass 40/38/20/2), 111.9149.1 (5E: 1000 Meth, HEMA, 63% glass
30/48/20/2), 108.33+24.1 (6E: 1000 Meth, HPMA, 63% glass 30/48/20/2), 124.55+15.0
(7E: 1000 Meth, HEMA, 63% glass 40/38/20/2), and 121.96%22.1 (8E: 1000 Meth,
HPMA, 63% glass 40/38/20/2). For fracture toughness, the following Kjc averages and
standard deviations (in MPa*m'?) were determined for the various formulations:
2.23£0.229 (1E: 650 Meth, HEMA, 60% glass 40/38/20/2), 2.37£0.2 (2E: 650 Meth,
HPMA, 60% glass 40/38/20/2), 2.54%0.335 (3E: 650 Acr, HEMA, 60% glass 40/38/20/2),
2.38+0.439 (4E: 650 Acr, HPMA, 60% glass 40/38/20/2), 2.24+0.53 (5E: 1000 Meth,
HEMA, 63% glass 30/48/20/2), 2.24+0.226 (6E: 1000 Meth, HPMA, 63% glass
30/48/20/2), 2.03+0.263 (7E: 1000 Meth, HEMA, 63% glass 40/38/20/2), and

1.81£0.259 (8E: 1000 Meth, HPMA, 63% glass 40/38/20/2).

38



200
150
©
o
=3
< 100
o
c
o
173
s
3 50
K
('R
0
9E: 650 Meth,  10E: 650 Meth, ~ 11E: 650 Acr, 12E: 650 Acr,  13E: 1000 Meth, 14E ‘IOOO Meth
HEMA, 60% HPMA, 60% HEMA, 60% HPMA, 60% HEMA, 63% A, 63%
glass glass glass glass glass glass
40/35/20/5 40/35/20/5 40/35/20/5 40/35/20/5 30/45/20/5 30/45/20/5
Sample
(a)
4
3
g
< 2
£
*
[
o
2
° 1
X
0
9E: 650 Meth,  10E: 650 Meth,  11E: 650 Acr, 12E: 650 Acr,  13E: 1000 Meth, 14E: 1000 Meth,
HEMA, 60% HPMA, 60% HEMA, 60% HPMA, 60% HEMA, 63% HPMA, 63%
glass glass glass glass glass glass
40/35/20/5 40/35/20/5 40/35/20/5 40/35/20/5 30/45/20/5 30/45/20/5
Sample

Figure 13. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of three different low stress monomers changed
in the continuous phase of each formulation. Each of the formulations contained 5 w/w%
of a low viscosity monomer, HEMA or HPMA, within the continuous phase. Each
formulation was loaded with 60 or 63 ww% glass, 2.5 ww% fumed silica, 5 ww%
microcapsules, and a continuous phase ratio of UDMA/TEGMA/LSM/LVM of either
40/35/20/5 or 30/45/20/5.

39



Figure 13 (a) and (b) differ from Figure 12 (a) and (b) in that HEMA or HPMA was
increased from 2 to 5 w/w%. For flexural strength, the following averages and standard
deviations (in MPa) were determined for the various formulations: 125.15+21.3 (9E: 650
Meth, HEMA, 60% glass 40/35/20/5), 132.83+34.3 (10E: 650 Meth, HPMA, 60% glass
40/35/20/5), 133.94£14.8 (11E: 650 Acr, HEMA, 60% glass 40/35/20/5), 107.41£18.2
(12E: 650 Acr, HPMA, 60% glass 40/35/20/5), 118.34£10.0 (13E: 1000 Meth, HEMA,
63% glass 30/45/20/5), and 118.224+19.7 (14E: 1000 Meth, HPMA, 63% glass 30/45/20/5).
For fracture toughness, the following Kic averages and standard deviations (in MPa*m'?)
were determined for the various formulations: 2.26+0.319 (9E: 650 Meth, HEMA, 60%
glass 40/35/20/5), 2.3840.391 (10E: 650 Meth, HPMA, 60% glass 40/35/20/5),
2.77£0.426 (11E: 650 Acr, HEMA, 60% glass 40/35/20/5), 2.5140.407 (12E: 650 Acr,
HPMA, 60% glass 40/35/20/5), 2.56+£0.233 (13E: 1000 Meth, HEMA, 63% glass

