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PRODUCTION AND DEVELOPMENT OF PHOTOCURABLE RESIN USED 

IN 3D PRINTING FOR DENTAL APPLICATIONS 

 

ABSTRACT 

 

Photochemical 3D printers, one of the additive manufacturing methods, polymerize 

photo-crosslinkable resin with UV-light to fabricate well-detailed dental models 

without using molds. These resin contain monomers, oligomers, photoinitiators, 

preferably nanoparticles and color pigments. With the addition of titania nanoparticles, 

nanocomposite polymers may have high conversion degree and mechanical properties. 

However, nanoparticles tend to agglomerate. But this behavior can be prevented by 

the silanization process. In this thesis, the effects of different ratios of titania and silica 

nanoparticles used as reinforcement materials in UDMA and bis-GMA based resins 

on the mechanical properties and conversion degree were investigated. Spherical 

shaped nanoparticles with particle sizes between 40 nm and 150 nm were synthesized 

and silanized using the sol-gel method. Then, the optimum particle amount was 

determined by mixing it with the acrylate-based commercial resin. In parallel, the 

appropriate monomer and oligomer ratio was determined and nanocomposite resins 

were obtained by adding the determined amount of particles into UDMA and bis-GMA 

based resin. At the end of each production stage, relevant characterization methods 

such as FT-IR, XRD, SEM, tensile, three-point bending were applied to the materials. 

U1S and B1S samples showed an increase of 38.3 percent and 6.4 percent in flexural 

strength values, 17.9 percent and 8.3 percent in modulus of elasticity, and decrease of 

14.3 percent and 12.4 percent in conversion degree, respectively. Besides the 

conversion degree, flexural strength and modulus of elasticity are also important in 

dental applications. The results are promising for the use of prepared nanocomposite 

resins in dental applications. 

 

Keywords: Photopolymer, nanocomposite, dental, additive manufacturing. 
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DENTAL UYGULAMALAR İÇİN 3 BOYUTLU YAZICIDA KULLANILAN 

FOTOKÜRLENEBİLİR REÇİNENİN ÜRETİMİ VE GELİŞTİRİLMESİ 

 

ÖZ 

 

Eklemeli imalat yöntemlerinden biri olan fotokimyasal üç boyutlu yazıcılar, UV-

ışık ile foto-çapraz bağlanabilir reçineleri polimerize ederek kalıp kullanmadan ince 

ayrıntılı dental modeller üretir. Bu reçineler monomerler, oligomerler, fotobaşlatıcılar, 

tercihen nanoparçacıklar ve renk pigmentleri içerir. Titanya ve silika 

nanopartiküllerinin eklenmesiyle nanokompozit polimerler yüksek dönüşüm 

derecesine ve mekanik özelliklere sahip olabilir. Ancak nanopartiküllerin topaklanma 

eğilimi yüksektir. Fakat silanizasyon işlemi ile bu davranış önlenebilmektedir. Bu tez 

kapsamında, UDMA ve bis-GMA bazlı reçinede takviye malzemesi olarak kullanılan 

farklı oranlardaki titanya ve silika nanopartiküllerinin mekanik özellikler ve dönüşüm 

derecesi üzerindeki etkileri araştırılmıştır. 40 nm ile 150 nm arasında partikül boyutuna 

sahip küresel şekilli nanopartiküller sol-jel yöntemi kullanılarak sentezlenmiş ve 

silanize edilmiştir. Daha sonra akrilat bazlı hazır reçine ile karıştırılarak optimum 

partikül miktarı belirlenmiştir. Buna paralel olarak uygun monomer ve oligomer oranı 

belirlenmiş ve belirlenen miktarda partiküller UDMA ve bis-GMA bazlı reçine 

içerisine katılarak nanokompozit reçineler elde edilmiştir. Her üretim aşamasının 

sonunda malzemelere FT-IR, XRD, SEM, çekme, üç noktalı eğme gibi ilgili 

karakterizasyon yöntemleri uygulanmıştır. U1S ve B1S numuneleri eğme mukavemeti 

değerlerinde sırasıyla yüzde 38,3 ve 6,4, elastisite modülünde ise sırasıyla yüzde 17,9 

ve 8,3 artış göstermiştir. Dönüşüm derecesinde ise sırasıyla yüzde 14,3 ve 12,4 düşüş 

göstermiştir. Dental uygulamalarda dönüşüm derecesinin yanında eğme mukavemeti 

ve elastisite modülü de önem taşıdığından, elde edilen sonuçlar hazırlanan 

nanokompozit reçinelerin dental uygulamalarda kullanılabilmesi için umut vaat 

etmektedir. 

 

Anahtar Kelimeler: Fotopolimer, nanokompozit, dental, eklemeli imalat.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 

With the development of technology, people's needs, wishes and expectations are 

changing day by day. With the Industry 4.0, which is the 4th Industrial Revolution, the 

existing industry has been digitalized and started to be equipped with high technology 

together with the concept of “Internet of Things (IoT)”. These developments are taking 

place especially in the fields of robotics, additive manufacturing and nanotechnology. 

The production technology obtained by combining the developments with Industry 4.0 

and embedded system technologies has begun to be transferred to the production 

chains and the industry. Additive manufacturing methods, on the other hand, are of 

great importance for Industry 4.0 with their potential. Thanks to this method, it has 

become possible to produce parts that cannot be produced with traditional production 

methods, and a big step has been taken in digitalization in production (Dilberoglu et 

al., 2017; Yuran & Yavuz, 2021). 

