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ABSTRACT

INVESTIGATION OF THE MECHANICAL AND PHYSICAL
PROPERTIES OF BARIUM GLASS AND ZIRCONIA
NANOPARTICLE FILLED RESIN-BASED DENTAL COMPOSITES

The amalgams traditionally used in dental fillings cause a number of serious
health problems, largely due to the mercury they contain. Furthermore, amalgam
fillings, which do not match the colour of the tooth, also have a negative effect on
aesthetics. On the other hand, the development of resin-based dental composites, which
have a good aesthetic appearance due to their compatibility with tooth colour, high
mechanical properties, high radiopacity, low polymerisation shrinkage and ease of
application, have become the preferred alternative to amalgam fillings in dentistry.

In this thesis, the effects of different concentrations (wt.%) of zirconia and
barium glass nanoparticles on the mechanical and physical properties of the resin based
composite were studied. The total filler concentration of the composites was 65 wt.%.
The composites were prepared by dispersing 20 wt.% and 30 wt.% surface modified
barium glass, 1 wt.% and 2 wt.% surface modified zirconia nanoparticles in the
monomer mixture containing 40 wt.%, 30 wt.% and 30 wt.% Bis-GMA, UDMA and
TEGDMA, respectively. The mechanical properties; flexural strength and compressive
strength, depth of cure, polymerization shrinkage and water sorption and solubility of
the resin based composites were examined. The fracture surface of composites was
investigated using scanning electron microscopy (SEM).

Three point bending and compression test results showed that barium glass and
zirconia nanoparticles noticeably enhanced the mechanical properties of the composites.
The Ba30Z1 sample containing 30 wt.% barium glass and 1 wt.% zirconia achieved the
highest flexural strength of 79.09 + 3.32 MPa with a 37% increase over the reference
sample. The Ba20Z2 sample containing 20 wt.% barium glass and 2 wt.% zirconia
achieved the highest compressive strength of 250.05 + 8.01 MPa with a 41% increase

over the reference sample.
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OZET

BARYUM CAMI VE ZIRKONYA NANOPARTIKUL DOLGULU
RECINE BAZLI DENTAL KOMPOZITLERIN MEKANIK VE
FiIZIKSEL OZELLIKLERININ ARASTIRILMASI

Geleneksel olarak dis dolgularinda kullanilan amalgamlar, biiyiikk Olctide
icerdikleri civa nedeniyle bir dizi ciddi saglik sorununa neden olmaktadir. Ayrica disin
rengine uymayan amalgam dolgular estetigi de olumsuz etkilemektedir. Ote yandan, dis
rengiyle uyumu, yiiksek mekanik oOzellikleri, yiliksek radyopasitesi, diislik
polimerizasyon biizlilmesi ve uygulama kolaylig1 nedeniyle iyi bir estetik goriiniime
sahip olan re¢ine bazli dental kompozitlerin gelistirilmesi, dis hekimliginde amalgam
dolgulara tercih edilen alternatif haline gelmistir.

Bu tezde, farkli konsantrasyonlardaki (ag.%) zirkonya ve baryum cam
nanopartikiillerinin re¢ine esasli kompozitin mekanik ve fiziksel 6zellikleri tizerindeki
etkileri incelenmistir. Kompozitlerin toplam dolgu maddesi konsantrasyonu ag.% 65'tir.
Kompozitler, sirasiyla ag.% 40, ag.% 30 ve ag.%30 Bis-GMA, UDMA ve TEGDMA
iceren bir monomer karigiminda ag.% 20 ve ag.% 30 ylizey modifiye baryum cami,
ag.% 1 ve ag.% 2 ylizey modifiye zirkonya nanopartikiillerinin dagitilmasiyla
hazirlanmistir. Recine esasli kompozitlerin mekanik 6zellikleri; egilme mukavemeti ve
basing mukavemeti, kiirlenme derinligi, polimerizasyon biiziilmesi ve su sorpsiyonu ve
¢Oziiniirliigl incelenmistir. Kompozitlerin kirilma ytizeyi taramali elektron mikroskobu
(SEM) kullanilarak incelenmistir.

Uc nokta efme ve sikistirma testi sonuglari, baryum cami ve zirkonya
nanopartikiillerinin kompozitlerin mekanik 6zelliklerini belirgin sekilde gelistirdigini
gostermistir. ag.% 30 baryum cami ve ag.% 1 zirkonya iceren Ba30Z1 numunesi,
referans numuneye gore %37’lik bir artisla 79,09 + 3,32 MPa ile en yiiksek egilme
dayanimina ulagsmistir. ag.% 20 baryum cami ve ag.% 2 zirkonya igeren Ba20Z2
numunesi, referans numuneye gore %41'lik bir artigla 250,05 = 8,01 MPa ile en yiliksek

basing dayanimina ulagmaistir.
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CHAPTER 1

INTRODUCTION

Teeth play a significant role in chewing, speech and human health. They are of
great importance for both the aesthetic appearance and the quality of life. Dental
problems are one of the common problems experienced by the majority of the
population.'

Teeth are one of the hardest parts of the human body, like bones and inorganic
and organic materials are found in the compositions of bones and teeth. However, even
if their structural components are similar, the bone can heal by producing new cells on
its own when it is injured or broken while it is not possible for the tooth to heal on its
own after damage. External intervention is required to repair a damage to the tooth.?

Tooth decay and cavities are a common and leading problem that people suffer
from when it comes to dental issues. This problem is quite widespread in society, and
affects both adults and children, in particular, between 60% and 90% children of school
age are faced with the problem of tooth deterioration, which is mainly caused by the
build-up of bacteria from food and drink.> This problem has been solved by removing
the decay from the tooth surface of the tooth and filling the gaps that have formed.
Amalgam has been used as a dental filling material over 150 years in this situation.*?

Dental amalgam fillings are made up of two main components: mercury and the
commonly used metals silver, copper and thin. The content of these components is 50%
mercury, 50% silver, zinc, tin and other metals (less than 3%). Amalgam fillings have
been widely used for more than a century due to several advantages. These advantages
include affordability, durability, longevity, ease of application and good strength. In
addition to these advantages, there are also some disadvantages. Because it contains
toxic mercury, amalgam is harmful to the health of both the patient and the dentist.°
Another disadvantage is the amount of mercury it contains, and the mercury that is
released from the amalgam over the years is dangerous to the environment. Also,
aesthetic appearance is very important to people nowadays, and amalgam fillings have
disadvantages for the aesthetic appearance of the tooth.”

In recent years, resin-based composite materials which were discovered by

Bowen. Bowen’s inorganic particle formulation of Bis-GMA (2,2-bis[4-(2-hydroxy-3-



methacryloxypropoxy) phenyl] propane) is an important step for contemporary dental
composites in the early 1960s ® have been developed to overcome these negative effects
of amalgam and have been commonly used as a replacement for amalgam fillings.’

Dental composite materials have become popular in dentistry due to their unique
properties, such as higher mechanical properties, low polymerisation shrinkage, high
radiopacity, good aesthetics and easy application. Another important feature of resin-
based composite fillings is that they are highly compatible with the tooth surface and do
not contain toxic metals like mercury.'?

Resin composites consist of three main components, an organic phase (resin
matrix), an inorganic phase (inert fillers) and a coupling agent. Initiators and
accelerators are used for the polymerisation and pigments are also included in the
compositions.’

Commonly, Bis-GMA (bisphenol a glycidyl methacrylate)), TEGDMA
(triethylene glycol dimethacrylate), UDMA (urethane dimethacrylate) and BisEMA
(ethoxylated bisphenol a dimethacrylate) are used in resin composites. In resin-based
composites, Bis-GMA is the most commonly used monomer as a matrix. It is used in
combination with TEGDMA monomer to reduce its high viscosity. Bis-EMA is the
ethoxylated version of Bis-GMA and UDMA is another alternative monomer to Bis-
GMA that is widely used in commercial dental composites.!!

Reinforcing inorganic particles are essential to improve the mechanical
properties of the composites. Typically, silica, quartz or ceramics are dispersed in the
resin matrix as reinforcing particles in a ratio of 35% to 85% in resin-based dental
composites.” The properties of composites are determined by the size, shape, and
quantity of the filler particles. Different inorganic filler particles such as colloidal silica,
quartz, silica glass containing strontium, barium, and zirconium are used to get the
higher mechanical properties and lower polymerization shrinkage and water absorption
of the composites.®

Inorganic nanoparticles are used as fillers in a resin matrix after surface
modification. In the modification process, a silane is used as a binding agent to create a
strong interface between the inorganic particle and the matrix phase, which is critical
for the properties of composite materials.!? Nanoparticles are commonly silanized with
3-methacryloxypropyltrimethoxysilane (MPTS), and also camphorquinone (CQ) and
ethyl-4-( N, N-dimethylamino) benzoate (4EDMAB) are added as an initiator and

accelerator in the resin based composites.>



Although resin-based dental composites are very popular due to their
mechanical, optical and biocompatible properties suitable for tooth structure, they also
have disadvantages such as polymerisation shrinkage. Polymerisation shrinkage is very
important due to the growth of microorganisms such as Streptococcus mutans and
Candila albicans in the space between the tooth enamel and the filling, leading to
secondary caries.!® Different studies are ongoing to prevent polymerisation shrinkage
and improve the mechanical properties of dental composites.

The aim of this study was to investigate the effects of barium glass and zirconia
nanoparticles on the mechanical and physical properties of resin-based composites. The
individual and combined effects of 20 wt.% and 30 wt.% barium glass and 1 wt.% and 2
wt.% ZrOz nanoparticles on the composite were investigated. The total filler content of
all prepared composites was maintained at 65 wt.%. The effects of these nanoparticles
on the flexural and compressive strength, depth of cure, water absorption, solubility and
polymerisation shrinkage of the composite were examined. The modification of the
particles was analysed by Fourier Transform Infrared Spectroscopy (FTIR) and the
fracture surfaces of the specimens were examined by Scanning Electron Microscopy

(SEM) and EDS Analysis.



CHAPTER 2

DENTAL COMPOSITE MATERIALS

2.1. Structure of the Human Tooth

The structure of human teeth is highly complex. Compared to restorative
materials, they exhibit superior mechanical properties and biocompatibility, among
other properties. The mechanical properties of human teeth depend on their composition
and structure; these structures consist of enamel, dentin, cementum and pulp. Enamel,
dentin and cementum are the hardest tissues in human teeth'*. The schematic illustration

of the structure of a human tooth is given in Figure 2.1.

Enamel
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and nerves
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Figure 2.1. General structure of a human tooth

Enamel, the hardest and most mineralised tissue in the body, is white and
transparent. Enamel is a thin layer, approximately 2 mm thick that protects the dentin by
covering it. Enamel has a crystalline structure and its composition consists of 96%
inorganic materials and the remaining 3% water and 1% organic materials by weight.
Hydroxyapatite, a crystallised calcium phosphate, is the fundamental mineral
component of enamel."

Dentin is a tissue that surrounds the pulp and root canals just below the enamel.

Dentin is approximately 70% inorganic structure by weight, with the remainder being



organic structure and water about 18% and 12% respectively. It has a partially
crystalline structure. Due to its high calcium salt content, it has a structure similar to
that of bone. Dentin contains dentin tubes extending from the pulp and a high
proportion of collagen.'¢

Cementum is a special structure similar to bone tissue that covers the surface of
the tooth root. It is less hard than dentin. It consists of an inorganic structure in the form
of apatite containing calcium ions and an organic structure containing both collagen and
non-collagen proteins.'*

Pulp is a soft structure opposite to the other three structures. It is located at the
bottom and centre of the human tooth. The pulp is a soft tissue containing blood vessels
and nerves that help nourish the tooth, as well as lymphatic vessels that carry white

blood cells to the tooth. The white blood cells help the tooth fight bacterial infections.!*

The composition of enamel, dentin and cementum is shown in Table 2.1.

Table 2.1.Component of enamel, dentin and cementum oftoot structure(Source:Zhang)

Composition (wt.%)
Dental tissue
Inorganics Organics Water
Enamel 96 1 3
Dentin 70 18 12
Cementum 45-50 50-55

Teeth are classified into two distinct groups: incisors and canines are anterior
(the front teeth), premolars and molars are posterior (the back teeth) teeth. Premolars
and molars are used for grinding food, while incisors and canines are used for tearing
and piercing food. Therefore, the forces the teeth are exposed to are different. As
incisors and canines are primarily used for cutting and biting, they require higher
flexural strength. On the other hand, premolars and molars require higher compressive

strength due to the pressure exerted during chewing.!”