30/45/20/5), and 2.35+0.214 (14E: 1000 Meth, HPMA, 63% glass 30/45/20/5).
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Figure 14. In Figure (a) the flexural strength,; and Figure (b) the fracture toughness of
formulations where the chemical identity of three different low stress monomers changed
in the continuous phase of each formulation. Each of the formulations contained 10 w/w%
of a low viscosity monomer, HEMA or HPMA, within the continuous phase. Each
formulation was loaded with 60 or 63 ww% glass, 2.5 ww% fumed silica, 5 w/w%
microcapsules, and a continuous phase ratio of UDMA/TEGMA/LSM/LVM of either
40/30/20/10 or 30/40/20/10.
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Figure 14 (a) and (b) differ from Figure 12 (a) and (b) in that HEMA or HPMA was
increased from 2 to 10 w/w%. For flexural strength, the following averages and standard
deviations (in MPa) were determined for the various formulations: 128.46+20.5 (15E: 650
Meth, HEMA, 60% glass 40/30/20/10), 119.63+26.5 (16E: 650 Meth, HPMA, 60% glass
40/30/20/10), 130.88+27.0 (17E: 650 Acr, HEMA, 60% glass 40/30/20/10), 120.64+19.0
(18E: 650 Acr, HPMA, 60% glass 40/30/20/10), 129.62+23.7 (19E: 1000 Meth, HEMA,
63% glass 30/40/20/10), and 129.29432.2 (20E: 1000 Meth, HPMA, 63% glass
30/40/20/10). For fracture toughness, the following Kic averages and standard deviations
(in MPa*m'?) were determined for the various formulations: 2.64+0.16 (15E: 650 Meth,
HEMA, 60% glass 40/30/20/10), 2.44+£0.204 (16E: 650 Meth, HPMA, 60% glass
40/30/20/10), 2.67£0.304 (17E: 650 Acr, HEMA, 60% glass 40/30/20/10), 2.5540.244
(18E: 650 Acr, HPMA, 60% glass 40/30/20/10), 2.3340.404 (19E: 1000 Meth, HEMA,
63% glass 30/40/20/10), and 2.63+0.358 (20E: 1000 Meth, HPMA, 63% glass

30/40/20/10).
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Figure 15. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of four different low stress monomers changed in
the continuous phase of each formulation. Each formulation was loaded with 60 w/w%
glass, 2.0 ww% fumed silica, 5 w/w% microcapsules, addition of Iw/w% 10-MDP of the
total formulation mass and a continuous phase ratio of UDMA/TEGMA/LSM of 40/40/20.
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In Figure 15 (a) the flexural strength; and Figure 15 (b) the fracture toughness of
formulations where the chemical identity of four different low stress monomers changed
in the continuous phase of each formulation. Each formulation was loaded with 60 w/w%
glass, 2.0 w/w% fumed silica, 5 w/w% microcapsules, addition of 1w/w% 10-MDP of the
total formulation mass and a continuous phase ratio of UDMA/TEGMA/LSM of 40/40/20.
For flexural strength, the following averages and standard deviations (in MPa) were
determined for the various formulations: 135.47+15.8 (1F: TU), 118.07+27.5 (2F: 650
Meth), 126.24419.3 (3F: 1000 Meth), and 115.86+15.6 (4F: 650 Acr). For fracture
toughness, the following Kic averages and standard deviations (in MPa*m'?) were
determined for the various formulations: 2.41+0.282 (1F: TU), 2.1740.245 (2F: 650

Meth), 2.4340.242 (3F: 1000 Meth), and 2.3940.483 (4F: 650 Acr).
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Figure 16. In Figure (a) the flexural strength; and figure (b) the fracture toughness of
formulations where the chemical identity of four different low stress monomers changed in
the continuous phase of each formulation. Each formulation was loaded with 60 w/w%
glass, 2.5 ww% fumed silica, 5 w/w% microcapsules, addition of Iw/w% 10-MDP of the

total formulation mass and a continuous phase ratio of UDMA/TEGMA/LSM of either
40/40/20 or 30/50/20.
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Figure 16 (a) and (b) differs from Figure 15 (a) and (b) in that fumed silica was
increased from 2.0 w/w% FS to 2.5w/w% FS and the continuous phase ratio 30/50/20
was also included. For flexural strength, the following averages and standard deviations
(in MPa) were determined for the various formulations: 132.28420.8 (5F: TU 30/50/20),
87.4+26.5 (6F: 650 Meth 30/50/20), 114.39421.6 (7F: 1000 Meth 30/50/20),
98.37416.3 (8F: 650 Acr 30/50/20), 122.84423.4 (9F: TU 40/40/20), 108.16+26.1 (10F:
650 Meth 40/40/20), 105.47+10.4 (11F: 1000 Meth 40/40/20), and 119.82+37.2 (12F:
650 Acr 40/40/20). For fracture toughness, the following Kic averages and standard
deviations (in MPa*m!?) were determined for the various formulations: 2.454+0.372 (5F:
TU 30/50/20), 1.99£0.256 (6F: 650 Meth 30/50/20), 2.03£0.297 (7F: 1000 Meth
30/50/20), 1.7940.188 (8F: 650 Acr 30/50/20), 2.54%0.205 (9F: TU 40/40/20),
1.940.231 (10F: 650 Meth 40/40/20), 1.88+0.246 (11F: 1000 Meth 40/40/20), and