 

In recent years, 3D printers, as an additive manufacturing technology, are devices 

that play an important role today in terms of producing shapes with complex geometry 

compared to traditional methods such as casting and machining. Since the 1980s, they 

have attracted great attention thanks to the fact that many objects can be produced at 

once (Chen et al., 2019). Additive manufacturing is a production technology that 

creates layers starting from zero point on a kind of platform, adds these layers on top 

of each other, and repeats this process until the target product is completed. This 

technology can also be summarized as a robotized version of production methods that 

have been carried out by humans for centuries (for example, building a brick wall). 

Three-dimensional printers, on the other hand, are devices that perform this production 

method in various ways with the help of CAD (Computer Aided Design) programs 

(Horvath, 2014).  
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Since 3D printers can shape many materials today, their usage areas have also 

expanded considerably. Thanks to their high efficiency, environmental friendliness 

and fast production, these printers, which are within the scope of Industry 4.0, operate 

in many fields such as aerospace, dentistry, healthcare, civil construction, food, arts, 

drug industry, biomaterials and tissue engineering  (A. L. Silva et al., 2021; Zhang & 

Xiao, 2018).  

 

3D printers are classified according to mechanical, electrical or photochemical as 

their production method. DLP type printers, one of the photochemical methods, 

produce the final product by photopolymerizing the photosensitive resins under UV-

light. These resins contain monomer, oligomer, photoinitiator, optionally nanoparticle 

and color pigment (Zhang & Xiao, 2018). This mixture becomes a polymer by forming 

cross-links under UV light thanks to the photoinitiators in the structure. These cross-

links are the most important factors that determine the mechanical properties and 

conversion degree of the polymer structure. By adding inorganic filling material into 

the structure, the strength and amount of cross-links can be increased, thereby 

improving the mechanical properties and conversion degree (Aati et al., 2021; Al-

Turaif, 2010; N. Bahremandi Tolou et al., 2013; Pehlivan & Karacaer, 2014). 

 

To improve mechanical properties and conversion degree of resin, TiO2 and SiO2 

nanoparticles can be dispersed into the resin. TiO2 nanoparticles come to the fore with 

their high UV absorbance (Pathak et al., 2017; Viana et al., 2010), antibacterial 

properties (Poosti et al., 2013), biocompatibility, self-cleaning properties, and 

photocatalytic performance (Yurddaskal et al., 2015). SiO2 nanoparticles, on the other 

hand, stand out with their superior mechanical properties (Rezvani et al., 2016) and 

the ability to preserve the transparent appearance of the resin. 

 

However, the disadvantage of TiO2 and SiO2 nanoparticles is that they agglomerate 

in the structure and reduce the surface area in contact with the resin, which negatively 

affects the mechanical properties (Pehlivan & Karacaer, 2014). In order to prevent this, 

the process of coating the particle surfaces with silane groups, which is called 

silanization, is applied. The coating of nanoparticles with silane groups contributes to 
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the strengthening of the bonds by ensuring that the particles do not stick to each other 

and bond with the matrix material (Neibloom et al., 2020; Nguyen et al., 2020; Tham 

et al., 2010).  

 

1.2 Organization of the Thesis 

 

Within the scope of this thesis, nanocomposite resins were produced with different 

ratios of monomer and nanoparticle mixtures and the printability of these resins was 

tested using a 3D printer. The aim of the thesis is to determine the producibility of 

tooth models used in the dental field using TiO2 and SiO2 nanoparticles added resin 

with high accuracy, high mechanical properties and conversion degree using 3D 

printers and to examine the effects of nanoparticles on the final product. 

 

In Chapter 1, information about the use of three-dimensional printers in the dental 

field is given, and the purpose of writing the thesis is stated. 

 

Chapter 2 presents the theoretical background of 3D printers, photosensitive resins 

and their properties, nanoparticles and nanocomposites. Detailed information about 

the production methods of nanoparticles and nanocomposites are also given in this 

chapter. 

 

The literature review about nanocomposite photosensitive resins is presented in 

Chapter 3.  

 

Chapter 4 consists of the synthesis and characterization methods of the TiO2 and 

SiO2 nanoparticles; production, printing and characterization of the nanocomposite 

resin. The names and properties of the chemicals used during nanoparticle synthesis 

and resin production, and information about the characterization equipment used in 

these products are also given in detail in this chapter. 
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In Chapter 5, the results of the characterizations are given and these results are 

interpreted. The reasons for the results have been scientifically examined and 

explained in this section. 

 

In Chapter 6, which is the last part of the thesis, the conclusion of the study and 

future plans are presented 
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CHAPTER 2  

THEORETICAL BACKGROUND 

 

2.1 3D Printers as Additive Manufacturing 

 

Additive manufacturing is a production method based on the principle of adding 

materials such as metal, plastic and composite to each other layer by layer to form a 

real 3-dimensional product. This method was first developed by 3B Systems company 

in the 1980s on the basis of Stereolithography (SLA) technology (Danforth & Safari, 

1996). Following the development of SLA technology, methods such as Fused 

Deposition Modeling (FDM), Selective Laser Sintering (SLS) and Direct Metal Laser 

Sintering (DMLS) were developed and branded in the first half of the 1990s (Sürmen, 

2019) With the diversification of additive manufacturing methods and becoming 

usable with desktop machines today, these machines have started to be called "Three-

Dimensional (3D) Printer" among the people and this name has become widespread 

and has gained an important place today (Sürmen, 2019).  