2.2. Dental Composites

Composites are materials that are a combination of two or more different types
of materials and have properties that are superior to the properties of the individual

materials in which they are combined.!® Composite materials consist of an organic



phase or a continuous phase, and an inorganic phase, or a discontinuous phase. The
continuous phases are called the matrix, while the discontinuous phases are called the
reinforcing materials or reinforcements. Reinforcements are uniformly distributed
within a matrix to achieve superior properties, as they have higher mechanical

properties than the matrix."

matrix

Vs e~ reinforcement

Figure 2.2. Schematic illustration of a composite

A new dental composite was developed when Bowen discovered Bis-GMA
monomer. The properties of the matrix and the interfacial properties between the
organic silane, coupling agent, and the surface of the modified inorganic fillers have
been improved. This overcomes the problems that have been encountered with previous
dental composites.'¢

Dental composites, which have been the subject of further research since this
important invention, are an important part of dentistry. Today, they are very popular in
aesthetic tooth repair because they are very close to the structure, colour and
translucency of the tooth. The surfaces of the small particle size, high surface area
nanoparticles are homogeneously distributed in the resin matrix after binding with
silane coupling agent. This results in composites with improved physical properties,
biocompatible and simultaneously highly resistant to external mechanical effects. As
they can be well bonded to the surface of the tooth, they offer the possibility of
repairing with a small amount of loss from the intact surface of the tooth, without the

need for large cavities as with amalgam fillings.?°



2.3. Structure of the Resin-Based Composites

Dental composites consist of three principal parts; organic phase (matrix),
inorganic phase (reinforcement or reinforcing fillers) and coupling agent. Other
additives such as initiators, accelerators and pigments for colour matching are also

important for dental composites.

Resin Matrix — |5
Coupling Agent

Reinforcement

Figure 2.3. Structure of dental composite resin materials

2.3.1. Organic Phase (Resin Matrix)

Metacrylate-based resins are used as the organic phase in dental composites due
to the C=C group in their structures. These C=C bonds in the structure of photo-initiated
polymers give a rigid polymer. In commercial resin-based dental composites,
dimethacrylate-based resins are widely preferred owing to their excellent mechanical
properties, aesthetic quality, rapid polymerisation, good bonding to the enamel surface
and ease of application.’

Bis-GMA (bisphenol a glycidyl dimethacrylate) is also known as Bowen
materials since it was patented by Bowen in 1962. It is the most widely used monomer
in resin based dental composites. Bis-GMA monomer, which forms the majority of the
matrix phase, is a widely used monomer in resin based dental composites. It offers
several advantages such as durable composites, fast curing and low polymerisation
shrinkage during curing due to the low C=C bonds in its structure and its high molecular
weight (MW=512 g/mol).?! The higher the molecular weight, the higher the viscosity of
the monomer, therefore; Bis-GMA 1is an extremely high viscosity monomer
(m=1,200Pa.s), and this property makes it very difficult to add organic particles to the

monomer, resulting in low particle composites.?? Dental composites with low inorganic



particle content have negative properties such as low mechanical properties and high
polymerisation shrinkage, which can lead to the formation of secondary caries.

Low viscosity TEGDMA (triethylene glycol dimethacrylate) monomer
(MW=286 g/mol, n=0.01 Pa.s) is used to overcome the drawbacks of Bis-GMA by
mixing with Bis-GMA monomer and diluting the composite. However, the addition of
TEGDMA monomer is undesirable because it has some disadvantages for dental
composites. The addition of TEGDMA monomer reduces mechanical properties,
increases polymerisation shrinkage and water solubility. It also affects the colour
stability of composites.

Another monomer commonly used in resin-based dental composites is UDMA
(urethane dimethacrylate) monomer. This monomer has been used as an alternative high
molecular weight monomer (MW=470 g/mol) to overcome the limitations of Bis-GMA
monomers in composites. In addition, UDMA monomer is a monomer with lower
viscosity (0=23 Pa.s) and higher flexibility compared to Bis-GMA.!! It has excellent
mechanical properties and reduced viscosity in combination with Bis-GMA.?! It is also
preferable to use UDMA and TEGDMA together because of the negative properties of
TEGDMA, such as polymerisation shrinkage and reduced mechanical strength.
Therefore, UDMA is widely used in commercial composites and improves the
mechanical and physical properties of the resin based dental composites.?’

Another important monomer is Bis-EMA (ethoxylated bisphenol a
dimethacrylate) for resin based dental composites. Bis-EMA, similar in molecular
weight (MW=540 g/mol) to Bis-GMA but lower viscosity than Bis-GMA. Due to the
lack of hydroxyl groups in its structure, Bis-EMA has weak secondary intermolecular
bonds. This makes it a low viscosity (1=0.9 Pa.s) monomer.'! This monomer is an
alternative monomer developed against the toxic properties of Bis-GMA. The synthesis
of Bis-GMA uses bisphenol A with two methyl groups. This bisphenol A in the
structure of Bis-GMA, which is the final product, is released as a result of hydrolysis by
salivary enzymes. This situation has a negative impact on human health and causes
some health problems, so the use of Bis-GMA in dental composites is controversial.*
For these reasons, Bis-EMA has replaced Bis-GMA.

These monomers are of critical importance and are widely utilised in resin-based
dental composites and commercial composites. The properties of these four monomers

are given in Table 2.2. and their chemical structures are given in Figure 2.4.



Table 2.2. Detailed properties of the monomers (source: V. Gajewski et.al.2012)

Chemical Molecular Molecular Viscosity
Monomers
nomenclature | weight (g/mol) formula (Pa.s)
bisphenol A
Bis-GMA glycidyl 512 C29H3608 1200
dimethacrylate
ethoxylated
Bis-EMA bisphenol A 540 C39H4403 0.9
dimethacrylate
urethane
UDMA 470 C23H3sN20g 23
dimethacrylate
triethylene
TEGDMA glycol 286 C14H2206 0.01
dimethacrylate
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Figure 2.4. Chemical Structure of the monomers (Source: V. Gajewski et.al.2012)




2.3.2. Inorganic Phase (Reinforcement)

Inorganic nanoparticles form the reinforcement phase in composite. The
addition of these fillers to the matrix phase is critical in determining the final properties
of the dental composite, such as chemical, physical and mechanical properties. The
particle size, quantity and distribution of filler particles in the matrix phase also
significantly affect the final properties of the resin based dental composites.® The
addition of inorganic filler particles to the monomers enhances the optical properties,
aesthetic appearance, fracture toughness, resistance to abrasion and elasticity modulus
of the dental composites, while reducing polymerisation shrinkage, water absorption
and coefficient of thermal expansion.® The distribution of filler particles in the matrix
phase must be homogeneous and in optimum quantities, otherwise the improved
properties of the composite mentioned above will not be achieved.

There are a number of ways in which resin composites can be classified. Filler
composition, filler morphology, filler size distribution and shape, surface porosity,
refractive index, radiopacity and density are important for identification of inorganic
particles. The distribution and average particle size of the fillers in the composite is one
of the most common classifications. This classification includes macrofilled,
microfilled, hybrid and nanofilled composites. Furthermore, fillers are divided into two
categories: traditional fillers are macrofilled and microfilled, while modern fillers are
hybrid and nanofilled. Macrofilled composites with particle size is 5-50 um were used
as the first resin based composites in 1960. They have limited and poor properties due
to their large particle size. This is why they are not preferred for use in dentistry.
Microfilled composites were developed to overcome the deficiencies of macrofilled
composites. The particle size of the filler particles in microfilled composites is in the
range 0.1-100 um. Better polishability, improved aesthetics and excellent enamel-like
translucency have been achieved with microfilled composites.’

Nanocomposites with a particle size of 0.1-100 nm play a crucial role in
dentistry in the development of final product properties. Smaller filler size and surface
area help to achieve good wettability and increasing the amount of filler in the matrix
improves the mechanical properties, physical properties, wear resistance, aesthetic
appearance and decreases polymerization shrinkage, water absorption of dental

composites. There are two types of nanocomposites: nanofilled and nanohybrid.?
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Nanofillers allow to increase the amount of filler in the matrix phase so that the
dental composite shows smoother surface and good physical properties as the gap
between particles is reduced. Although it is theoretically known that 90-95 wt.% of
nanofillers can be added, these amounts adversely affect the properties of the
composite. The wettability of the particles is reduced and nanoparticles are easily
agglomerated, so in practice lower proportion of nanofillers are added to the matrix
phase.?’> The filler content of these existing commercial composites ranges from 70 to
80 wt.%.

Nanohybrid composites contain smaller and sub-micron particles and the hybrid
composite improves dental composites by increasing the filler loading.> The size of the
nanofilled particles is between 1 and 100 nm, while the size of the nanohybrid particles
is larger and in a wide range from 0.4 to 5 um, which is why they are called

nanohybrids composites.*’

2.32.1.  Silica (SiO2)

Silica (silicon dioxide), which is called quartz in crystalline form is a common
filler for the resin based dental composites. Top-down approach, bottom-up solution
particle synthesis and pyrogenic particle synthesis are different methods of synthesising
silica particles. Irregularly shaped silica particles are obtained by the top-down process.
The distribution of fillers, particle shape and particle size are critical for determining the
properties of resin-based dental composites. The spherical particles showed excellent
mechanical properties compared to irregularly shaped particles. For this reason, a
bottom-up solution is used to obtain spherical particles in the synthesis of pyrogenic
particle synthesis.

When the silica is used with Bis-GMA and TEGDMA resin mixtures, it
becomes inconsiderably more opaque than some other filler particles. This is explained
by the refractive indices of the silica, which at 1.46 is lower than that of conventional
Bis-GMA and TEGDMA mixtures. Silica is generally preferred in dental composites
due to its ease of use, low cost and its advantages such as better results after surface

modification with silane coupling agents.?®.
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2.3.2.1.1. Fumed Silica

Fumed silica is a type of silicon dioxide. However, it differs from other silicon
dioxides in its extremely small particle size, large surface area and amorphous structure.
It, so called because silicon tetrachloride is burned in a hydrogen-oxygen furnace, is a
form of colloidal silica obtained by burning silicon tetrachloride in a hydrogen-oxygen
furnace.’’ The pyrogenic silica process (or fumed silica method) is one of the
commercially developed gas synthesis processes.

Fumed silica is widely preferred as a commercial reinforcing nanoparticles in
resin-based composites due to its transparency, viscosity control, polishing and
adhesion properties. However, fumed silica with a particle size ranging from 7-40 nm is
added to the resin at a restricted rate because of its extensive surface area. As a result, it
absorbs too much resin and hold it in its structure. This prevents the composite from
flowing and increases the viscosity.?® Therefore, the rheological properties of the dental
composite can be affected by the addition of fumed silica. The addition of fumed silica
increases viscosity and improves handling properties by decreasing flow. Composite
materials with excessively high or low viscosity are challenging to apply during
restorative procedures. This is why the filling process does not take place as desired and
the filling material cannot fully fulfil its function. It is therefore crucial to achieve the
desired viscosity by adding fumed silica to the composite in specific ratio.?’

Fumed silica shows hydrophilic properties due to silanol groups on the surface.
Silanol groups increase the viscosity by affecting the fluidity with hydrogen bonds.
Fumed silica, which has shear thinning properties due to surface silanols, has a very
high surface energy. Therefore, it is very difficult to disperse in the resin. This problem
is overcome by modifying the surface of the silica to create hydrophobic structures with
low surface energy. During the modification process, functional groups are formed on

the silica surface. This makes it easier to disperse the silica particles in the resin.?®%

2.3.2.1.2. Colloidal Silica

Colloidal silica particles are used as fillers in dental composites to improve the
mechanical properties and polymerisation shrinkage of the composite due to their small
particle size, spherical shape, high strength and low surface roughness. It is known as

uniformly dispersed spherical silica particles, obtained by solution synthesis of silica
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particles known as colloidal silica. The Stober method, a sol-gel synthesis technique, is
the most commonly used synthesis method. This method allows to control the shape and
size of the silica particles during synthesis, resulting in spherical silica particles with

diameters ranging from 5 nm to several micron size silica particles.?®*®

2.3.2.2. Zirconia (Zr0O)

Zirconia, also known as zirconium dioxide (ZrOy), is a widely used material in
various application areas. Zirconia, which has been used as a biomaterial in the
biomedical field since 1960, has recently become one of the most important and popular
nanoparticle fillings in dentistry due to its unique properties. The mechanical properties
of zirconia are similar to tooth and its colour is compatible with tooth.*® It is a material
with excellent resistance to corrosion and chemical reactivity, as well as being
incredibly durable and strong. It has high wear resistance and high toughness, great
hardness and outstanding mechanical properties. Zirconia is biocompatible, which is
one of the most important features for human health, and it is also important from an
aesthetic point of view because it has a natural white colour.!