1.96+0.33 (12F: 650 Acr 40/40/20).
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Figure 17. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the chemical identity of four different low stress monomers changed in
the continuous phase of each formulation. Each formulation was loaded with 60 w/w%
glass, 3.0 ww% fumed silica, 5 w/w% microcapsules, addition of Iw/w% 10-MDP of the
total formulation mass and a continuous phase ratio of UDMA/TEGMA/LSM of 40/40/20.
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Figure 17 (a) and (b) differ from Figure 15 (a) and (b) in that the fumed silica is
increased from 2.0 w/w% to 3.0 w/w%. For flexural strength, the following averages and
standard deviations (in MPa) were determined for the various formulations: 106.9+28.6
(13F: TU), 108.66%+26.1 (14F: 650 Meth), 102.78+27.0 (15F: 1000 Meth), and
90.444+16.3 (16F: 650 Acr). For fracture toughness, the following Kic averages and
standard deviations (in MPa*m'?) were determined for the various formulations:
2.61£0.389(13F: TU), 2.061+0.147 (14F: 650 Meth), 1.91£0.317 (15F: 1000 Meth), and
1.84£0.207 (16F: 650 Acr).

3.3.2 Low viscosity monomers

Figures 18-20 show the effect of 2, 5, and 10 w/w% HEMA or HPMA on flexural
strength and fracture toughness. In the following graphs the type and amount of low
stress monomer within the continuous phase is constant while the type and amount of low

viscosity monomer within the continuous phase was changed.
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Figure 18. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the amount of Terathane 650 extended urethane methacrylate was held
constant while amount of the low viscosity monomer differed as either 2,5, or 10 w/w% of
HEMA or HPMA in the continuous phase of each formulation. Each formulation was
loaded with 60 ww% glass, 2.5 ww% fumed silica, 5 w/w% microcapsules, and a
continuous phase ratio of UDMA/TEGMA/LSM/LVM of either 40/38/20/2, 40/35/20/5, or

40/30/20/10.

49



In Figure 18 (a) the flexural strength; and Figure 18 (b) the fracture toughness of
formulations where the amount of Terathane 650 extended urethane methacrylate was held
constant while amount of the low viscosity monomer differed as either 2,5, or 10 w/w% of
HEMA or HPMA in the continuous phase of each formulation. Each formulation was
loaded with 60 w/w% glass, 2.5 w/w% fumed silica, 5 w/w% microcapsules, and a
continuous phase ratio of UDMA/TEGMA/LSM/LVM of either 40/38/20/2, 40/35/20/5,
or 40/30/20/10. For flexural strength, the following averages and standard deviations (in
MPa) were determined for the various formulations: 136.91+9.0 (1E: HEMA 40/38/20/2),
129.08+17.3 (2E: HPMA 40/38/20/2), 125.15£21.3 (9E: HEMA 40/35/20/5),
132.83+34.3 (10E: HPMA 40/35/20/5), 128.46+20.5 (15E: HEMA 40/30/20/10), and
119.63£26.5 (16E: HPMA 40/30/20/10). For fracture toughness, the following Kic
averages and standard deviations (in MPa*m'?) were determined for the various
formulations: 2.23+0.229 (1E: HEMA 40/38/20/2), 2.37£0.2 (2E: HPMA 40/38/20/2),
2.261+0.319 (9E: HEMA 40/35/20/5), 2.38+0.391 (10E: HPMA 40/35/20/5), 2.61+0.16