 

3D printers are, as mentioned before, an additive manufacturing technology that 

allows the production of three-dimensional objects by creating layers of material (eg 

polymers) with computer aided design (CAD) programs and adding these layers on 

top of each other, without the need for molds. The fact that they do not produce in a 

certain mold greatly increases the freedom of design and product diversity of these 

printers. 

 

A three-dimensional solid model, whose design has been completed, is separated 

into layers by computer software. The printer then deposits each layer on top of each 

other to obtain the final product. Additive manufacturing, which is generally used for 

the rapid prototyping of the parts planned to be produced, comes into prominence with 

the aim of obtaining the final product day by day. 

 

3D printers are classified according to mechanical, electrical or photochemical as 

their production method.  To give examples of these: fused deposition method (FDM) 
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(Kim et al., 2019; Surange & Gharat, 2016), selective laser sintering (SLS) (Fina et al., 

2017; Geng et al., 2019), direct metal laser sintering (DMLS) (Sedlak et al., 2015), 

laser metal deposition (LMD) (Azarniya et al., 2019; Lei et al., 2020), binder jetting 

(Ziaee & Crane, 2019), material jetting (Yap et al., 2017), stereolithography (SLA) 

(Weng et al., 2016; Yan & Peng, 2021), and digital light processing (DLP) (Alsandi et 

al., 2021) are the most widely used methods.  

 

2.1.1 Fused Deposition Modeling (FDM) Method 

 

The FDM method is a method based on the principle of heating the thermoplastic 

filaments, which is the starting material, to make them fluid, and then depositing the 

material on the table by flowing it from the tip of a nozzle. FDM type printers were 

developed by a company named Stratasys Inc. in the USA in 1990s (Mohamed et al., 

2015). Some models have a single nozzle, while others have a double nozzle as in 

Figure 2.1. In double nozzle models, while the second nozzle is generally used for the 

support material, it can also be used for different colors of the same material. 

 

The filaments used in this method are placed in the device as a winding. The heating 

process is carried out by adjusting the temperature of the nozzle according to the type 

of material used. If the nozzle is heated more than necessary, the material becomes too 

fluid and distortions occur when it is transferred to the table. Even if the temperature 

is set lower than necessary, the material does not soften and cannot be transferred from 

the tip of the nozzle to the table. As filaments, ABS (Acrylonitrile butadiene styrene), 

PLA (Poly lactic acid) and PC (Polycarbonate) are the most preferred materials. 
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Figure 2.1 Scheme of a FDM type printer (Mohamed et al., 2015) 

 

Printing sensitivity can be adjusted by changing the diameter of the nozzle tip and 

the speed of the printer tip. The printing sensitivity, the fill rate of the part, the number 

of layers and the part size are the parameters that affect the printing speed. It is among 

the most preferred printer types due to its low production cost and suitable for domestic 

use. 

 

2.1.2 Selective Laser Sintering (SLS) Method 

 

In the SLS method, all materials that can be found in powder form and tend to melt 

or sinter when they reach a sufficient temperature can be used as starting material. SLS 

sticks the powders (usually polymers or ceramics) deposited in a certain layer 

thickness in a pool, by pointwise sintering with the help of laser beam. The intensity 

of the energy used in the laser can be adjusted with the laser power and scanning speed. 

These parameters should be adjusted to suit the starting material used. Otherwise, the 
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starting material may be damaged, or the production may fail because sintering will 

not occur. 

 

As can be seen in Figure 2.2, the dust pool spreads the dust on the floor as much as 

the adjusted layer thickness. Then this powder layer is sintered in layers by laser light. 

After the sintering process of the layer on which the point sintering process is 

performed is completed, the process is repeated and the printing process continues. 

 

 

Figure 2.2 Scheme of a SLS type printer (Charoo et al., 2020) 

 

Some of the advantages of the SLS method are that it does not require a second 

process such as solvent removal after production, as it does not contain any binder in 

the starting material, and it can produce parts with sensitive geometry for many sectors, 

especially the pharmaceutical industry and tissue engineering (Partee et al., 2006), 

thanks to its high-energy laser (Fina et al., 2017). These high-energy lasers have 

advantages as well as disadvantages. Since high-energy laser is used during the 

process, energy consumption of the process is high. 

 

2.1.3 Direct Metal Laser Sintering (DMLS) Method 

 

In the DMLS method, whose working principle is similar to the SLS method, high 

quality steels and metal alloys such as nickel and cobalt material superalloys are used 
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as starting materials. With this method, which has a setup as shown in Figure 2.3, it is 

possible to obtain rapid prototyping and final products. DMLS provides metal powders 

to stick together by sintering with the help of high-energy laser as in SLS method. 

 

 

Figure 2.3 Working principle of DMLS method (Brezinová et al., 2016) 

 

In addition to the advantages of rapid prototyping, the products produced with the 

DMLS method; they have poorer surface properties and more limited strength 

compared to conventional casting. The reason is that the density of the produced part 

is lower due to the micro pores it contains. These properties can be improved by 

optimizing printing parameters (e.g. laser power, laser-scanning speed, layer 

thickness, grain size of powders, material alloy). 