Zirconium is used as a radiopaque inorganic particle with different fillers in
resin-based dental composites since zirconium is an element with a high atomic number.
Radiopacity is important in restorative materials to distinguish between the natural
human tooth and the restorative material. This property is achieved by adding particles
containing higher atomic number elements, such as Sr (38), Zr (40) and Ba (56).%"

Zirconia is also an opacifying metal oxide. Opacifying metal oxides have a
different refractive index than the resin into which they are added. Differences in
refractive index, particle size and shape will affect the transmission of light and cause
the colour of the composite to be different from the desired colour. Opacifiers with
irregular shapes and smaller size have higher light transmittance compared to larger
spherical shaped opacifiers. Therefore, zirconia should be added to the resin in the

optimum size, in the optimum shape and in limited quantities.*

2.3.2.3. Barium Glass

Resin—based dental composites are translucent materials. The radiopaque

properties of the composite allow the detection of secondary caries, worn surfaces and
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cavities. This property is achieved by using fillers. However, not all fillers used in
dental composites are radiopaque, for example, quartz and silica nanoparticles are not
radiopaque particles. Glass and ceramic fillers containing heavy elements such as
barium (Ba), zirconium (Zr), and strontium (Sr) must be added to the composite to
make it radiopaque. Ba glass is a commonly used glass filler in dental composites. Glass
fillers used as good radiopaque fillers are not inert like quartz and silica. Therefore,
their strength is reduced by dissolution due to the conditions they are exposed to in the
mouth over time. Glass-filled composites have a shorter lifetime than silica-reinforced
composites because their wear resistance decreases over time. '

Refractive index is a critical factor to be considered in terms of optical
properties of composites. In order to achieve the desired light transmittance, the
refractive indices of fillers must be close to the resin mixture used. As the refractive
indices of the silica particles containing BaO are similar to those of the resin mixture,
the composites are more transparent. Borosilicate glasses, which have a higher
refractive index than silica, give the composite these excellent optical properties. BaO

silicates are widely preferred in commercial products.*®

2.4. [Initiator and Accelerator System

Dimethacrylate monomers with carbon-carbon double bonds (C=C) in their
structure, which are widely used in resin-based composites, are cured by chain growth
polymerisation. This unsaturated double bonds allow the monomers to become
polymers by polymerisation in three steps. These steps are called initiation, propagation
and termination respectively.’

Free radicals must be present in the environment to initiate the polymerisation
process. Photoinitiators are used in majority of resin-based composites that contain
methacrylate monomers as a source of free radicals. The weak bonds in their structure
are broken in several different ways and activated to form free radicals. The initiation
phase begins when the free radicals attack the double bond in the monomer, opening the
pi (m) bond and converting the C=C bond into a C-C bond.*> Molecules donate
electrons. The remaining electron from the electron donor molecule goes to its end and
the whole molecule becomes radical and attacks the molecule next to it. Monomers are
connected to each other in this way and the polymerisation chain continues to grow. The

polymerisation chain continues to grow until two radicals in the environment react and
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terminate each other to finish the polymerisation. There are three different methods for
the initiation of resin-based dental composites. These methods, also known as
polymerisation or curing mechanisms, are light cured, chemical cured (self-cured), and

dual cured.**

2.4.1. Chemically cured Composites

The self-curing composites are made up of two pastes, a catalyst paste and a
base paste. In these composites, the catalyst paste contains BPO (benzoyl peroxide) as
initiator and the base paste contains aromatic tertiary amine (TA) as accelerator.
Tertiary amine is needed to decompose BPO at room temperature.>> Several tertiary
amines are used as accelerators in self-cured composites, but N,N-dimethyl-p-toluidine,

which is extremely reactive accelerator with BPO, is the most widely used.**

2.4.2. Light-cured Composites

Light-cured composites have been used since the early 1970s. In the early days
of resin-based composites, self-curing systems with two-phase components or UV
initiators for photoinitiation were used for curing composites. In 1978, the discovery of
camphorquinone led to its use as a visible light initiator in resin-based composites. In
light-cured composites, UV initiators were initially used. However, the use of UV light
sources in the 360-400 nm range for initiation of polymerisation in UV-initiated
composites has been discontinued due to health concerns related to eyes and oral
tissues. Therefore, super bright blue light emitting diodes (LEDs in the wavelength
range 450 - 490 nm) have been proposed as an alternative light source to initiate
polymerisation. In addition, visible light-cured composites were launched in 1978 with
the discovery of camphorquinone. The use of camphorquinone (CQ) in combination
with tertiary amine (TA) co-initiator in this new photoinitiator system resulted in greater
depth of cure compared to UV-initiator systems and a higher degree of conversion than
observed in chemically cured composites.>®

The photoinitiator system used as photoinitiator and electron donor (tertiary
amine) enables photopolymerisation to take place in light-cured composites.
Camphorquinone, which has a broad absorption range of 360 - 510 nm, is a yellow

powder commonly used as a photoinitiator due to its peak absorption at 468 nm in the
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visible light spectrum.>* CQ interacts with TAs by absorbing light, forming short-lived

excited ions in both CQ and TAs. As amines are electron donors, they transfer charge

from the amine nitrogen pair to active carbonyl of CQ, resulting in the formation of two

free radicals. These radicals then attack the unsaturated double bond (C=C) in the

monomer, initiating the formation of new radicals in the polymer chain.?’ Photoinitiator

mechanism of CQ with tertiary amine is given in Figure 2.5. and schematic illustration

of the polymerization steps are shown in Figure 2.6.
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Figure 2.5. Photoinitiator mechanism of CQ in the presence of tertiary amine
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In addition to CQ, (PPD) phenylpropanedione and TPO (2,4,6-trimethyl-
benzoyldiphenyl phosphine oxide) are also used as initiators in light-cured composites.
Their molecular structure and detailed properties are given in Figure 2.7 and Table 2.3,
respectively. PPD and TPO is white colour, unlike CQ. Therefore, while CQ may
adversely affect the colour of the composite due to its yellow colour, this disadvantage
is not seen with these white initiators. However, CQ is the most desirable initiator for
light-cured composites due to its absorption range closely matching the emission

spectrum of LEDs.?®
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Figure 2.7. Molecular structure of widely used initiators; a)CQ, b)TPO, c)PPD
(Source: B. Pratap et.al.2019)
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Table 2.3. Basic Properties of widely preferred initiators (Source:B.Pratap et.al.2019)

Molecular | Refractive | Density Absorbance(nm)
Name . ) , Colour
weight index (g/cm°) Range | Peak
CcQ 166 * 0.97 Yellow | 360-510 | 474
TPO 348 1.48 1.12 White 230-510 | 385
PPD 148 1.53 1.1 White 300-480 | 410

Amines are used as accelerators or co-initiators to accelerate the polymerisation.
(4-EDMAB), 2-(N,N-dimethylamino)ethyl
methacrylate (DMAEMA) and N,N-dimethyl-p-toluidine (DMPT) are the most

Ethyl-4-(dimethylamino)  benzoate
common accelerators used with CQ in light-cured composites. However, DMPT has
been found to be toxic due to its low molecular weight.> Therefore, EDMAB and
DMAEMA are widely preferred accelerators in light-cured composites in combination
with CQ.* Their molecular structure and detailed properties are given in Figure 2.8 and

Table 2.4, respectively.
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Figure 2.8. Molecular structure of widely used co-initiators; (a) DMAEMA, (b)
DMPT, (c¢) EDAB (Source : B.Pratap et.al.2019)

Table 2.4.Basic properties of widely preferred coinitiators(Source: B.Pratap.al.2019)

Molecular | Refractive Density Absorbance
Name weight index (g/em?) Colour (nm)
g g (Range)
DMAEMA 157 144 0.93 Transparent NA
DMPT 135 1.54 0.94 White NA
EDAB 193 1.53 1.06 Transparent NA

NA: Not Applicalicable

2.4.3. Dual cured Composites

Dual cured composites are combination of self-cured and light cured
composites. Two pastes, catalyst phase as an initiator and base phase as an accelerator
are used as in chemically cured composites. However, visible light-activated
photoinitiators such as CQ/amine are present in the base paste. The amine exists in the
base phase to enable chemical polymerisation. Chemical cured polymerisation begins
immediately at a slow rate when the two pastes are mixed. Light curing can be used to

accelerate the curing process at any stage of the reaction.>*

2.5. Coupling Agent

The improvement of the properties of the dental composite depends significantly
on the interphase formed between the matrix and the inorganic particles. The strong
interphase or bond formed between them means that the inorganic particles are strongly
bound to the matrix phase and have a positive effect on the mechanical and physical
properties of the composite. Surface modification is applied to the inorganic particles to

obtain this strong interphase. Surface modification creates a functional interphase
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between the polymer matrix and the reinforcing filler, allowing covalent bonding. It
also reduces the surface energy of the filler, thus increasing the amount of filler in the
resin and achieving a homogeneous filler distribution.’

Silane coupling agents are commonly used for surface modification of dental
composites. X-Si-(OR)3 is chemical formulation of the organofunctional silane. This
organofunctional silane, which has an organofunctional (methoxy) (X) at one end and a
hydrolyzable alkyl group (R) at the other, can form covalent bonds with both the
silicon-oxygen groups of silica-based fillers and the methacrylate groups in the resin
matrix.

The thickness of the silane film on the filler particles has an important in surface
modification as it affects the efficiency of the silanization process. During silanization,
the single layer closest to the particle surface is chemically bonded to the surface and
ensure that a critical silane thickness is reached on the surface of the particles.
Otherwise, the excess silane layer binds to the silane film covalently attached to the
silica surface, forming a second organosilane layer. This has a negative effect on the
ability of silane molecules to bind fillers to the matrix. Depending on the type of silane,
the thickness of this critical silane layer is determined.’

Silane coupling agents have shown favourable results in the inorganic phase,
especially in silica particles, so silica-containing inorganic fillers have been used in the
majority of composite resins. Silane coupling agents containing trialkoxysilane are
commercially used in dentistry. Among these trialkoxysilane silane types, 3-
methacryloxypropyltrimethoxysilane (y-MPS) is widely used.*’ Figure 2.9. illustrate the

structure of y-MPS and the surface modification of filler particles with y-MPS silane
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Figure 2.9. (a) structure of y-MPS, (b) process of surface threated fillers with y-MPS
(source: N.B. Cramer et.al.2011, ICC.de M. Porto et.al.2010)
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2.6. Properties of Resin Based Composites

Restorative composites are used to repair any problem that occurs in the tooth.
These composite materials are expected to be compatible with the natural tissue, to have
the same properties and to maintain these properties for as long as possible. The
restorative material used must be able to withstand chewing forces, different pH and
temperature values in the mouth. In addition, water absorption and solubility properties
of restorative composite materials are expected to be at minimum valueln terms of
aesthetic appearance, it is expected to be close to the natural colour of the tooth and to
restore the aesthetic appearance. The properties of the dental material also determine

these properties.

2.6.1. Degree of conversion

The degree of conversion (DC), also known as the polymerisation degree of a
monomer, is the proportion of C=C double bonds that are converted to C-C single bonds
during polymerisation to form a polymer from a monomer. High DC values in resin-
based composites are desirable to improve the mechanical and physical properties of the
composites as well as their biocompatibility. It is important to note that DC is below the
100%, and for dimethacrylate polymers DC is typically ranges between 43% and 75%.°°

The properties of the composite material, such as strength, colour stability, water
absorption and solubility, hardness and dimensional stability, are significantly affected
by DC. As a result of these properties, it has a significant effect on secondary caries,
microleakage and possible pulpal reactions. Several factors influence the DC in resin-
based composites, including the quantity and size of inorganic fillers, the amount, ratio,
and types of monomers, and the amount and type of initiators and accelerators.
Additionally, factors such as composite translucency, light source colour and
wavelength, and curing time can also affect the DC of the composites.*! The thickness
of the composite is also a factor that affects the DC. The intensity of light reaching the
underside of the composite is less than that reaching the surface. As the thickness of the
composite increases, light absorption decreases due to scattering and as a result DC
decreases.®® The degree of conversion of the composite is characterised using Raman

spectroscopy or infrared characterisation methods.*?
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2.6.2. Polymerization Shrinkage

One of the major disadvantages of dental composites is the shrinkage that occurs
during polymerisation. This property is directly related to the amount of filler in the
composite and the resin used. The van der waals bonds of the matrix phase prior to
polymerisation are transformed into tighter covalent bonds as a result of the
polymerisation reaction. During this transformation, a decrease in voids and volumetric
shrinkage is observed, which is called polymerisation shrinkage. As a result of
polymerisation shrinkage, shrinkage stresses occur in the composite. Internal stresses
and deformations occur in the adjacent tooth, resulting in adverse symptoms such as
poor bonding of the composite to the tooth, secondary caries and pain. The
polymerisation shrinkage is affected by the filler content, molecular weight of the
monomer, and DC. Additionally, the elastic modulus of the composite has a significant
impact on the shrinkage.***