(15E: HEMA 40/30/20/10), and 2.4440.204 (16E: HPMA 40/30/20/10).
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Figure 19. In Figure (a) the flexural strength,; and Figure (b) the fracture toughness of
formulations where the amount of Terathane 1000 extended urethane methacrylate was
held constant while amount of the low viscosity monomer differed as either 2,5, or 10 w/w%
of HEMA or HPMA in the continuous phase of each formulation. Each formulation was
loaded with 63 ww% glass, 2.5 ww% fumed silica, 5 w/w% microcapsules, and a
continuous phase ratio of UDMA/TEGMA/LSM/LVM of either 30/48/20/2, 40/38/20/2,
30/45/20/5, or 30/40/20/10.
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Figure 19 (a) and (b) differs from Figure 18 (a) and (b) by changing 650 Meth with
1000 Meth. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 111.91+24.1 (5E: HEMA 30/48/20/2),
108.331+9.1 (6E: HPMA 30/48/20/2), 124.55+22.1 (7E: HEMA 40/38/20/2), 121.96£15.0
(8E: HPMA 40/38/20/2), 118.34+10.0 (13E: HEMA 30/45/20/5), 118.22+19.7 (14E:
HPMA 30/45/20/5), 129.62423.7 (19E: HEMA 30/40/20/10), and 129.29432.2 (20E:
HPMA 30/40/20/10). For fracture toughness, the following Kic averages and standard
deviations (in MPa*m'?) were determined for the various formulations: 2.24+0.53 (5E:
HEMA 30/48/20/2), 2.2+£0.226 (6E: HPMA 30/48/20/2), 1.994+0.263 (7E: HEMA
40/38/20/2), 1.874£0.259 (8E: HPMA 40/38/20/2), 2.56+0.233 (13E: HEMA 30/45/20/5),
2.35+£0.214 (14E: HPMA 30/45/20/5), 2.33£0.404 (19E: HEMA 30/40/20/10), and

2.63£0.358 (20E: HPMA 30/40/20/10).
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Figure 20. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where the amount of Terathane 650 extended urethane acrylate was held
constant while amount of the low viscosity monomer differed as either 2,5, or 10 w/w% of
HEMA or HPMA in the continuous phase of each formulation. Each formulation was
loaded with 60 ww% glass, 2.5 ww% fumed silica, 5 w/w% microcapsules, and a
continuous phase ratio of UDMA/TEGMA/LSM/LVM of either 40/38/20/2, 40/35/20/5, or
40/30/20/10.
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Figure 20 (a) and (b) differs from Figure 18 (a) and (b) by changing 650 Meth with
650 Acr. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 88.81+20.4 (3E: HEMA 40/38/20/2),
115.04£15.8 (4E: HPMA 40/38/20/2), 131.44+14.8 (11E: HEMA 40/35/20/5),
104.06+18.2 (12E: HPMA 40/35/20/5), 126.29427.0 (17E: HEMA 40/30/20/10), and
120.64+19.0 (18E: HPMA 40/30/20/10). For fracture toughness, the following Kic
averages and standard deviations (in MPa*m'?) were determined for the various
formulations: 2.54+0.335 (3E: HEMA 40/38/20/2), 2.384+0.439 (4E: HPMA 40/38/20/2),
2.7740.426 (11E: HEMA 40/35/20/5), 2.514+0.407 (12E: HPMA 40/35/20/5), 2.6740.304
(17E: HEMA 40/30/20/10), and 2.5540.244 (18E: HPMA 40/30/20/10).
3.3.3 Fumed silica

Figures 21-24 compare the effect of fumed silica on flexural strength and fracture

toughness for the different low stress monomers.
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Figure 21. In Figure (a) the flexural strength,; and Figure (b) the fracture toughness of
formulations where each was created using Terathane 650 extended urethane methacrylate
as the low stress monomer. Each formulation was loaded with 60 w/w% glass, 2.0, 2.5, or
3.0 ww% fumed silica, 5 w/w% microcapsules, 1 w/w% 10-MDP of the total formulation
mass, and a continuous phase ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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In Figure 21 (a) the flexural strength; and Figure 21 (b) the fracture toughness of
formulations where each was created using Terathane 650 extended urethane methacrylate
as the low stress monomer. Each formulation was loaded with 60 w/w% glass, 2.0, 2.5, or
3.0 w/w% fumed silica, 5 w/w% microcapsules, 1 w/w% 10-MDP of the total formulation
mass, and a continuous phase ratio of UDMA/TEGMA/LSM of either 30/50/20 or
40/40/20. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 118.07+27.5 (2F: 2.0% FS 40/40/20),
87.4£26.5 (6F: 2.5% FS 30/50/20), 108.16£26.1 (10F: 2.5% FS 40/40/20), and
108.66126.1 (14F: 3.0% FS 40/40/20). For fracture toughness, the following Kjc averages
and standard deviations (in MPa*m'?) were determined for the various formulations:
2.17£0.245 (2F: 2.0% FS 40/40/20), 1.9940.256 (6F: 2.5% FS 30/50/20), 1.940.231 (10F:

2.5% FS 40/40/20), and 2.06+0.147 (14F: 3.0% FS 40/40/20).
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Figure 22. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where each was created using Terathane 1000 extended urethane
methacrylate as the low stress monomer. Each formulation was loaded with 60 w/w%
glass, 2.0, 2.5, or 3.0 ww% fumed silica, 5 w/w% microcapsules, 1 ww% 10-MDP of the

total formulation mass, and a continuous phase ratio of UDMA/TEGMA/LSM of either
30/50/20 or 40/40/20.
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Figure 22 (a) and (b) differ from Figure 21 (a) and (b) by changing 650 Meth with
1000 Meth. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 126.24+19.3 (3F: 2.0% FS 40/40/20),
114.39+21.6 (7F: 2.5% FS 30/50/20), 105.47+£10.4 (11F: 2.5% FS 40/40/20), and
102.78427.0 (15F: 3.0% FS 40/40/20). For fracture toughness, the following Kjc averages
and standard deviations (in MPa*m'?) were determined for the various formulations:
2.43140.242 (3F: 2.0% FS 40/40/20), 2.03+£0.297 (7F: 2.5% FS 30/50/20), 1.88+0.246

(11F: 2.5% FS 40/40/20), and 1.914£0.317 (15F: 3.0% FS 40/40/20).
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Figure 23. In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where each was created using Terathane 650 extended urethane acrylate as

the low stress monomer. Each formulation was loaded with 60 w/w% glass, 2.0, 2.5, or 3.0
w/w% fumed silica, 5 w/w% microcapsules, 1 w/w% 10-MDP of the total formulation mass,

and a continuous phase ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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Figure 23 (a) and (b) differ from Figure 21 (a) and (b) by changing 650 Meth with
650 Acr. For flexural strength, the following averages and standard deviations (in MPa)
were determined for the various formulations: 115.86+15.6 (4F: 2.0% FS 40/40/20),
98.37£16.3 (8F: 2.5% FS 30/50/20), 119.82+37.2 (12F: 2.5% FS 40/40/20), and
90.44+16.3 (16F: 3.0% FS 40/40/20). For fracture toughness, the following Kic averages
and standard deviations (in MPa*m'?) were determined for the various formulations:
2.3940.483 (4F: 2.0% FS 40/40/20), 1.7940.188 (8F: 2.5% FS 30/50/20), 1.96+0.33 (12F:

2.5% FS 40/40/20), and 1.84+0.207 (16F: 3.0% FS 40/40/20).
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Figure 24: In Figure (a) the flexural strength; and Figure (b) the fracture toughness of
formulations where each was created using the thiourethane oligomer as the low stress
monomer. Each formulation was loaded with 60 ww% glass, 2.0, 2.5, or 3.0 ww% fumed
silica, 5 ww% microcapsules, 1 w/w% 10-MDP of the total formulation mass, and a
continuous phase ratio of UDMA/TEGMA/LSM of either 30/50/20 or 40/40/20.
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Figure 24 (a) and (b) differ from Figure 21 (a) and (b) by changing 650 Meth with
TU. For flexural strength, the following averages and standard deviations (in MPa) were
determined for the various formulations: 135.47+15.8 (1F: 2.0% FS 40/40/20),
132.28420.8 (5F: 2.5% FS 30/50/20), 122.844+23.4 (9F: 2.5% FS 40/40/20), and
106.9+28.6 (13F: 3.0% FS 40/40/20). For fracture toughness, the following Kic averages
and standard deviations (in MPa*m'?) were determined for the various formulations:
2.41+0.282 (1F: 2.0% FS 40/40/20), 2.451+0.372 (5F: 2.5% FS 30/50/20), 2.54£0.205 (9F:

2.5% FS 40/40/20), and 2.6140.389 (13F: 3.0% FS 40/40/20).
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Chapter 4

Discussion
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4.1 Discussion

In this study, the goal was to develop low stress, BPA free, ion eluting formulations
with the potential for use as a flowable composite/ base liner. In order to achieve this goal,
formulations were developed exploring the effect of different variables on the flexural
strength and fracture toughness. The variables include: the type of low stress monomer in
the continuous phase, the UDMA/TEGMA ratio within the continuous phase, the amount
of glass loaded, the amount of fumed silica loaded, and the inclusion of low viscosity
monomers. The effect of combination of these variables were also examined. In dental
composites, both filler morphology and filler loading influence the flexural strength and
fracture toughness [58]. Flexural strength and fracture toughness are also affected by the
composition of the polymer matrix and the coupling between the filler and the matrix [59].
In this study, the trends of variables are examined to see how microcapsules, low stress
monomers, and low viscosity monomers in a Bis-GMA free flowable composite compare
to those of current dental composites. The hypothesis was that by changing the variables
the flexural strength and the fracture toughness of the sample formula would also change
by a statistically different amount. The null hypothesis was that there was no statistical
difference in flexural strength or fracture toughness between the samples when the
variables changed.
4.2 Low stress monomers
4.2.1 Varied low stress monomers

Figures 3-7 demonstrate the effect the different low stress monomers have on the
flexural strength and fracture toughness in several different formulations. The hypothesis

for these figures was that when the low stress monomer is changed the flexural strength or
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fracture toughness also changed. The null hypothesis is that the change in low stress
monomer will have no effect on the flexural strength or fracture toughness.