 

2.1.4 Binder Jetting Method 

 

In this method, powdered metal, ceramic and polymer materials can be used as 

starting materials. As in the SLS and DMLS methods, the powders are distributed on 

the table in the desired layer thickness with the help of a spreader as shown in Figure 

2.4. Then, the liquid binder material is sprayed through the printer tip and the powders 

are bonded together. A new layer of powder is then laid and the process is repeated 
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until the piece is completed. After the green product is obtained, curing process must 

be applied to bind the powders permanently. Finally, post-treatment (sintering) is 

applied to remove residual binder and improve mechanical properties (Ziaee & Crane, 

2019). 

 

 

Figure 2.4 System schematic of binder jetting method (Ziaee & Crane, 2019) 

 

The advantages of this method are that it is more economical thanks to the fact that 

it does not require high energy like SLS and DMLS methods. Also the raw material of 

this method is powders which can be prepared easier than wires, sheets or slurries and 

that it can be printed in color thanks to various binding materials. Its disadvantages are 

that it does not have as accurate printing resolution as other methods, so post-

production processing may be required on parts with complex geometries (Lv et al., 

2019). 

 

2.1.5 Material Jetting Method 

 

The material jetting method, also known as InkJet 3D printing, is a method that 

deposits liquid photopolymer from the print tip to the table, similar to the FDM 

method, and then curing the material by exposing UV light which is following the 

nozzle to create a final product as shown in Figure 2.5. In addition to material 

prototyping, it is also used in important fields such as tissue engineering (Yap et al., 

2017).  

 



 

11 

 

Figure 2.5 Printing mechanism of material jetting method (Yang et al., 2017) 

 

The material jetting method has a simpler mechanism and a wider production area 

compared to VAT polymerization methods (SLA and DLP) which are using similar 

starting materials. In this way, more product output can be obtained per unit time 

(Dilag et al., 2019). However, more parameters have to be optimized compared to 

VAT polymerization methods in order to obtain optimum geometric quality (Yap et 

al., 2017). 

 

2.1.6 Stereolithography (SLA) and Digital Light Processing (DLP) Method 

 

SLA and DLP methods, which are based on photochemical methods, are systems 

for creating three-dimensional products with the help of UV light. Photosensitive resin 

is used as starting material for SLA and DLP methods. Scheme of SLA and DLP 

methods are shown in Figure 2.6. For SLA, the resin is filled into the vat in the device. 

The moving table, which is immersed in the resin vat, moves to the bottom of the pool 

until the distance remains as the determined layer thickness. When the set distance is 

reached, the resin is polymerized by giving UV laser from the light source at the top 

of the pool. In this way, the layers are stacked on top of each other and the final product 

is obtained (Manapat et al., 2017). 
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Figure 2.6 Scheme of stereolithography and digital light processing methods (Yu et al., 2020) 

 

In DLP method, similar process is applied with SLA but there are several 

differences. The light is masked with a filter and shaped as a material layer and affects 

the entire layer in a single exposure. But in the SLA method, the light is applied 

pointwise and is moved by the mirrors in the source. This difference shows that the 

SLA method is more accurate with its high resolution but the DLP method is faster 

with enough resolution. In this way, DLP is become more preferable because of its 

printing speed, accuracy and low cost (Alsandi et al., 2021; Lin et al., 2020; Revilla-

León & Özcan, 2019). Also, in the SLA method, production takes place from the 

bottom up, while in the DLP method, it takes place from the top down (Yu et al., 2020). 

DLP and SLA type printers, two of the photochemical methods, produce the final 

product by photopolymerizing the photosensitive resin under UV-light. 

 

2.2 Photosensitive Resin 

 

As mentioned in the previous topic, DLP and SLA type printers need photosensitive 

resin to obtain the final product with the help of UV light. This kind of resin contain 

monomer, oligomer, photoinitiator and fillers (Zhang & Xiao, 2018). Monomers and 

oligomers in this mixture become polymers by forming crosslinks under UV light, 

thanks to the photoinitiators in its structure. Fibers, nano and micro particles can be 

added to the structure as fillers. In the composite resin obtained by adding these fillers, 

the bonds are strengthened by filling the gaps between the polymer chains (SOURCE). 
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2.2.1 Monomers and Oligomers 

 

Monomers and oligomers form the main mesh of these thermoset resins used in 

SLA/DLP type printers. Oligomers are low molecular weight polymers with a small 

number of repeats in which the physical properties are highly dependent on the chain 

length. Monomers are molecules with two or more binding sites that form covalent 

bonds with other monomer or oligomer molecules to form the polymer structure. They 

are often used to dilute oligomers or modify the mechanical properties of the structure. 

 

The main types of resins that can be used for radical curing can be classified as 

unsaturated polyesters, epoxy acrylates, polyester acrylates, polyurethane acrylates 

and polyether acrylates. While radical photoinitiators can be used in acrylate-

terminated monomers, UV curing can be achieved by using cationic initiators in 

epoxy-terminated monomers (Schwalm, 2007b). Resins terminated with acrylate 

group have the largest share in the resin market. General properties of acrylate-

terminated resins are shown in Table 2.1. 