The conversion of the monomers into a densely packed polymer network during
the polymerisation process, which results in a volumetric shrinkage, occurs at a rate of
approximately 2 to 6% in resin-based composites. The prevention of polymerisation
shrinkage, which is one of the most important problems in dental composites, is an
important issue and various measurements can be taken for this. These measurements
include preferring high molecular weight resin matrix, increasing the amount of
inorganic filler particles and changing the light source used for curing. The use of low
molecular weight TEGDMA as a diluent to reduce viscosity increases the amount of
polymerisable carbon-carbon double bonds, resulting in greater shrinkage. In order to
avoid this problem, it is preferable to use high molecular weight monomers such as Bis-
GMA. As the molecular weight of the resin matrix decreases, the polymerisation
shrinkage increases.>’

It is known that the thickness of the composite affects polymerisation and
consequently polymerisation shrinkage. Increasing the thickness has a disadvantage on
curing. The curing depth of the light source used for light-cured composites is 2 mm. In
order to avoid this problem, dental composites are placed and cured in layers. This
technique decreases the effect of shrinkage stresses and improves bond quality. This
decreases interfacial microleakage and prevents secondary caries. It is important to

avoid gaps between the layers.*
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2.6.3. Mechanical Properties

The mechanical properties of dental composites must be able to withstand the
conditions in which the tooth is placed in the mouth. For this reason, it is a critical
property that needs to be emphasised. There are several criteria that impact the
mechanical characteristics of dental composites. As inorganic particles form the
inorganic phase that provides strength to the composite, the type of filler, the size,
geometry, and amount of these particles, as well as their uniform distribution in the
resin and whether they are agglomerated or not are among the most critical factors
affecting the mechanical properties of dental composites. In addition, spherical filler
particles enhance the mechanical properties of the dental composite.?®

Polymerisation and resin is another criterion affecting the mechanical behaviour
of the resin-based composite. Higher molecular weight resins such as Bis-GMA and
UDMA have a good cross-linked bond after polymerisation, resulting in low water
sorption and solubility, which provides better mechanical strength. The mechanical
property increases with cross-linked bond density. In this case, curing conditions are
also important as they affect the cross-linked bond of the resin after polymerisation.*!

Another very critical factor is the bond between the reinforcements and the
matrix phase. The modification of the particle surfaces with the silane coupling agent is
a well done method to create a strong bond between the resin and the filler. The
coupling agent does not hydrolyse in a liquid or saliva environment, preventing the
particles from separating from the matrix and thus improving the mechanical properties
of the composite.* Increasing the amount of inorganic filler, cross-linking bond density,
effective particle surface modification using a silane coupling agent, and using spherical

particles enhance the mechanical properties of dental composite materials.

2.6.4. Colour stability & Aesthetic Properties

Aesthetic appearance is an important factor in matching the natural appearance
of the tooth. One of the most common problems affecting the aesthetic appearance of
composites is discolouration of the composite. The colour pigments, the type of resin,
the good salinization of the filler particles, the shape and size of the filler particles used,
the refractive index between the resin and the particles have a significant effect on the

colour of the composite. The colour change of the composite is also related to the
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hydrophilic properties of the resin and the type of silane used for the surface
modification. In composites with poor hydrophilic properties and poor silanation
process, water absorption and solubility increases, which causes the colour of the

composite to change in an undesirable direction.*¢

2.6.5. Water Sorption and Solubility

Although resin-based dental composites offer several advantages in terms of
adhesion to the tooth surface and aesthetics, as well as superior mechanical properties,
they also have the disadvantage of monomer release due to water absorption in liquid
environment. Water ingress into the dental composite causes hydrolytic degradation of
the bond formed between the inorganic particles and the silane coupling agent, resulting
in debonding of the matrix and filler. This hydrolytic degradation due to water ingress
into the composite over time has a negative effect on the physical and mechanical
properties of the composite. Water absorption and solubility reduce wear resistance,
modulus and surface hardness of the composite, change colour stability, reduce fracture
strength, fracture toughness and flexural strength.*’

Filler particles do not absorb water, so water absorption and solubility decrease
as the filler content increases. The size and distribution of particles in the resin matrix
are important. As the particle size decreases, the increased surface area in contact with
water increases, which subsequently results in increased absorption.*®

In composites where the amount of inorganic particle is low, the amount of resin
is high. Accordingly, water absorption and solubility increase in composites with high
resin content. The type of resin used is also important for good bonding and affects this
property. The use of high molecular weight monomers such as Bis-GMA ( bisphenol A
glycidyl dimethacrylate ) and UDMA ( urethane dimethacrylate ) leads to a decrease in
water absorption and solubility, while the use of hydrophilic monomers such as HEMA
( hydroxyethyl methacrylate ) and TEGDMA ( triethyl- eneglycol dimethacrylate )
monomers leads to an increase. These high molecular weight resins provide very good
binding in the presence of coupling agents and reduce water absorption and solubility.*’
In light polymerised composite resins, complete polymerisation must be correct and
sufficient, otherwise water absorption and solubility of the composite resin will

increase.
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2.6.6. Optical Properties

The optical properties of dental composites are of great interest in order to
obtain composites that aesthetically match the natural appearance of the tooth. The light
transmittance of the composite should be similar to that of the enamel and dentin layers
in order to achieve an aesthetically natural appearance. The translucent enamel layer
and the opaque dentin layer have a light transmittance of 70% and 52% respectively.
The shape, size and amount of the filler particles added into the resin, colourants,
opacifiers, refractive index between the filler particles, quality of curing and the resin,
as well as the type of resin a used directly affect the translucency of the composite.*

Light transmission has important role in optical properties of resin-based
composites and particles added to the resin affect this property by interfacing with the
matrix phase. As light moves deeper into the composite, some of it is lost. According to
the law of refraction, this is related to the amount by which light deviates from its
original direction when it encounters an interface. The difference in refractive index
between the two phases is responsible for this deviation. In order to increase the
translucency of the composites, the refractive indices of the resin mixtures and the filler
particles added to the resin should be close to each other. The refractive index of the
polymer is also directly related to the crosslink density of the resin. As the crosslink
density increases, the refractive index increases.*! The refractive indices of fillers and
resin are presented in Table 2.5. The shape, quantity and size of the added particles also
affect the translucency of the composite by scattering the incident light. Consequently,
the light transmittance is augmented by incorporating nanoparticles that are smaller than
the wavelength of visible light, which ranges from 400 to 800 nm. Thus, the curing
depth and translucency of the composite are also increased.>> Considering all these

properties and criteria, composites with high quality optical properties are obtained.

Table 2.5. Refractive indices of resin monomers and fillers (Source: Habib et al.2016)

Resin Monomers Refractive Index
Bis-GMA 1.55
Bis-EMA 1.49

UDMA 1.49

TEGDMA 1.46
Inorganic Fillers Refractive Index

Silica 1.46

Zirconia 2.16

Barium borosilicate glass 1.55
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2.6.7. Radiopacity

Radiopacity or opacity to high energy photons (X-Rays), is an essential property
that is required to detect problems caused by the formation of cavities or secondary
caries from tooth. The radiopacity properties of dental composites depend on how much
x-ray energy the material absorbs. Atoms with higher atomic numbers absorb more X-
ray energy. Since resins are radiolucent, high atomic number components are used to
make the composite radiopaque.'® High radiopacity inorganic particles are added to give
the composite radiopacity. Barium (Z = 56) is the most commonly used heavy element
as a radiopaque filler in resin based composite. In addition, other heavy elements like
strontium (Z = 38), zirconium (Z = 40), bismuth (Z = 83), ytterbium (Z = 70) and
lanthanum (Z = 57) are used as radiopaque fillers. According to ISO 4049, the
minimum radiopacity of resin-based composites is determined by absorbing a 1 mm
layer of pure aluminum (Z = 13).*! Dental composites with high radiopacity block the
details of the neighbouring atom, while those with low radiopacity are invisible in X-

rays. It is therefore important that the composite has a certain radiopacity.'®

Figure 2.10. Radio-opacity image of dental composite (Source: V.Miletic 2018)
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CHAPTER 3

LITERATURE REVIEW

Resin-based composites are becoming more commonly used in dentistry to
replace amalgam for restoring damaged tooth tissue. Research on the enhancement of
resin-based dental composites is continuously increasing. These improvements have
contributed to a significant improvement in the physical and mechanical properties of
the composite.® Resin-based dental composites are highly preferred due to their
excellent mechanical and physical properties, as well as their high level of aesthetics
thanks to nanoparticles and hybrid filling techniques.’! Nowadays, studies have been
used to improved dental composites using different reinforcing inorganic fillers in
various forms. In recent years, numerous studies have focused on the ability of ceramic
nanoparticles to improve the properties of resin-based composites, specifically the
mechanical properties, due to their unique characteristics. Therefore, many studies in
the literature have focused on the effect of inorganic filler type, filler size, morphology
and formulation variations on the mechanical properties of dental composites.

Khaje et al. (2015), investigated the effect of surface modification and different
mass fractions of fumed silica filler on the mechanical properties of resin-based dental
composites. It was reported that the maximum addition of unmodified fumed silica to
the matrix was limited to 12 wt.%. However, the addition in the matrix increased from
12 wt.% to 20 wt.% due to surface modification. In addition, different concentrations
(12 wt.%, 16 wt.% and 20 wt.%) of salinized fumed silica were added and their effect
on mechanical properties was investigated. An increase in flexural strength was
observed when fumed silica content was increased from 12 wt.% to 16 wt.%, with
flexural strengths of 25.95 MPa and 33.35 MPa, respectively. However, there was no
significant change in flexural strength when the amount of fumed silica was increased
from 16 w.t% to 20 wt.%. Additionally, it was reported that adding more than 20 wt.%
fumed silica to the resin mixture is challenging.>

Hosseinalipour et al. (2010), examined the effect of filler content on mechanical
properties. Surface modified silica particles (average particle size from 20 nm to 50 nm)
with different mass fractions of 20 wt.%, 30 wt.%, 40 wt.% and 50 wt.% were added to
the Bis-GMA and TEGDMA resin mixture. The flexural strength of the composites
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increased from 103.4 + 7.62 MPa to 149.74 + 8.14 MPa as the mass ratio increased
from 20 wt.% to 40 wt.%. However, the flexural strength decreased to 122.83 + 6.13
MPa when the mass ratio continued to increase up to 50 wt.%. In this paper, it was
reported that filler content is important for flexural strength. However, above a certain
mass fraction, silica particles reduce the mechanical properties as a result of
agglomeration.>

Fumed silica has a significant effect on the rheological properties of the
composite. The handling properties of the composite can be enhanced by increasing the
viscosity of the composite up to a certain level with fumed silica.?’” However, it is not
possible to incorporate large amounts of fumed silica into the resin mixture. Colloidal
silica is the preferred filler particle in dental composites to increase the filler content of
the composite due to its spherical structure. In addition to this advantage, colloidal silica
also has a positive effect on some of the properties of the composite, such as its
mechanical properties.>*

Satterthwaite et al. (2009), examined the effects of spherical and irregular shape
fillers of different sizes on the composite. The shape and size of the fillers were found to
have a significant effect on the viscosity of the composite. In addition, it was reported
that composite materials containing spherical fillers exhibit a higher maximum tensile
strength compared to those containing irregular shape fillers. It was also observed that
the maximum tensile strength of composites containing both spherical and irregular
shape fillers decreased with increasing filler size.” Kim et al. (2002), studied the
flexural properties of composites containing prepolymerised filler particles, round shape
filler particles and irregularly shaped filler particles. The highest flexural strengths were
recorded for round shape particle composites, followed by prepolymerised composites
and the lowest for regularly shaped composites.>®

Badr (2018) investigated the effect of zirconia nanoparticles on the physical and
mechanical properties of the composite. The addition of zirconia nanoparticles at
different weight fractions (1wt.%, 3wt.%, Swt.%, 7wt.%, and 10wt.%) results in a
decrease in the depth of cure and an increase in water sorption and solubility. The
composite that contains 10wt.% ZrO; exhibits the highest water absorption and the
lowest curing depth. The composite with 1wt.% zirconia has the highest flexural
strength (118.98 + 6.90 MPa). However, the flexural strength of the composite

decreases with the addition of zirconia nanoparticles. The author reported that a 1wt%
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concentration of zirconia has a positive effect on both the physical and mechanical
properties of the composite.>’

Haas et al. (2017), aimed to investigate the impact of different opacifiers on the
translucency and colour change of the composite. Three opacifiers, Al2O3, TiO2, and
ZrO», were added to the resin mixture at varying concentrations (0.25 wt.%, 0.5 wt.%,
0.75 wt.%, and 1 wt.%). TiO; has the greatest negative effect on opacity and colour
change, followed by ZrO; and Al20s. It was found that the opacity and colour change
of the composite regularly decrease as the concentration of ZrQ; increases.*?