In Figure 3 (a) the sample 3D: TU 40/40/20 was found to be a statistically lower
flexural strength than all other samples in that figure except 1B: 1000 Meth 30/50/20. This
shows that the lowest flexural strength occurs with TU as the LSM in the continuous phase
with a 40/40/20 ratio when a formulation is loaded with 55 w/w% glass, 2.5 w/w% fumed
silica, and 5 w/w% microcapsules. In Figure 4 (a) the sample 4D: TU was found to be a
statistically lower flexural strength than all other samples in that figure. This shows that
the lowest flexural strength occurs with TU as the LSM in the continuous phase with a
40/40/20 ratio when a formulation is loaded with 55 w/w% glass, 3.0 w/w% fumed silica,
and 5 w/w% microcapsules. In Figure 5 (a) the samples 5D: TU 30/50/20 and 7D: TU
40/40/20 were found to have a statistically lower flexural strength than all other samples
in that figure but not statistically different from each other. This shows that the lowest
flexural strength occurs with TU as the LSM in the continuous phase with a 40/40/20 or
30/50/20 ratio when a formulation is loaded with 60 w/w% glass, 2.5 w/w% fumed silica,
and 5 w/w% microcapsules.

From the trends found in Figures 3-7, the type of low stress monomer has an effect
on the flexural strength of the sample. The Terethanes were not found to be statistically
different from one another. The thiourethane oligomer consistently had a statistically lower
flexural strength than all of the Terathanes.

In Figure 3 (b) the sample 2C: 650 Acr 40/40/20 was found to have a statistically
greater fracture toughness than all other samples in that figure. The sample 1B: 1000 Meth

30/50/20 was the only other sample found to be statistically different with a lower fracture
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toughness than samples 2C: 650 Acr 40/40/20 and 3D: TU 40/40/20. This illustrates that
the greatest fracture toughness is achieved with 650 Acr as the LSM in the continuous
phase with a 40/40/20 ratio while a lower fracture toughness is attained with 1000 Meth as
the LSM in the continuous phase with a 30/50/20 ratio when a formulation is loaded with
55 w/iw% glass, 2.5 w/w% fumed silica, and 5 w/w% microcapsules. In Figure 5 (b) the
sample 7D: TU 40/40/20 was found to have a statistically greater fracture toughness than
all other samples in that figure except 5D: TU 30/50/20. This illustrates that the greatest
fracture toughness is achieved with TU as the LSM in the continuous phase with a 40/40/20
ratio when a formulation is loaded with 60 w/w% glass, 2.5 w/w% fumed silica, and 5
w/w% microcapsules. In Figure 6 (b) the samples 6D: TU 30/50/20 and 8D: TU 40/40/20
were found to be a statistically greater fracture toughness than the other sample in that
figure but not statistically different from each other. This shows that the greatest fracture
toughness occurs with TU as the LSM in the continuous phase with a 40/40/20 or 30/50/20
ratio when a formulation is loaded with 60 w/w% glass, 3.0 w/w% fumed silica, and 5
w/w% microcapsules.

From the trends found in Figures 3-7, the type of low stress monomer has an effect
on the fracture toughness of the sample. The 650 Meth and 1000 Meth were not found to
have statistically different fracture toughness from one another. In some cases, 650 Acr
had a statistically greater fracture toughness than other Terathanes. The thiourethane
oligomer consistently had a statistically higher than most of the Terathanes. This may be
due to the fact that polymer network containing the thiourethane oligomer will have a more
homogenous network than simple urethanes [60]. The use of a thiourethane oligomer

increases the degree of conversion and reduces the rate of polymerization [61]. These
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factors are thought to decrease the internal stress of the composite, which should increase
its mechanical properties.
4.2.3 Constant LSM with different glass and fumed silica loading

Figures 8-11 illustrate the effect of loading a formulation with different amounts of
glass or fumed silica while keeping the type and amount of low stress monomer within the
continuous phase consistent. The hypothesis for these figures was that changing the amount
of glass or fumed silica would change the flexural strength or fracture toughness of the
sample. The null hypothesis is that the change in glass or fumed silica will have no effect
on the flexural strength or fracture toughness.

In Figure 8 (a) the sample 5A: 63% glass, 2.5% FS 30/50/20 was found to have a
statistically greater flexural strength than all other samples in that figure except 4A: 60%
glass, 2.5% FS 30/50/20. This shows that the greatest flexural strength occurs when the
formulation has the greatest amount of glass if 650 Meth is the LSM in the continuous
phase.