 

Table 2.1 General properties of acrylate-based resins (Schwalm, 2007b) 

Aromatic Epoxy Acrylates 

Based on Bisphenol-A diglycidether 

High viscosity 

High reactivity 

Diluted with reactive thinners 

Good chemical stability 

Good cost/performance ratio 

Tendency to yellowing 

Aliphatic Urethane Acrylates 

Pronounced toughness and flexibility 

Non-yellowing 

High weathering resistance 

High viscosity 

High price 

Polyester acrylates 

Good overall performance 

Large variety of hard or flexible resin 

Low residual monomers 

Low odor 

Good compatibility with other resins 

Polyether acrylates 

Low viscosity 

Applicable as resins or reactive diluent 

High reactivity 

Amine Modified Acrylates 

Coinitiators 

High reactivity 

Low odour, low migratables 

Acrylated Polyacrylates 

Large variety of polyacrylatols available 

High exteriour stability 
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2.2.2 Photoinitiators 

 

Photoinitiators become reactive by absorbing light and start polymerization by 

reacting with monomers and oligomers in the resin component. This process is called 

photopolymerization and the process scheme can be seen in Figure 2.7.  

 

 

Figure 2.7 Scheme of photopolymerization process (Joseph et al., 2022) 

 

Photoinitiators become reactive in radical, cationic or anionic state under the 

influence of light. The majority of UV curing processes are performed using radical-

forming photoinitiators (Schwalm, 2007a). When photoinitiators are exposed to UV 

light, they generate free radicals with the energy of the light and bind the monomers 

and oligomers in the structure. Figure 2.8 shows some radical photoinitiators and their 

activation wavelengths. These cross-links are the most important factors that 

determine the mechanical properties and conversion degree of the polymer structure. 

By adding inorganic filling material into the structure, the strength and amount of 

cross-links can be increased, thereby improving the mechanical properties and 

conversion degree (Aati et al., 2021; Al-Turaif, 2010; N. Bahremandi Tolou et al., 

2013; Pehlivan & Karacaer, 2014). 
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Figure 2.8 Activation wavelengths of some radical photoinitiators 

 

2.2.2.1 Conversion Degree 

 

Bond conversion is the conversion of C=C double bonds in the monomer structure 

into C-C cross-links and connecting with other monomers. Photoinitiators, which 

initiate this transformation, form radical groups in the structures of the monomers 

thanks to the light of the appropriate wavelength, allowing the monomers in the 

structure to form bonds. The greater the amount of this reaction, the higher the 

mechanical properties of the resin, such as surface hardness, fracture toughness and 

wear resistance. In case the reaction efficiency is not complete, monomer structures 

can also be found trapped in the polymer (Prasanna et al., 2007). The presence of 

residual monomers that are not fully polymerized, that is, uncured, in the structure also 

adversely affect the mechanical properties of the resin. These unreacted monomers 

increase the shrinkage of the polymer; It also negatively affects tensile strength, 

modulus of elasticity, flexural resistance, hardness and color stability. In addition, 

these monomers, especially with the pressure created in dental applications, can pass 

through the mouth to the tissue and cause an allergic reaction (Lu et al., 2005; Ulusoy 

& Nalçacı, 2004). 

  



 

16 

2.2.3 Fillers 

 

Fillers play an important role in improving the performance of polymer materials. 

Filling materials, which can consist of a wide range of materials, are used to improve 

the mechanical, thermal, dimensional and water absorption properties of the polymer 

material they are incorporated into (Gajapriya et al., 2020). The fillers used in 

composites can generally be formed from inorganic materials such as glass, ceramic, 

metal. 

 

Fillers can be composed of fibers, nano or microparticles. If the size of the filling 

material added to the structure has an order of micron and above, the material is 

composite; If it is under micron, that is, in nano size, it is called a nanocomposite. 

Composites are obtained by combining at least two kinds of materials, namely matrix 

and filler (reinforcement) material. The matrix material is the main material that 

surrounds the filler material and forms the main shape of the material. Filler materials, 

on the other hand, are materials added to the matrix material in order to improve the 

mechanical, thermal, optical and electrical properties of the matrix material in 

accordance with the targeted working condition. 

 

Nanocomposites, on the other hand, are composite materials obtained on the 

condition that at least one dimension of the reinforcement material consists of 

particles, fibers or layers in the order of nanometers. When the size of the additives is 

reduced to the nano scale, better mechanical, thermal, optical and electrical properties 

can be obtained compared to the macro and micro scale (Alexandre & Dubois, 2000). 

These superior properties of nanoparticles are due to their higher surface area in 

contact with the matrix material compared to macro and micro scales. In this case, 

polymer nanocomposites can be defined as polymer matrix materials containing nano-

sized filler material. 

  



 

17 

2.3 Nanoparticles 

 

According to the common definition, materials that have at least one dimension less 

than 100 nm or that are formed by the combination of these small materials are called 

nanomaterials. In some areas such as health and environment, this range can vary 

between 0.3 nm and 300 nm. If all three dimensions of a material are less than 100 nm, 

such materials may be called as nanoparticle, quantum dot, nanoshell, or nanoring. If 

their only two dimensions are less than 100 nm, they can be called as nanotube, 

nanowire, or nanofiber. If only one dimension is less than 100 nm, they are called as 

thin film, layer or coating (Işıtan, 2018). In this study, nanoparticles were used as 

additive material. 