Chan et al. (2009), found that the addition of zirconia nanoparticles increased
the fracture toughness of composites compared to silica-filled composites. In zirconia
filled composites, cracks are deflected by the particles and fracture occurs along the
matrix/particle interface. ZrO; nanoparticles have a higher fracture toughness than silica
nanoparticles. As a result, these composites are more resistant to fracture.*®

Wang et al. (2020) reported that zirconia particles, modified with y-MPS,
increased the light transmission of the composite by decreasing the refractive index
compared to the control group.®!

A different study by Zidan et al. (2021) studied the 3 wt.% concentration of
zirconia nanoparticles with and without surface treatment. Silanized zirconia fillers with
v-MPS increased the flexural strength but unsilanized zirconia nanoparticles decreased
the flexural strength compared to the control group. They found that the surface
modified zirconia nanoparticles significantly increased the flexural strength.>

Tarumi et al. (1995), investigated the flexural strength and water sorption
properties of barium glass and silica-filled composites with different particle sizes. They
found that the flexural strength of the barium glass filled composites was higher than
that of the silica filled composites. The flexural strength of the composites increased as
the size of both barium glass and silica fillers decreased. However, the water sorption
properties of the composites were negatively affected by the barium glass compared to
the silica-filled composites. Smaller particle sizes increased the water sorption of the
composite.*

Marovic et al. (2014), examined the effect of barium glass and strontium glass
fillers on the flexural strength of the composite. In this study, the researchers added 10
wt.% of barium glass and 10 wt.% of strontium glass. They reported that the barium

glass filler exhibited the highest flexural strength. Flexural strength was improved by
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barium glass compared to the control group. In addition, barium glass had a more

significant effect on flexural strength.®!

29



CHAPTER 4

EXPERIMENTAL

4.1. Materials

In this research, the polymeric matrix phase was formed using Bis-EMA
(ethoxylated bisphenol A dimethacrylate), UDMA (urethane dimethacrylate), and
TEGDMA (triethylene glycol dimethacrylate) monomers. The high molecular weight
monomers Bis-EMA, UDMA and the diluent monomer TEGDMA were used in a ratio
of 40%, 30%, 30% by weight.

The photopolymerisation initiator used was camphorquinone (CQ), which has
the widest absorption range close to the emission spectrum of light emitting diodes
(LEDs), and the accelerator was ethyl 4-(dimethylamino) benzoate (EDMAB). The
molecular weight of the chemicals used and the suppliers of these chemicals are given

in Table 4.1.

Table 4.1.The molecular weight and supplier of the chemicals used for resin matrix

Chemicals
Bis-EMA | UDMA | TEGDMA CQ EDMAB
Properties
Molecular
Weight 376.4 470.56 286.32 166.22 193.24
(g/mol)
Sigma- Sigma- Sigma- Sigma- Sigma-
Supplier Aldrich, Aldrich, Aldrich, Aldrich Aldrich
Germany | Germany | Germany Germany Germany

Hydrophilic fumed silica nanoparticles CAB-O-SIL® M-5, colloidal silica MP
1040, zirconia nanoparticles and barium glass nanoparticles were used to form the
inorganic phase of the dental composite. The properties of these nanoparticles used as
reinforcement, such as average particle size, density, purity and BET surface area are
given in Table 4.2. The suppliers of these nanoparticles particles are also given in

Table4.2.
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Table 4.2. Detailed properties of the fillers used in resin-based dental composites

Particles Barium
CAB-O-SIL® M-5 MP 1040 Zirconia
. Glass
Properties
Average
Particle Size 200 100 700
(nm)
BET
Surface Area 200 31
(m? /g)
Density
(g/em®) 2.2 1.298
Purity >99.8 wt.%Si102 | 40.7wt.%Si02
. Nissan Skyspring . | Schott Ag
. Cabot Corporation, . Nanomateri
Supplier Chemicals, Landshut,
USA als. Inc.,
Japan Germany

The surface of the inorganic nanofillers was modified with y-MPS silane to

create a good interface between the matrix phase and the inorganic phase. As the barium

glass particle was supplied silanized with y-MPS silane, all other particles used were

modified. A chemical solution was prepared for the silanization process using y-MPS,

n-propylamine and cyclohexane. Table 4.3 provides detailed information regarding the

chemicals and their

Table 4.3. Details of the chemicals used for surface modification

suppliers.

Chemicals

Germany

v-MPS Cyclohexane n-propylamine
Properties
Molecular
Weight (z/mol) 248.35 84.16 59.11
Den51t3y 1,045 0779 010
(g/em?)
Supplier Sigma-Aldrich, Sigma-Aldrich, Sigma-Aldrich,

Germany

Germany
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4.2. Surface Modification of Inorganic Particles

In contrast to other nanoparticles, colloidal silica is in a liquid form. The
colloidal silica (MP 1040) is composed of 60 wt.% water and 40 wt.% silica. Therefore,
colloidal silica was pre-dried in the oven at 100°C to remove the liquid and obtain dried
powdered colloidal silica particles. Colloidal silica before and after pre-drying is shown

in Figure 4.1.

Figure 4.1. (a) Colloidal silica 40 wt.% Si02-60 wt.% water, (b) colloidal silica after pre-
drying

In the first step of the surface modification procedure, a chemical solution was
prepared by adding 100 ml of cyclohexane, 0.1 g of n-propylamine, and 0.5 g of y-MPS
silane to a glass beaker. In order to accelerate the reaction n-propylamine was used.
They were stirred on a magnetic stirrer for 1 minute to obtain a homogeneous mixture.
The solution was prepared separately for each type of particle, and 5.0 g of particles
were added to each of the solutions. They were then stirred using a magnetic stirrer at
400 rpm for 1 hour, the first 30 minutes at room temperature and the following 30
minutes at 60°C. The mixtures were kept in the oven at 80°C for 24 hours to remove
volatile chemicals at the end of the one-hour period. The process of surface

modification of the particles is shown in Figure 4.2.
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Figure 4.2. Surface modification process of the nanoparticles; (a) chemical mixture, (b)
particle addition to chemical mixture, (c¢) remove the volatile chemicals at
80°C for 24 hours, (d) surface modified particles

4.3. Preparation of Dental Composites

Resin-based dental restorations were prepared using different particle ratios with
a total particle content of 65 wt.%. The inorganic filler contents used in each composites
are given in the Table 4.4. Bis-EMA, UDMA and TEGDMA monomers were used for
the matrix phase of the resin-based composites. Bis-EMA, UDMA, and TEGDMA
monomers were mixed in a beaker at a ratio of 40:30:30 wt.%, respectively, using a
glass rod. The beaker was covered with aluminum foil to prevent curing caused by
ambient light. In order to obtain a homogeneous resin mixture, this resin mixture was
first mixed with a hand spatula at room temperature and then kept in an ultrasonic bath
at room temperature for 15 minutes. At the end of these 15 minutes, 0.7 wt.% CQ as an
initiator and 0.3 wt.% EDMAB as an accelerator were added to the resin mixtures. In
order to obtain homogenous of distribution of accelerator and initiator in the resin for a
further 15 minutes it was kept in the ultrasonic bath at room temperature.

The inorganic particles listed in the Table 4.4 were added to the prepared resin

mixture in the following order ZrO., Ba glass, colloidal silica and finally fumed silica.
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Table 4.4. Inorganic nanoparticles concentration of the composite groups produced

Sample Inorganic nanoparticles (wt.%)
CAB-O-SIL® M-5 | MP 1040 | Ba Glass 7Zr0O: Total

RER 20 YT ; - -
Ba20 20 55 5 - -
Ba30 20 G o - -
- > * 0 ! 65
. > + 0 2 65
Ba20Z1 20 4 5 : -
Ba20Z72 20 7 5 - .
Ba30Z1 20 72 o 1 .
Ba30Z2 20 3 m ; .

The inorganic particles listed in the Table 4.4 were added to the prepared resin
mixture in the following order ZrO», Ba glass, colloidal silica and finally fumed silica.
After the addition of each type of particle, except fumed silica, according to the contents
given in the Table 4.4, they were homogeneously distributed in the resin using a spatula,
as shown in Figure 4.3(a-d). Due to its large surface area, adding fumed silica to the
resin manually with a spatula is more challenging than adding other particles.
Therefore, fumed silica was added to the composite at the final stage using a mortar
mill. The fumed silica was gradually added to the mortar mill chamber, which was
preheated at 80°C for 30 minutes before use, and homogeneously dispersed into the
composite using a RETSCH RM 200 mortar mill. RETSCH RM 200 mortar mill is
shown in Figure 4.4. The composite was stirred in the mortar mill for a total of 30
minutes. Figure 4.3. (e-f) shows the appearance of the composite during the mixing
process in the mortar mill.

A total of 9 different groups of composites were produced, including the
reference composite, by trying different ratios of ZrO, and Ba glass particles in
composites with a total particle ratio of 65 wt.%. Samples were prepared to test the
properties of all these composites after they had been produced. The state of each stage
of preparation of composite is given in Figure 4.3. After the paste mixture preparation
stage, the test specimens were prepared by placing the composites into the specimen

moulds.
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Figure 4.3. (a) Resin mixture with CQ&EDMA,(b) ZrO;,Ba glass particles addition,(c)
colloidal SiO, addition,(d) fumed SiO> by hand mixing,(e) after mixing in
mortar mill,(f) fumed SiO- addition in the mortar mill,(g) composite mixing
in mortar mill, (h) final state

Figure 4.4. Automatic mortar mill for homogeneous dispersion of the particles

Test specimens were prepared by placing the composites into specimen moulds.
Frekote release agent was applied to the mould in which the sample was to be placed, to
help remove the samples from the mould easily, and the mould was then placed on

transparent film. The composite was then placed in the mould. The composite was
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carefully placed in the mould by applying pressure with a spatula to minimise the
formation of voids within the specimen. The composite was filled to the top of the
mould and then covered with transparent film when the process was complete. The
mould was pressed with a flat object to remove air bubbles. The specimens were
prepared and subsequently cured using a LITE-Q Auto Ramp-Up LD-107 light curing
source, which emitted light at a wavelength of 450-470 nm and a brightness of up to
1000 mW/cm?. The light curing unit used is shown in the Figure 4.5. The samples were
cured for 30 seconds on each side (front and back side of the mould). The samples were

kept in a desiccator at room temperature for 24 hours after curing.

Figure 4.5. Light curing unit used in the curing process

4.4. Characterization of Particles and Dental Composites

The inorganic nanoparticles dispersed in the resin were characterised by
Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy
(FTIR) and Dynamic Light Scattering (DLS). The fracture surfaces of the composites

were characterised by Scanning Electron Microscopy (SEM).

4.4.1. Scanning Electron Microscopy (SEM) and EDS Analysis

The surface morphology of the inorganic fillers dispersed in the organic phase
was analysed by scanning electron microscopy (SEM) (FEI QUANTA 250 FEG),
(ZEISS EVO10). Before SEM analysis, the nanoparticles were kept in the oven at
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100°C for 1 hour to remove any moisture. In order to avoid the problem of charge
during analysis, nanoparticles were placed on conductive carbon tape and the charges
were transferred along the tape.

The fracture surfaces of the three point bending test specimens were also
examined by SEM. The fracture surfaces were examined in order to obtain information
about the composites by examining the elements that would reduce the strength of the
composite, such as porosity, and the distribution of particles in the composite. Before
SEM analysis, the fracture surfaces were coated with gold using a sputtering apparatus
and placed on conductive carbon tapes. Elemental analysis of the samples was carried

out by EDS analysis to determine the elemental distribution within the structure.

4.4.2. Dynamic Light Scattering (DLS) Analysis of Nanoparticles

The size distribution and average particle size of inorganic nanoparticles were
analysed as a function of volume % by Dynamic Light Scattering (DLS) technique
using Particulate Systems NanoPlus Particle Size Analyser. A laser light with a
wavelength of 660 nm was used during the analysis. Before analysis, a suspension was
prepared in which the particles were dispersed in the solvent. 1.0 g of nanoparticles
were dispersed individually in 10 ml ethanol and left in the ultrasonic bath for a period
of 30 min.

Malvern Zetasizer Nano ZS was used as an alternative device in order to
perform a more sensitive analysis of the same analysis technique on zirconia
nanoparticles. The suspension was prepared by adding 0.01 g of ZrO, nanoparticles to
10 ml of water with the addition of Tween 80 as a surfactant. In order to attain an
acceptable results suspension concentration were adjusted in the range of 0.01 to 5 wt.%

followed by dispersing nanoparticles individually in the solvent.

4.4.3. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared (FTIR) analysis (PERKIN ELMER Spectrum Two)
was carried out to confirm the successful surface modification of y-MPS silanized
nanoparticles. The functional groups in both silanized and non-silanized nanoparticles
for all inorganic nanoparticles were analysed by FTIR spectrometer and the results

compared. ATR-FTIR spectra were recorded in the transmission mode in the 4000-400

37



cm™! wavelength range with 20 scans per spectrum and a resolution of 4 cm™'. Before

analysis, the samples were dried and placed in a desiccator to remove any moisture.