From the trends found in Figures 8-11, the glass can have an effect on the flexural
strength of the sample. For 650 Meth, when the glass loading increased the flexural strength
also increased. For 1000 Meth and TU, there were statistical differences between the
samples without a clear trend. For 650 Acr, most of the samples were not found to be
statistically different from one another.

In Figure 8 (b) the sample 3A: 55% glass, 3.0% FS 40/40/20 was found to have a
statistically lower fracture toughness than most other samples in that figure. This illustrates
that the lowest fracture toughness occurs when the fumed silica is increased to 3.0 w/w%

if 650 Meth is the LSM. In Figure 9 (b) the sample 4B: 60% glass, 3.0% FS 30/50/20 was
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found to have a statistically lower fracture toughness than all other samples in that figure.
This illustrates that the lowest fracture toughness occurs when the fumed silica is increased
to 3.0 w/w% if 1000 Meth is the LSM. In Figure 10 (b) the sample 3C: 55% glass, 3.0%
FS 40/40/20 was found to have a statistically lower fracture toughness than all other
samples in that figure. This illustrates that the lowest fracture toughness occurs when the
fumed silica is increased to 3.0 w/w% if 650 Acr is the LSM.

From the trends found in Figures 8-11, the fumed silica can have an effect on the
fracture toughness of the sample. For Terathanes, when the fumed silica loading increased
to 3.0 w/w% the fracture toughness decreased. For TU, there were statistical differences
between the samples without a clear trend. As the loading of the small filler particles and
total surface area of those particles requiring silane during the silanization process
increases. The increased surface area where the filler meets the continuous phase may lead
to an increased chance of interfacial failure [62].

4.3 Low viscosity monomer
4.3.1 Varied low stress monomer

Figures 12-14 show the effects of HEMA and HPMA on flexural strength and
fracture toughness for the different low stress monomers. Figures 15-17 illustrate the effect
on flexural strength and fracture toughness by adding 1 w/w% 10-MDP to the total mass
of formulations with different low stress monomers. The hypothesis for these figures was
that when the low stress monomer is changed in formulas containing a LVM the flexural
strength or fracture toughness also changed. The null hypothesis is that the change in low
stress monomer will have no effect on the flexural strength or fracture toughness in

formulas containing a LVM.
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From the trends found in Figures 12-17, the LSM can have an effect on the flexural
strength of the sample. For Terathanes, when HEMA or HPMA is used as a LVM there
were statistical differences between some of the samples without a clear trend. For each
LSM, when 10-MDP is used as a LVM there were statistical differences between some of
the samples without a clear trend.

In Figure 12 (b) the samples 7E: 1000 Meth, HEMA, 63% glass, 40/38/20/2 and
8E: 1000 Meth, HPMA, 63% glass, 40/38/20/2 were found to have a statistically lower
fracture toughness than most other samples in that figure. This illustrates that the lowest
fracture toughness occurs when 1000 Meth is used in the continuous phase with a ratio of
40/38/20/2 if HEMA or HPMA is used as a LVM. In figure 16 (b) the samples S5F: TU
30/50/20 and 9F: TU 40/40/20 were found to have a statistically greater fracture toughness
than all other samples in that figure. This shows that the greatest fracture toughness occurs
when TU is used as the LSM in the continuous phase with a 40/40/20 or 30/50/20 ratio
when a formulation is loaded with 60 w/w% glass, 2.5 w/w% fumed silica, 5 w/w%
microcapsules, and 1 w/w% 10-MDP in the total mass of the formulation. In Figure 17 (b)
the sample 13F: TU was found to have a statistically greater fracture toughness than all
other samples in that figure. This shows that the greatest fracture toughness occurs when
TU is used as the LSM in the continuous phase with a 40/40/20 ratio when a formulation
is loaded with 60 w/w% glass, 3.0 w/w% fumed silica, 5 w/w% microcapsules, and 1 w/w%
10-MDP in the total mass of the formulation.

From the trends found in Figures 12-17, the LSM can have an effect on the fracture
toughness of the sample. For Terathanes, when HEMA, HPMA, or 10-MDP is used as a

LVM there were statistical differences between some of the samples without a clear trend.
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For the thiourethane oligomer, when 10-MDP is used as a LVM and the fumed silica is 2.5
w/w% or 3.0 w/w% the fracture toughness is greater than the other samples.
4.3.2 Low viscosity monomers

Figures 18-20 display the effect of 2, 5, and 10 w/w% HEMA or HPMA on
flexural strength and fracture toughness when the type and amount of low stress
monomer within the continuous phase is constant. The hypothesis for these figures was
that when the type or amount of LVM is changed the flexural strength or fracture
toughness of the sample also changed. The null hypothesis is that changing the type or
amount of LVM will have no effect on the flexural strength or fracture toughness of the
sample.