 

Nanoparticles often exhibit improved nanocomposite performance in the matrix 

material compared to conventional composites, thanks to their unique phases, 

morphologies, and improved interfacial properties (Yurddaşkal, 2017). Optical, 

mechanical, electrical and color properties of the same material in macro, micro and 

nano dimensions may differ, even the opposite. Some features that do not occur in the 

macro dimension may occur in the nano dimension. The main reason for this is that 

the dimensions are continuous in the macro and micro world but not continuous in the 

nano world, and the ratio of surface areas to volumes increases as the size of the 

material decreases (Işıtan, 2018). Thanks to these properties, nanoparticles, which 

have become very popular today, can be produced by many alternative methods. 

 

2.3.1 Production Methods 

 

There are two general approaches to nanomaterial production: top-down and 

bottom-up manufacturing. In the top-down approach, the material is split into small 

pieces from the bulk state. In this approach, the structural dimensions of microscopic 

elements are reduced to nanometer scale with special processing and chemical etching 

techniques. 
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In the bottom-up production approach, the material is synthesized as a result of the 

growth of atoms and molecules in size through chemical reactions. Figure 2.9 shows 

nanoparticle production methods and classifications. 

 

 

Figure 2.9 Nanoparticle production methods and classifications (Pal et al., 2019) 

 

2.3.1.1 Sol-Gel Process 

 

Since the sol-gel method, which is one of the aforementioned production methods, 

is a production method that can be carried out in laboratory environment and room 

temperature conditions. Based on this, the production of nanoparticles to be used in 

the scope of the thesis was carried out by sol-gel method. Sol-gel method is a very 

popular method in scientific and engineering fields due to its advantages such as its 

effortless application environment and the ability to produce materials of various sizes, 

shapes and types (Toygun et al., 2013). The flow chart of the different products that 

can be obtained by sol-gel production is shown in Figure 2.10. 
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Figure 2.10 The flow chart of sol-gel method with the different products (Nyamukamba et al., 2018) 

 

Although the sol-gel method has advantages such as being able to be carried out in 

laboratory conditions, not needing extra heat other than calcination, producing high-

purity material and controlling every step, it also has some disadvantages. The 

precursors used in the productions carried out by the sol-gel method are quite costly 

compared to other methods, and since they are carried out in a laboratory environment, 

they are not suitable for large-scale production in terms of both physical and financial 

opportunities. Likewise, it is a time-consuming technique since every step can be 

controlled and the production process is multi-step (Onar, 2018). 

 

This method, which is formed by abbreviating the words solution and gelation as 

sol-gel; It consists of the steps of forming a stable suspension of colloidal solid 

particles denser than the liquid, that is, the formation of "sol" and the precipitation of 

colloidal particles, forming a precipitate type structure containing plenty of water, that 

is, obtaining "gel". The most important criterion in gel formation is the bonds between 

the organic solvent and the dispersed particles. Sol-gel process can also be explained 

simply as the process of synthesizing gel from alkoxides. 

 

Sol-gel process consists of steps called hydrolysis, condensation, gelation, aging, 

drying and sintering. In the sol-gel process, sol is obtained as a result of hydrolysis of 

the mixture obtained by mixing the starting metal organics (metal alkoxides or metal 
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salts) with organic solvents as showed in Equation 2.1. In the hydrolysis reaction, 

metal organic compounds are removed from organic groups by providing metal 

hydroxide with organic solvents. 

 

𝑀(𝑂𝑅)𝑛 + 𝑛𝐻2𝑂 → 𝑀(𝑂𝐻)𝑛 + 𝑛𝑅𝑂𝐻                         (2.1) 

 

Where “R” represents organic group (alkoxide or salt), “M” metal and “ROH” 

released alcohol groups. After the hydrolysis reaction, a condensation reaction occurs 

so that the complex gel structure between two metal atoms can be formed. As can be 

seen in Equations 2.2 and 2.3, the condensation reaction can occur in two ways as 

olation or oxolation, respectively (Yıldırım, 2017). 

 

2𝑀(𝑂𝑅)𝑛−1(𝑂𝐻) → 𝑀2𝑂(𝑂𝑅)2𝑛−3𝑂𝐻 + 𝑅𝑂𝐻                   (2.2) 

 

In the olation process, the H atom bonds with the OR group and turns into an alcohol 

and leaves the structure. 

 

2𝑀(𝑂𝑅)𝑛−1(𝑂𝐻) → 𝑀2𝑂(𝑂𝑅)2𝑛−3 + 𝐻2𝑂                      (2.3) 

 

In the oxolation process, the H atom bonds with the OH group and leaves the 

structure as water. The resulting colloidal sol takes the form of a gel as a result of the 

condensation reaction, when the particles in it form a network structure and gelation 

process is completed. In order to accelerate the condensation reaction, acidic or basic 

solutions can be added to the structure as a catalyst, or the solution can be heated. The 

gel obtained as a result of condensation is aged by waiting for a certain period of time 

for precipitation of residual colloidal particles and homogenization of particle size 

distribution (Pierre, 1998). Finally, by applying various heat treatments, the gel is dried 

and the remaining organic solvents in the structure are removed. As a result of all these 

processes, nanoparticles are obtained as the final product (Toygun et al., 2013). 
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2.3.2 Silanization 

 

The silanization process is a type of surface modification process that can be 

defined as the coating of particle surfaces with organofunctional alkoxysilane 

molecules. It is an effective coating method used to modify material surfaces rich in 

hydroxyl groups (-OH) such as titanium dioxide, hydroxyapatite and many other metal 

oxide surfaces. It happens because silicon-based molecules can easily form covalent 

bonds with hydroxyl groups on the inorganic metal oxide surface (Boccafoschi et al., 

2018). Silane coating agents are silicon-based materials with the general chemical 

formula R'(CH2)nSi(OR)3. Here, “R'” represents the organofunctional group and “R” 

represents the hydrolyzable alkoxy group (Liu et al., 2013). When silane agents are 

mixed with organic solution (water or alcohol derivatives), hydrolysis reaction 

(Equation 2.4) occurs and alkoxy groups are converted to silanol groups (SiOH) (Tosi 

et al., 2022). 