4.5. Mechanical Tests of Dental Composites

Mechanical properties are of great importance in dental composites. The flexural
and compressive strengths of composites are reported to be in the range of 60 to 130

MPa and 150 to 250 MPa, respectively, for hybrid-filled resin-based resins.

4.5.1. Three Point Bending Test

Three point bending test was used to determine the flexural strength of the
composites. At least 5 samples with dimensions of (25+£2) mm X (2.0+£0.1) mm X
(2.0+0.1) mm from each dental composite group were prepared in accordance with ISO
4049 standard for three-point bending test. The specimens were prepared using a metal
mould according to the ISO 4049 standard dimensions. The mould was designed in two
parts for easy removal without damaging test specimens. The mould used for the
flexural strength test specimen is shown in the Figure 4.6. All composite pastes placed
in the mould were cured from both sides for 30 seconds at 9 different points in

accordance with the ISO 4049 standard as illustrated in Figure 4.7.

Figure 4.7.The top view of the curing zones of flexural strength test specimen
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The flexural strength of the specimens was tested in a Shimadzu Autograph
AGIJ-S universal testing machine. The distance between the two supports (span length)
was set at 20 mm for the three-point bending test. In accordance with the standard,
cylindrical rods with a diameter of 2 mm were utilised as supports During the test, a
load was applied to the specimens at a crosshead speed of 0.75 mm/min, and the
maximum load applied to the specimens at fracture was reported. The three-point
bending test setup for flexural strength of the specimens and the specimens after the

three-point bending test are illustrated in Figure 4.8 and Figure 4.9, respectively.

Figure 4.9.The specimens were tested using a three-point bending method
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The equations below were used to calculate the flexural strength (of) and

modulus (Ef) of the composites.

3FL

O = (4.1)
_ FL3

Ef = —4bh3d (4.2)

In these equations, F is the maximum applied load in Newton, L is the distance
between supports in mm, b is the specimen width in mm, h is the height of the specimen

in mm, d is the displacement of the sample in mm at load F; during the test.

4.5.2. Compression Test

A minimum of 5 specimens were prepared for each composite group to
determine the compressive strength of the composites. The samples were prepared using
a stainless steel mould with a diameter of 4 mm and a height of 6 mm. In order to easily
remove the specimens without damaging them, this mould was designed in two pieces.
All composite pastes placed in the mould were cured from both sides for 30 seconds.
The mould used to prepare the specimens is shown in Figure 4.10. Compression test

samples removed from the mould are illustrated in Figure 4.12.

(b)

Figure 4.10.Mould used in the preparation of compression specimens: (a)open,(b) close

The compressive strength of the specimens was tested using the Shimadzu

Autograph AGIJ-S universal testing machine. The test was performed at a crosshead
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speed of 0.75mm/min and the maximum load applied to the sample at the point of
fracture was reported. The compression test setup for the compressive strength of the

specimens is shown in Figure 4.11.

Figure 4.11. Compression test setup

Figure 4.12. Compression test specimens

The compressive strength (F) was determined by dividing the maximum load at
the point of fracture by the cross-sectional area (A) of the sample. The diameter of the

sample (R) was measured in millimetres.

= (4.3)
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4.6. Depth of Cure Determination of Dental Composite

Specimens were prepared according to the ISO 4049 standard to determine the
curing depth of the composites. For each type of composite, 3 specimens were prepared.
The specimens were 4 mm in diameter and 6 mm in height, in the same manner as the
compressive strength specimens. The curing process was carried out for 30 seconds
from one surface of the specimens. After removing the specimen from the mould, the
uncured composite was removed from the uncured surface using a metal spatula. The
remaining specimen was measured for height with a caliper, and the value obtained was
divided by 2 in accordance with the standard procedure. For opacified restorative
materials, all three values must be at least 1.0 mm, while for all other materials, they

must be at least 1.5 mm.

4.7. Water Sorption and Solubility Test of Dental Composites

In order to determine the water absorption and solubility values of resin-based
composites 3 samples with a thickness of 1 mm and a diameter of 15 mm were
prepared. The mould for the preparation of specimens and the top view of the curing
zones of the specimens in this test performed according to ISO 4049 standard are given
in the Figure 4.13 and each zone was cured for 30 seconds. Water absorption and

solubility samples removed from the mould are illustrated Figure 4.14.

Figure 4.13. View of the mould and curing zones used for water absorption and
solubility samples

The samples prepared for water absorption and solubility tests were placed in
the oven at 37°C and dried for 24 hours. Then the samples were taken to the desiccator
and kept for 2 hours and weighed until the weight change was &+ 0.1 mg. This mass was
accepted as the initial weight m;. The samples with initial weights were placed in small

beakers with 10 ml of distilled water in an oven at 37°C and kept in distilled water for
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one week. The samples were removed after 1 week and washed with distilled water and
wiped until the water on the surface was free of observable moisture. The samples were
shaken in air for 15 seconds and then the samples weighed at 15, 30 and 60 minutes
were weighed at 1 hour intervals until the 9th hour. After the 24th hour of weighing,
weighing continued at 24 hour intervals until a constant weight mz was obtained. After
obtaining the my value, the samples were returned to the oven at 37 °C. The
measurement continued at 24 hour intervals until the mass reached a constant value.

This constant value was recorded as ms.

Ref 2\

Ba20

Tt Lo 02! Balo22
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Figure 4.14. Water sorption and solubility test specimens

The water absorption and solubility values of dental composites were calculated

by the equations given below, respectively. According to the ISO 4049 standard, the

3

maximum water sorption and solubility values are 40 pg/mm?® and 7.5 pg/mm?

respectively.

mp—ms

VVsp B (4.4)

mi—m
Wo =—"— (4.5)

Where V is the initial volume of the specimens.
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4.8. Polymerization Shrinkage Measurement of Dental Composites

Polymerisation shrinkage of the dental composites is related to density of the
specimens before and after the curing process. This test was carried out according to the
ISO 17304 standard. Archimedes’ principle was used in order to examine the density of
the specimens for polymerisation shrinkage. Uncured and the cured specimens were
prepared in different mass and numbers according to the standard. Six different
specimens (1.0+0.1) g mass for uncured composites and 12 different specimens
(0.50+0.05) g mass for cured composites were measured and pressed with a spatula into
large sterile cups and flattened. They were preheated in the oven at 37°C for 24 hours.
The specimens. were removed from the oven and given a spherical shape. The
specimens were spherically shaped by applying pressure with the fingers after wearing
gloves to prevent the formation of air bubbles inside the specimens. The curing process
for the cured specimens was from the top and bottom of the specimens for 30 seconds
each.

The beaker was filled with distilled water so that the depth of immersion of the
samples was at least 20 mm. The masses of each uncured and cured specimens were
measured first in air and then in water The mass measurement of a sample in both air

and water in its setup for the Archimedes’ principle setup is shown in the Figure 4.15.

Figure 4.15. Measuring the mass of a sample in (a) air, (b) water.

In this equation, D is the density of the specimen, m; is the mass in air and my is

the mass in water of the sample. Do is the density of water at the exact measured
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temperature in °C according to the density table of distilled water, and D1 was the air
density (0.0012 g/ cm?®) The polymerization shrinkage was calculated for sample using

the following formula.

AV — (Dcured_Duncured) % (100) (4.6)

Dcyred
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Characterization Results

In this section, FTIR analysis, particle size distribution and microstructural
properties of inorganic nanoparticles (fumed silica, colloidal silica, zirconia and barium
glass) used as fillers in this study are presented. The microstructural properties of the
composites are given in this section by examining the fracture surface using SEM
microscopy and EDS analysis. In addition, the mechanical and physical properties of
the composites were also analysed by performing tests on the composites and the results

are presented in this section.

5.1.1. Scanning Electron Microscopy (SEM) and EDS Analysis

SEM images of fumed silica and colloidal silica nanoparticles without surface
modification are illustrated in the Figure 5.1 and Figure 5.2, respectively. Fumed silica
nanoparticles were observed to exhibit an irregular shape and to be agglomerated while
colloidal silica nanoparticles were observed to have a regular spherical shape from the
SEM images. The size distribution of colloidal silica and the average particle size of

about 100 nm were measured as shown in the Figure 5.2(b).

[
IYTEMAM

Figure 5.1. SEM image of untreated fumed silica nanoparticles at 100000X magnification
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TYTEHAM

Figure 5.2. SEM image of untreated colloidal silica nanoparticles: (a) at 100000X
magnification,(b) average particle size at 400000X magnification

SEM images of untreated zirconia nanoparticles at different magnifications are
illustrated in Figure 5.3. Zirconia nanoparticles were observed to have a spherical shape
and to agglomerate into clusters. The size distribution of zirconia nanoparticles and the

average particle size of 30 nm were measured as shown in the Figure 5.3(b).
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Figure 5.3. SEM image of untreated zirconia nanoparticles: (a) at 100000X
magnification, (b) average particle size at 200000X magnification

SEM images of the modified barium glass particles at different magnifications
are shown in the Figure 5.4. It was observed from the SEM images that the barium glass
particles have a characteristic irregular shape. In addition, as can be seen from the SEM
image in Figure 5.4(b), the average particle size distribution of the barium glass

particles was measured to be 0.7 pm.
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Figure 5.4. SEM image of modified barium glass particles: (a) at 50000X magnification,
(b) average particle size at 100000X magnification

SEM images of the fracture surfaces of all composites at 1000x magnification in
the secondary electron mode are shown in Figure5.5 and at 25000x magnification in the
backscattered electron mode are shown in Figure 5.6. The SEM images clearly show the
distribution of irregularly shaped and spherical filler particles in the resin and their
effective interaction with the monomer matrix. It is seen in Figure 5.5 that the Ref.
sample, which only contains silica, has a flat fracture surface in comparison to the other
composites. The SEM images evidence that the addition of barium glass and zirconia

significantly increases the roughness of the fracture surface. Largest porosity sizes in

the fracture surfaces of Ref., Ba30 and Ba30Z2 samples are obtained in Figure 5.5.
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(cont. on next page)

Figure 5.5. SEM images in the secondary electron mode of the fracture surface of
composites: (a) Ref., (b) Z1, (¢) Z2, (d) Ba20, (e) Ba20Z1, (f) Ba20Z2, (g)
Ba30, (h) Ba30Z1, (i) Ba30Z2
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Figure 5.5. (cont.)
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It can be seen from Figure 5.6(a-c) that the resin contains more densely
impregnated filler nanoparticles. However, as the barium glass was increased, it was
observed that the fillers were more sparsely distributed in the resin at the fracture
surfaces in Figure 5.6(d-1). The distance between the filler particles increases as the
barium glass content increases, which is supported by the SEM images. This is due to
the irregular shape and larger particle size of barium glass compared to silica and
zirconia (see Figure 5.4).

Although most part of the fillers were successfully integrated into the resin
without agglomeration, some particles did come together to form agglomerates. It was
proved from Figure 5.6(c, f) when zirconia was increased from 1 to 2 wt.%, zirconia
nanoparticles agglomerate. The agglomeration of spherical colloidal silica is also
evident from Figure 5.6(d, f, 1). As the amount of barium glass was increased to 20wt.%
and 30wt.%, it was obtained from SEM images that fillers were more homogeneously
dispersed in the resin, resulting in less agglomeration.

The amount of filler per unit area in the matrix decreases as the barium glass
content increases, resulting in homogeneous distribution of fillers in the resin. However,
this also reduces the viscosity of the composite and affects its handling properties.
Therefore, it can be said that microvoids can form when the composite is placed in the

mould. This is also supported by the SEM images in Figure 5.6(d-1).

(cont. on next page)

Figure 5.6. SEM images in the backscattered electron mode of the fracture surface of
composites: (a) Ref., (b) Z1, (¢) Z2, (d) Ba20, (e) Ba20Z1, (f) Ba20Z2, (g)
Ba30, (h) Ba30Z1, (i) Ba30Z2
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Figure 5.6. (cont.)
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The EDS data obtained from the SEM device of the Z2 composite sample shown
in Figure 5.7 and Figure 5.9 from two different regions, Spectruml1 and Spectrum2, are
shown in Figure 5.8 and Figure 5.10, respectively.

The EDS result for spectrum 1 in Figure 5.8 demonstrates that the chemical
composition of the Z2 composite contains 28.37 wt.% oxygen (O), 18.73 wt.% carbon
(C), 4.95 wt.% silicon (Si), and 47.95 wt.% zirconium (Zr). This evidence suggests that

zirconia nanoparticles agglomerate together.
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Figure 5.7. Morphological structure image shows spectrum 1 of Z2 composite
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Figure 5.8. Elemental analysis of Z2 composite results for spectrum 1
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The EDS result for Figure 5.10 spectrum 2 indicates that the Z2 composite
contains 42.55 wt.% oxygen (O), 30.35 wt.% carbon (C), and 27.1 wt.% silicon (Si) in

its chemical composition.