From the trends found in Figures 18-20, the type and amount of LVM can have an
effect on the flexural strength of the sample. For 650 Meth, when the amount of HEMA or
HPMA changed there was no statistical difference between any of the samples. For 1000
Meth and 650 Acr, when the amount of HEMA or HPMA changed there were statistical
differences between some of the samples without a clear trend.

From the trends found in Figures 18-20, the type and amount of LVM can have an
effect on the fracture toughness of the sample. For 650 Meth and 650 Acr, when the amount
of HEMA or HPMA changed there were statistical differences between some of the
samples without a clear trend. For 1000 Meth, when the amount of HEMA or HPMA was
5 or 10 w/w% in the continuous phase the fracture toughness was usually statistically

greater than when HEMA or HPMA was 2 w/w% in the continuous phase.
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4.3.3 Fumed silica

Figures 21-24 compare the effect of fumed silica on flexural strength and fracture
toughness for the different low stress monomers when 10-MDP was used as a LVM. The
hypothesis for these figures was that when the amount of fumed silica is changed the
flexural strength or fracture toughness of the sample also changed. The null hypothesis is
that changing the amount of fumed silica will have no effect on the flexural strength or
fracture toughness of the sample.

In Figure 22 (a) the sample 3F: 2.0% FS 40/40/20 was found to have a statistically
greater flexural strength than most other samples in that figure except 7F: 2.5% FS
30/50/20. This shows that the greatest flexural strength occurs when the formulation has
the lowest amount of fumed silica if 1000 Meth is the LSM in the continuous phase and
contains 1 w/w% 10-MDP in the total formulation. In Figure 24 (a) the sample 13F: 3.0%
FS 40/40/20 was found to have a statistically lower flexural strength than most other
samples in that figure except 9F: 2.5% FS 40/40/20. This shows that the lowest flexural
strength occurs when the formulation has the greatest amount of fumed silica if TU is the
LSM in the continuous phase and contains 1 w/w% 10-MDP in the total formulation.

From the trends found in Figures 21-24, the amount of fumed silica can have an
effect on the flexural strength of the sample. For 650 Meth and 650 Acr, when the amount
of fumed silica changed there were statistical differences between some of the samples
without a clear trend. For 1000 Meth and TU, when the amount of fumed silica increased
the flexural strength decreased.

In Figure 22 (b) the sample 3F: 2.0% FS 40/40/20 was found to have a

statistically greater fracture toughness than all other samples in that figure. This shows
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that the greatest fracture toughness occurs when the formulation has the lowest amount of
fumed silica if 1000 Meth is the LSM in the continuous phase and contains 1 w/w% 10-
MDP in the total formulation. In Figure 23 (b) the sample 4F: 2.0% FS 40/40/20 was
found to have a statistically greater fracture toughness than all other samples in that
figure. This shows that the greatest fracture toughness occurs when the formulation has
the lowest amount of fumed silica if 650 Acr is the LSM in the continuous phase and
contains 1 w/w% 10-MDP in the total formulation.

From the trends found in Figures 21-24, the amount of fumed silica can have an
effect on the fracture toughness of the sample. For 650 Meth and TU, when the amount of
fumed silica changed there were statistical differences between some of the samples
without a clear trend. For 1000 Meth and 650 Acr, when the amount of fumed silica
decreased to 2.0 w/w% the fracture toughness increased. Similar to the trend found in
Figures 8-11, decreasing the load of the small filler will decrease the surface area coated
with silane during the silanization process and the chance of interfacial failure [62].

4.4 Conclusion

In summary, every null hypothesis was rejected because each of the variables was
shown to affect the flexural strength and fracture toughness. The affect that these variables
caused did not always follow a clear trend. From these figures, two steady trends did
emerge for flexural strength and fracture toughness. The flexural strength of a sample was
consistently higher when the fumed silica load was lower and the sample contained a
Terathane rather than the thiourethane oligomer. The fracture toughness was regularly
higher when the fumed silica load was lower and the sample contained the thiourethane

oligomer rather than a Terathane. The butoxy repeat units that make up a significant
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amount of the molecular weight of the Terathanes provides rotational freedom that may
have led to an increased flexural strength for the samples containing Terathanes over those
with the thiourethane oligomer. The thiol functional groups found on the thiourethane
oligomer work as a chain transfer agent, reducing the rate of polymerization of
methacrylates [38-41] The resulting decrease in stress may be the cause for greater fracture
toughness in samples containing the thiourethane oligomer over those containing
Terathanes. The potential for developing a low stress, BPA free, ion eluting flowable
composite/ base liner is promising. Future studies would have to be specifically designed
to test further hypotheses as to why these specific formulations performed statistically

better than others.
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