 

𝑅′(𝐶𝐻2)𝑛𝑆𝑖(𝑂𝑅)3 + 3𝐻2𝑂 → 𝑅′(𝐶𝐻2)𝑛𝑆𝑖(𝑂𝐻)3 + 3𝑅𝑂𝐻            (2.4) 

 

Later, in the condensation stage (Equation 2.5), silanol groups form hydrogen bonds 

with surface hydroxyl groups, while the excess silanol groups form siloxane networks 

(Si–O–Si). 

 

2𝑅′(𝐶𝐻2)𝑛𝑆𝑖(𝑂𝑅)2(𝑂𝐻) → (𝑅′(𝐶𝐻2)𝑛𝑆𝑖)2𝑂(𝑂𝑅)3𝑂𝐻 + 𝑅𝑂𝐻         (2.5) 

 

 This network is chemically stable and resists corrosion. In this way, since the 

particles become stable, agglomeration is prevented and a homogeneous distribution 

is achieved (Tosi et al., 2022).  

 

The purpose of silanization is to modify the particle surfaces, preventing them from 

bonding with each other, and increasing their compatibility with the matrix material. 

The amount of silane agent used in the silanization process is one of the most important 

factors affecting the success of the process. The presence of excessive silane agent 

concentration between the filler material and the matrix material creates a plasticizing 
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effect in the material due to increased silane molecules and has a negative effect on 

the mechanical properties (Aati et al., 2021). Similarly, insufficient silane agents 

cannot prevent agglomeration, causing agglomeration of particles and insufficient 

adhesive force with the matrix material. In this context, the amount of silane agent to 

be used differs according to the type of filler and silane agent and has a mathematical 

formula. The amount of silane to be used in the silanization process is shown in 

Equation 2.6 (Aati et al., 2021). 

 

𝑥 = (
𝑎

𝑤 
) ∗ 𝑓                                                  (2.6) 

 

Where; “x” indicates the amount of silane material, “a” indicates the surface area 

of the filler material, “w” indicates the minimum surface area that the silane group to 

be used can cover, and “f” indicates the amount of filler material used. 
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CHAPTER 3  

LITERATURE REVIEW 

 

3.1 Photosensitive Nanocomposite Resins in Dental Applications 

 

When the literature studies on this subject were examined, it was seen that Lu et al. 

(Lu et al., 2005) produced new photocurable resins by combining the mono 

methacrylate-based diluents they synthesized with bis-GMA (bisphenol A-glycidyl 

dimethacrylate). These produced resins were compared with bis-GMA/TEGDMA 

(triethylene glycol dimethacrylate) resin, which is one of the most commonly used 

resins in the dental field. Although the diluents produced in the laboratory are superior 

to TEGDMA in terms of polymerization shrinkage and conversion degree, TEGDMA 

has been found to be superior in terms of mechanical properties. In a similar study, 

Chung et al. (Chung et al., 2002) produced TEMA/TEGDMA photocurable resin, 

which will be an alternative to bis-GMA/TEGDMA for use in the dental field. They 

synthesized TEMA (tris[4-(2'-hydroxy-3'-methacryloyloxypropoxy) phenyl]methane) 

monomer in vitro. In the results obtained, lower polymerization shrinkage of the 

TEMA-based photocurable resin was observed compared to the bis-GMA-based one, 

but it was found to be more costly to manufacture than the bis-GMA-based resin. 

 

As a result of these studies, it is observed that bis-GMA (Bisphenol-A Glycidyl 

Dimethacrylate) and UDMA (Urethane Dimethacrylate) are the most preferred 

oligomer types in the dental field (Lu et al., 2005). Figure 3.1 shows the chain structure 

of bis-GMA and UDMA. 

 

Bis-GMA, with a molecular weight of 512.6 g/mol, has a highly viscous structure 

and becomes very hard after curing. After curing, it exhibits a relatively low 

polymerization shrinkage of 4.7% by volume compared to other monomers. However, 

due to its extremely high viscosity, it should be diluted at least 25% by weight with a 

diluent with a lower viscosity (Lu et al., 2005). 
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 Figure 3.1 Chain structure of (a) bis-GMA and (b) UDMA (Walters et al., 2016) 

 

UDMA, on the other hand, is a monomer with a molecular weight of 470 g/mol and 

a lower viscosity and higher flexibility than bis-GMA (Asmussen & Peutzfeldt, 1998). 

After curing, they have high flexural strength, modulus of elasticity and hardness 

(Gajewski et al., 2012). Since these two monomers have high viscosity, they must be 

diluted with a low molecular weight comonomer such as styrene, vinyl toluene or 

methyl methacrylate with lower viscosity (Hari Sankar et al., 2015). The most 

commonly used diluent in this area, together with bis-GMA and UDMA, is a 

methacrylate called TEGDMA (Triethyleneglycol Dimethacrylate), with a molecular 

weight of 286.32 g/mol which is shown in Figure 3.2 (Ulusoy & Nalçacı, 2004).  