Spectrum 1

 c - 1
Spm

Figure 5.9. Morphological structure image shows spectrum 2 of Z2 composite
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Figure 5.10. Elemental analysis of Z2 composite results for spectrum 2

In addition, EDS mapping analysis of Z2 composite is given in Figure 5.11. The
elemental distribution within the structure was determined according to the SEM images
in Figure 5.11. When analysed, it was found that carbon, oxygen and silicon in the
structure exhibited a homogeneous distribution in general, but zirconium showed

clustering in some regions.
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Figure 5.11. EDS mapping analysis of Z2 composite
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The EDS data of the Ba20Z2 composite sample obtained from the SEM
instrument was obtained from spectrum 10 in Figure 5.12. The EDS result for spectrum
10 in Figure 5.13 indicates that the Ba20Z2 composite contains 34.77 wt.% oxygen (O),

55.98 wt.% zirconium (Zr) and 9.24 wt.% silicon (Si) in its chemical composition.

Sprm

Figure 5.12. morphological structure image of Ba20Z2 composite
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Figure 5.13. Elemental analysis of Ba20Z2 composite results for spectrum 10

5.1.2. Dynamic Light Scattering (DLS) Analysis of Nanoparticles

The volume % and particle size distributions of fumed silica, colloidal silica,
zirconia and barium glass nanoparticles are shown in Figure 5.14, Figure 5.15,

Figure5.16 and Figure 5.17, respectively. The particle sizes of colloidal silica, zirconia
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and barium glass were observed to be 60-300 nm, 7-40 and 560-770 nm respectively,
while the particle size of fumed silica was found to be in the wide range of 70-600 nm.
Fumed silica nanoparticles agglomerate due to the hydrogen bonds of the silanol
groups (=Si-OH) in their structure. Clusters formed by agglomeration are measured as
large particles in particle size distribution analysis. This explains the wide range of

particle size distributions of fumed silica.
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Figure 5.14. Particle size distribution of fumed silica
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Figure 5.15. Particle size distribution of colloidal silica
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Figure 5.16. Particle size distribution of zirconia
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Figure 5.17. Particle size distribution of barium glass

The mean particle sizes of fumed silica, colloidal silica, zirconia and barium
glass nanoparticles were obtained as 212.0 nm, 134.3 nm, 12.99 nm and 654.4 nm, from
the data presented in Figure 5.14, Figure 5.15, Figure 5.16 and Figure 5.17,

respectively.



5.1.3. Fourier Transform Infrared Spectroscopy (FT-IR)

The FTIR spectra of fumed silica, colloidal silica, zirconia and barium glass
particles with untreated surface and surface treated with y-MPS silane are shown in
Figure 5.18, Figure 5.19, Figure 5.20 and Figure 5.21, respectively.

As shown in Figure 5.18 and Figure5.19 strong bending vibrations of Si-OH and
stretching vibration of Si-O-Si (siloxane) bonds are observed at around 811 cm™ and
around 1110 cm™ respectively. These bonds are indicative of the presence of silica in
the environment because they are present in the silica structure and are also formed after
surface treatment with y-MPS.?* Peaks are observed at 1720 cm™ and 2890-2980 cm™.
These peaks are referred to as the stretching vibrations of the C=0 and C-H bonds that
are observed in the silica particles treated with y-MPS. These peaks are an indication of
successful surface modification between the silica hydroxyl of pure SiO:; and the
methoxyl of y-MPS. 6254

As seen in Figure 5.20 peaks are obtained at 450 to 850 cm™! which are related to
the bending vibration of the Zr-O bond in the zirconia structure. The formation of peaks
at 1150 cm™! is related to the stretching vibration of the Zr-O-Zr bond %4, The new
peaks at 1720 cm™ and 2980 cm™ correspond to the stretching vibration of the C=0O
bond and the C-H bond in the y-MPS structure, respectively.®®

In Figure 5.21, the peak at around 450 cm™! represents the bending vibration of
the Si-O-Si existence in the glass structure. The peak at 692 cm’!, indicating the
presence of barium ions in the structure, is the bending vibration of Ba-O bond
formation of glass network. The peaks at 795 cm™! is a symmetric stretching vibration of
the O-Si-O bond.®*” The peak around at 980 cm™! is presumably the vibration of the B-
O bonds of the BO4 units and also the stretching frequency of the Si-O-B bond.®® The
peaks at 1320 cm™ and 1402 cm™! are assigned to the symmetric stretching relaxation of
the B-O bond of the BOs units.®” The peak at 1720 cm™ is attributed to the stretching
vibration of the C=0 bond present in the y-MPS structure.

The bonds in the FTIR spectra of the modified and unmodified nanoparticles
given in Figure 5.18, Figure 5.19, Figure 5.20 and Figure 5.21 were analysed. The peaks
consisting of the stretching vibration of the C-O (carbonyl group) at 1720 cm™ and the
stretching vibration of the C-H bond at 2890 cm™ and 2970 cm™! are present in the y-
MPS functionalised group. These bonds were observed in the FTIR spectrum of the
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modified nanoparticles. The results showed that the nanoparticles had been modified

successfully.®
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Figure 5.18.FTIR spectra of fumed silica particles with and without surface modification
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Figure 5.20. FTIR spectra of zirconia particles with and without surface modification
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Figure 5.21. FTIR spectra of barium glass particles with and without surface

modification
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5.2. Mechanical Test Results

Teeth are subjected to forces during chewing. Therefore, resin-based dental
composites that replace teeth must be able to withstand these forces. Flexural and

compressive strength are therefore critical for resin-based dental composites.

5.2.1. Three-Point Bending Test Results

Flexural strength and flexural modulus are given in Table 5.1, Figure 5.22 and
Figure 5.23 for all composites. The ISO 4049 standard specifies flexural strength in two
different ways. For Type 1 dental materials and Type 2 all other polymer-based
restorative materials. Type 1, materials should have a minimum of 80 MPa, while the
other group Type 2, should have a minimum of 50 MPa flexural strength Therefore, it
can be said that the flexural strength of all composites is above the value for Type 2

specified by the standard and flexural strength of sample Ba30Z1 in Type 1 materials.

Table 5.1. Flexural strength and modulus of dental composites

Sample Flexural Strength | Flexural Modulus
(MPa) (GPa)

REF 57.77+5.0 3.73+0.3
Z1 60.54 + 4.8 4.11+0.44
72 63.75 +2.5 3.98+04
Ba20 68.82 +4.8 4.38+0.29
Ba30 67.81 +1.16 4.29+£0.35
Ba20Z1 71.03 + 0.6 452 £0.23
Ba2072 72.88+2.0 3.75+0.36
Ba30Z1 79.09 + 3.32 4.92 £0.24
Ba30Z2 74.09 + 1.67 4.63 £0.23

61



| “:| Flexural Strength‘
80 I
i . T
70 - | = -
g T
] | T%l T
%60— |
s |l
o
= 504
V]
= i
n
= 40+
= i
=
o 30+
e J
20
10 <
0 I I I | | | I I I
= - ol =] [—] i ol — ~1
: 8 ¥ § 3 § § § 8
a4 -] -] a Q an b
= = 3 3
j=a =] =2 [=2]

Sample Name

Figure 5.22. Flexural strength results of dental composites with their standard deviation

The lowest flexural strength 57.77 + 5.0 MPa was obtained from the reference
sample containing only the silica fillers. The addition of zirconia and barium glass
nanoparticles increased the flexural strength of the composites. The low flexural
strength of the reference specimen can be explained by the fact that the flat surface of
the specimen shows less resistance to crack propagation and requires less energy. This
is supported by the SEM image in Figure 5.6(a) shows a flat surface and a crack.

It was found that the addition of barium glass and zirconia enhance the flexural
strength of the composites compared to the Ref. The addition of 20 wt.% Ba glass to the
composites resulted in a 19% increase in flexural strength compared to the reference.
No significant differences in flexural strength was observed in specimens Ba20 and
Ba30. The addition of 1 wt.% and 2 wt.% zirconia increased flexural strength by 5%
and 10%, respectively. Agglomeration of zirconia nanoparticles of Z2 sample was
found in Figure 5.6(f). This can have a negative effect on flexural strength.

Increasing the zirconia content from 1 wt.% to 2 wt.% resulted in a 5% increase
in flexural strength, whereas increasing the barium glass content from 20 wt.% to 30
wt.% led to around 2% decrease in flexural strength. Figure5.6(d-1) SEM, it is clearly

seen that the distance between the fillers increases as the amount of barium increases. It
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can be said that the increase in the space between the fillers affects the handling
properties by reducing the viscosity of the paste. This can lead to microvoids and
porosity formation when the sample is placed in the mould. This is supported by the
SEM image of the Ba30 sample in Figure 5.5(g) and Figure 5.6(g). Microvoids are seen
in Figure 5.6(g) and large porosities on the of fracture surface of the 30 wt.% sample are
also noticed in Figure 5.5(g). Voids have a negative effect on the flexural strength of the
sample. Therefore, microvoids and large porosities on the fracture surfaces can be
attributed to the no change in flexural strength between Ba20 and Ba30 sample.

There was no difference between the flexural strengths of the Ba20Z1 and
Ba20Z2 specimens. This can be attributed to the agglomeration of =zirconia
nanoparticles and the agglomeration of some spherical silica in Ba20Z2 from the SEM
image in Figure 5.6(f).

The interaction between zirconia and barium glass is crucial. The highest
flexural strength of 79.09 + 3.32 MPa was observed in Ba30Z1 specimen. Increasing
the barium glass content from 20 wt.% to 30 wt.% while keeping the zirconia content
constant at 1 wt.% resulted in a significant 12% increase in flexural strength. The SEM
image of fracture surfaces of the composites in Figure 5.6(h) illustrates that the fillers
were homogeneously distributed throughout the matrix and well bonded to the matrix
phase.

A 7% decrease in flexural strength was reported in the Ba30Z2 specimen
compared to the Ba30Z1 specimen. This decrease may be due to agglomeration of the
colloidal silica nanoparticles or microvoids caused by poor handling properties when
replacing the sample in the mould. Colloidal silica nanoparticles agglomeration and
microvoids on the fractured surface of the specimen were seen when examining the
SEM image in Figure 5.6(i) and also porosity on the fracture surface of the Ba30Z2
sample is shown in Figure 5.5(1)

The flexural modulus of the composites is also shown in Figure 5.23. The
flexural modulus of the composites is in the range of 3.73 - 4.92 GPa. In the literature
for hybrid filled resin based composites the flexural modulus is between 3 and 10 GPa,
therefore it can be said that the flexural modulus of the composites is comparable with
the literature. Adding particles to the resin increases the modulus by limiting the
movement of the resin. The addition of zirconia and barium glass nanoparticles

increased the flexural modulus of the composites compared to the reference.
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Figure 5.23. Flexural modulus results of dental composites with their standard deviation

5.2.2. Compression Test Results

Table 5.2 and Figure 5.24 show the compressive strength of the composite that
contained different concentration of the silanized zirconia, barium glass and silica fillers
and their cross effect. According to the literature compressive strength of the resin
based dental composite filled with hybrid inorganic filler from 150 to 250 MPa. All
results of the compressive strength in that range.

The result shows lowest compressive strength of 177.31 + 8.3 MPa was
observed REF sample which only silica particles were present. All samples have higher
compressive strength compare to the REF. Therefore, addition of zirconia and barium
glass filler enhanced the compressive strength of the composites.

It was found that the addition of barium glass offered a significant increase in
compressive strength compared to zirconia. The compressive strengths of specimens
containing both barium and zirconia particles were higher than those containing only
barium or only zirconia particles. Therefore, barium glass and zirconia nanoparticles
have the synergetic effect together. The highest compressive strength value of 250.05 +
8.01 MPa was achieved by sample Ba20Z2.
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Table 5.2. Compressive strength of dental composites

Sample Compre(s;/il\lf)ea)Strength
REF 177.31 £8.3
Z1 182.15+8.2
72 194.99 + 8.1
Ba20 220.08 £ 8.8
Ba30 213.254+9.8
Ba20Z1 22323 +£6.5
Ba20z2 250.05 £ 8.01
Ba30Z1 243.08 £ 11.4
Ba30Z2 232.51 +8.7
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Figure 5.24. Compressive strength results of dental composites with their standard

deviation

The compression values of the 30 wt.% barium specimens were lower than the
Ba20 specimen. As the viscosity of the paste decreases with the addition of barium

glass, voids may form when the paste is placed in the mould. This decrease in
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compressive strength can be explained by voids formed in the specimen or non-uniform
distribution of fillers in the matrix. From the SEM images in Figure 5.6, it was seen that
the composites containing 30 wt.% Ba glass had spaces between the fillers. There is
enough space to add more nanoparticles to these composites. Based on these SEM
images, it can also be said that the decrease in compressive strength of composites
containing 30 wt.% Ba glass is due to the porosity and microviods formed during
transfer into the composite mould.

As the addition of zirconia increased, the compressive strength of the
composites increased. However, the compressive strength of the Ba30Z2 sample
decreased by 4% compared to the Ba30Z1 sample. This may be related to the depth of
cure or agglomeration of the zirconia nanoparticles. The refractive index of zirconia is
much higher than that of resin and the curing depth of the composites decreased as the
addition of zirconia increased. Therefore, the composite may not cure properly, leading

to a reduction in compressive strength.

5.3. Depth of Cure Determination Results of Dental Composites

The depths of cure of the dental composites with standard deviations were

measured as shown in the Table 5.3 and Figure 5.25.

Table 5.3. Curing depth of the composites

Sample Dept(hmt:lf1 )Cure
REF 3.09 +0.052
Z1 2.39+0.05
72 2.28+0.063
Ba20 2.7+ 0.065
Ba30 2.59+£0.04
Ba20Z1 2.36 £0.05
Ba20Zz2 2.23+£0.04
Ba30Z1 2.34+£0.034
Ba30Zz2 2.11+0.047

66



“:| Depth of Cure
T
3 —
T
+
~ T
g - — 7 I =
£ ; )
g 21
5
@
S
=]
-
R
=9
a
14
0 T T I I T I T I I
9 — ~ = = — «~ —_ 1
= N N ! a N N N N
= A = S S 7 %
] ] ] ]
& = & 2

Sample Name

Figure 5.25. Curing depth of dental composites with their standard deviation

The highest curing depth was achieved with the reference composite, and a
decrease in composite curing depth was observed when barium glass and zirconia
inorganic nanoparticles were added to the composite.

It was observed that zirconia had a greater effect on curing depth than barium
glass when considering the effect of zirconia and barium glass particles. The reason for
this is directly related to the refractive index. As shown in the Table 2.5 the refractive
index of zirconia is higher than the refractive index of barium glass. Inorganic particles
added to the resin cause light scattering and adversely affect light transmission. This has
a direct effect on the depth of cure. The refractive indices of the inorganic particles
added to the resin should be very close to the resin to reduce light scattering. The
Table2.5 shows that the refractive index of the silica nanoparticles is very close to that
of the monomers used. Therefore, the curing depth was highest in the reference where
there is less light scattering compared to other composites. The addition of inorganic
particles, such as zirconia and barium glass, to the resin increases light scattering and
decreases curing depth due to their higher refractive indices. Composites containing

zirconia have a lower depth of cure compared to those containing barium glass due to
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higher refractive index of zirconia than barium glass. Thus, high light scattering in
composites containing zirconia reduces the depth of cure.

The highest curing depth of 3.09 = 0.052 mm was measured in REF, while the
lowest curing depth of 2.11 £+ 0.047 mm was measured in Ba30Z2. The curing depth of

all composites is above the minimum of 1.5 mm specified in ISO 4049 standard.

5.4. Water Sorption and Solubility Test Results of Dental Composites

Water sorption causes disadvantages such as swelling and discolouration of the
composite over time, so it 1s an important property of composites It is important to keep
water sorption in composites as low as possible in order to minimise these negative
effects *’. Water sorption and solubility values were determined on the basis of ISO
4049 and the results are given in Table 5.4, Figure 5.26 and Figure 5.27. According to
ISO 4049, the maximum acceptable values for water sorption and solubility are 40
pg/mm? and 7.5 pg/mm?, respectively.

All composites have high water absorption and solubility values, but these
values are below the maximum limit value according to ISO 4049. The composite with
only 65 wt.% silica exhibits the lowest water sorption with a value of 26.19 + 2.02

pg/mm?. The water sorption is increased by the addition of barium glass and zirconia.

Table 5.4. Water sorption and water solubility of the dental composites

Sample Water Sorption Solubility
(ng/mm’) (ng/mm’)

REF 26.19 £2.02 430+1.97
Z1 27.09 £6.72 4.65+0.47
72 28.06 £3.58 492 +1.28
Ba20 31.69 +2.75 5.04 £1.68
Ba30 35.02+2.93 544 +1.77
Ba20z1 32.24+2.08 525+1.47
Ba20Zz2 33.65+4.4 6.61 +1.15
Ba30Z1 36.12+3.99 6.44 +1.81
Ba30z2 37.43+7.19 6.68 = 1.55
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Figure 5.26. Water sorption results of dental composites with their standard deviation
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Figure 5.27. Water solubility results of dental composites with their standard deviation
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The barium replaces the hydrogen ion in the water when composites containing
barium glass come into contact with water. This results in an increase in the pH of the
water and the hydrolysis of the silanol bond occurred between the filler and of y-MPS
silane. Therefore, interface between the matrix and filler is destroyed. As a result, water
sorption is high due to the low water resistance of barium glass-filled composites.*

The results in Figure 5.26 show an increase in water sorption between the
control group and increasing zirconia nanoparticles. This is attributed to the high
surface area of the zirconia nanoparticles. As the amount of zirconia increases, the
surface area of the fillers in the composite increases. Thus increasing the diffusion of
water molecules through the gaps between the matrix chains.”’

Furthermore, as the barium glass increases, the amount of resin in the
composites increases and the amount of filler per unit area decreases. This means that
sparse fillers are present in the matrix instead of compact tight fillers. Moreover, this
situation allows water molecules to move more easily through the matrix chains due to
the presence of more matrix phases in the environment. It can be said that the increase
in water absorption of composites as barium glass increases is directly related to this
situation. In addition, this may also lead to a decrease in viscosity, resulting in the
formation of voids during the moulding of the composite. The presence of micro voids
and porosity in the samples of barium glass, as shown in Figure 5.5 and Figure 5.6, may
also increase to water sorption. The water solubility of the composites increased with

increasing barium and zirconia concentration.

5.5. Polymerization Shrinkage Test Results of Dental Composites

The polymerization shrinkage of the composites was calculated in accordance
with ISO 17304, using Archimedes' principle and the results are given in Table 5.5 and
Figure 5.28. The Ref sample exhibits the lowest polymerization shrinkage. An increase
in polymerization shrinkage was observed with increasing concentrations of zirconia
and barium glass in the composites. The polymerization shrinkage values obtained vary
between 3.45% and 7.9%, depending on the fillers and their contents in the composite.
The highest polymerisation shrinkage value, 7.9%, was measured in the Ba30Z2
sample, while the lowest polymerisation shrinkage value, 3.45%, was measured in the

reference sample.
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Table 5.5. Polymerization shrinkage of dental composites

Sample Pol. Shrinkage
(%vol.)
REF 3.45
Z1 3.99
72 4.25
Ba20 4.49
Ba30 5.46
Ba20Z1 458
Ba2072 473
Ba30Z1 585
10
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Figure 5.28. Polymerization shrinkage results of dental composites

Also, the polymerization shrinkage values of composites containing two
inorganic phases were higher than those of composites containing a single type of

inorganic phase.



The polymerisation shrinkage of the composites increased with the
concentration of zirconia and barium glass. However, the addition of the 30 wt.%
barium glass had a significant negative impact on the polymerization shrinkage of the
composites. An increase in the amount of monomer per unit area was observed in
barium-glass composites due to the increase barium glass filler particles. This was also
evident from the SEM images in Figure 5.6. During polymerisation, the resin turns into
a solid form. This causes shrinkage and volume reduction in the resin. There is no
volume change in solid filler particles. Therefore, as the amount of resin in the
composite increases, an increase in polymerisation shrinkage is expected. Consequently,

the composite undergoes volumetric shrinkage.
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CHAPTER 6

CONCLUSION

In recent years, resin-based dental composites have become a widely used
material in dentistry. Amalgam, which is used as a traditional filling material, presents a
significant risk to human health due to the mercury it contains. Amalgam fillings also
cause aesthetic concerns due to their dark colour. The development of resin-based
composites to overcome these negative properties has achieved a significant scientific
breakthrough in dentistry. Today, there is an increasing demand for dental composites.
Therefore, studies have focused on improving the mechanical and physical properties of
currently used dental composites in various ways. Nanoparticles used as reinforcements
have a critical effect on the mechanical and physical properties of the composite.
Different filler particles can be used at different filler contents to improve the
mechanical and physical properties of composites.

In this thesis, the aim was to improve the mechanical and physical properties of
composites using barium glass and zirconia nanoparticles. Due to its large particle size,
barium glass allows the amount of filler incorporated into the resin to be increased,
allowing the composite to achieve high filler ratios. High filler content improves the
mechanical properties of composites. It was known from the literature that zirconia
nanoparticles are used because of their positive effect on the mechanical and aesthetic
properties of composites. From the literature, 20 wt.% and 30 wt.% for barium glass, 1
wt.% and 2 wt.% for zirconia nanoparticles were determined to be added to the
composite. Flexural strength, compressive strength, depth of cure, water absorption and
solubility, and polymerisation shrinkage of the composites were examined. Fourier
Transform Infrared Spectroscopy (FTIR) was used to determine whether the surface
modification of the nanoparticles added to the resin was successful and Scanning
Electron Microscopy (SEM) was used to examine the fracture surfaces of composite
samples to determine the appropriate filler content (homogeneous and void-free surface)
and filler distribution. The results of the FTIR analysis indicated that the surface
modification of the nanoparticles was successful. The SEM images showed that the
particles were well connected to the matrix, and the composites were successfully

produced.
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The incorporation of barium glass and zirconia particles into the composite
materials resulted in a notable enhancement in the flexural and compressive strength of
the materials. The highest flexural strength was observed in the Ba30Z1 sample at 79.09
+ 3.32 MPa and the highest compressive strength was observed in the Ba20Z2 sample at
250.05 £ 8.01 MPa. A 37% increase in flexural strength and a 41% increase in
compressive strength were observed in the test sample compared to the reference
sample.

The highest cure depth was achieved in the reference sample and a decrease in
the composite cure depth was obtained with the addition of zirconia and barium glass.
The refractive indices of barium glass and zirconia nanoparticles are higher than the
refractive index of the resins used. When the refractive indices are significantly
different from those of the resins, light scattering occurs, which results in a reduction in
the curing depth. As the refractive index of zirconia is quite high, this has a greater
effect on the depth of cure. The lowest cure depth was observed in the Ba30Z2 sample
with a decrease of 32%.

All composites provide the water absorption and solubility values specified in
the ISO 4049 standard. While the reference sample had the lowest water absorption and
solubility values, the addition of zirconia and barium glass particles showed an
undesirable increase in the water absorption and solubility values of the composites.
Ba30Z2 sample exhibited the highest water absorption with a high increase of 43%. The
zirconia nanoparticles, with their high surface area, enable water diffusion between the
matrix. As the amount of barium glass increases, the distance between the fillers in the
composites increases and the amount of matrix per unit area increases. This implies that
there are fewer fillers in the matrix rather than compact, dense fillers. This allows water
molecules to move more easily along the matrix chains.

The lowest polymerisation shrinkage was obtained for the reference sample
containing only silica. As the concentration of zirconia and barium glass increased, the
polymerisation shrinkage of the composites was negatively affected. The highest
polymerisation shrinkage was obtained in sample Ba30Z2. The reason for this is that the
increased amount of resin leads to more deformation during curing due to the increased
distance between the particles and the matrix. In other words, as the amount of barium
glass increases, the amount of matrix per unit area in the composite increases and the

matrix will shrink more volumetrically during curing.
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6.1.

Future Works

The degree of transformation in composites is important in terms of
mechanical and physical properties. Therefore, the degree of transformation
will be quantified by FT-IR analysis of the composites before and after
curing.

It has been observed that colloidal silica and zirconia nanoparticles tend to
agglomerate in the composites. The formation of agglomerates can be
prevented by the application of more effective mixing techniques.

It was demonstrated that as the quantity of barium glass was increased, the
distance between the fillers of the composites increased. Consequently, the
amount of resin per unit area increased. As this situation affects the handling
properties of the composite, it is important to measure the viscosity of the
composites with a rheometer.

While the mechanical properties of the composites were enhanced by the
addition of zirconia and barium glass nanoparticles, an undesirable increase
in polymerisation shrinkage, water absorption and solubility was observed.
Further studies could be carried out to improve the polymerisation, water
absorption and solubility of composites by increasing the filler content or by
investigating and adding different nanoparticles.

The addition of barium glass resulted in an increase in the amount of resin
per unit area in composites. Consequently, there is an advantage of
increasing barium glass on increasing the filler content. The mechanical and
physical properties of composites can be investigated by increasing the filler
content.

Barium glass was used in different concentrations, so the radiopacity of the

composites should be analysed.
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