 

 

Figure 3.2 Chain structure of TEGDMA (Walters et al., 2016) 

 

Bis-GMA/TEGDMA duo is a resin often used in coatings and dental filling 

materials. Advantages of bis-GMA monomer; It has a high modulus of elasticity, high 

glass transition temperature, low volatility and relatively low polymerization 

shrinkage. In the bis-GMA/TEGDMA pair, bis-GMA creates the original form, while 

TEGDMA provides the fluidity. The UDMA/TEGDMA duo is another mixture most 

commonly used in dental composite resins. Composites with this mixture show 
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superior mechanical properties such as high toughness thanks to the bonds formed by 

the urethane groups (Asmussen & Peutzfeldt, 1998). Although the addition of 

TEGDMA into the resin increases the degree of conversion in the structure, it also has 

some negative effects. The addition of TEGDMA to the structure causes an increase 

in polymerization shrinkage and water absorption (Walters et al., 2016). 

 

Gajewski et al., in their study, calculated the degree of conversion of UDMA, 

TEGDMA and bis-GMA monomers used in dental composite resins according to the 

curing time in the range of 10 minutes to 24 hours. As a result of their study, the 

conversion degree is listed as bis-GMA (21-34%), UDMA (59-72%), and TEGDMA 

(74-82%) (Gajewski et al., 2012). Similarly, Gonçalves et al. investigated how the 

conversion degree and flexural strength were affected as the amount of TEGDMA in 

bis-GMA increased. Consistent with the result found by Gajewski et al., they observed 

that as the amount of TEGDMA in the structure increased, the conversion degree 

increased, but the bending strength decreased inversely (Gonçalves et al., 2009).  

 

Barszczewska-Rybarek mentioned the methods of calculating the conversion 

degrees of photosensitive resins with various monomers via Fourier Transform 

InfraRed in their study (Barszczewska-Rybarek, 2012). According to Barszczewska-

Rybarek, the degree of conversion according to the type of bonds in the monomers can 

be calculated with three different formulas. Monomers containing aromatic rings can 

be calculated as shown in Equation 3.1. 

 

𝐷𝐶 = 1 − (
𝐴𝐶=𝐶(𝑡)/𝐴𝐴𝑟(𝑡)

𝐴𝐶=𝐶(0)/𝐴𝐴𝑟(0)
)                                      (3.1) 

 

Where “DC” indicates conversion degree, “AC=C” absorption peak of C=C bond at 

1637 cm-1 wavenumber, “AAr” absorption peak of aromatic ring at 1598 cm-1, “t” after 

polymerization and “0” before polymerization. The conversion degree can be 

calculated according to the C=O bond in the monomers as in Equation 3.2. 

 

𝐷𝐶 = 1 − (
𝐴𝐶=𝐶(𝑡)/𝐴𝐶=𝑂(𝑡)

𝐴𝐶=𝐶(0)/𝐴𝐶=𝑂(0)
)                                    (3.2) 
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In addition to Equation 3.1, here “AC=O” indicates absorption peak of C=O bond at 

1718 cm-1. For general resins that do not contain specific bonds, the degree of 

conversion can be calculated from decrease of absorption peak of C=C bond as seen 

in Equation 3.3. 

 

𝐷𝐶 = 1 − (
𝐴𝐶=𝐶(𝑡)

𝐴𝐶=𝐶(0)
)                                          (3.3) 

 

When the studies on the viscosity values of these resins are examined, it is seen that 

Tanimoto et al. proved that the viscosity decreases as the amount of TEGDMA in the 

structure increases in the resin containing UDMA/TEGDMA mixture (Tanimoto et al., 

2005). Beun et al. also investigated the viscosity behavior of the bis-GMA/TEGDMA 

mixture and concluded that the viscosity decreased as the amount of TEGDMA 

increased. However, in the detailed viscosity analysis by Beun et al., it was observed 

that the increase in the amount of TEGDMA affected the decrease in viscosity 

exponentially (Beun et al., 2009). Since it is known that UDMA has 28 Pa.s, bis-GMA 

1369 Pa.s and TEGDMA 0.05 Pa.s viscosity values, these are expected results that the 

viscosity decreases as the amount of TEGDMA in the structure increases (Sideridou 

& Achilias, 2005). 

 

In a study by Lemon et al., it was observed that monomers containing aromatic 

rings such as bis-GMA exhibited higher strength than linear chain monomers. The 

reason for this was confirmed by Lemon et al. that the aromatic rings in the chain form 

hydrogen bonds with other chains (Lemon et al., 2007). 

 

In the research carried out in the field of nanocomposite resin, it is seen that 

nanoparticles can be successfully incorporated into such resins. In a study by Szaloki 

et al. (Szaloki et al., 2013), they aimed to increase the bending strength of the resin by 

adding reactive polymeric nanoparticles consisting of a mixture of self-synthesized 

MMA (methyl methacrylate) and TMPTMA (trimethylol propane trimethacrylate) 

into the bis-GMA-based photocurable resin used in the dental field. In their study, the 

optimum amount of nanoparticles added into the structure significantly increased the 
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targeted mechanical properties of the photocurable resins, while negatively increasing 

the viscosity. Table 3.1 shows some studies on nanocomposite photosensitive resins. 

 

Table 3.1 Studies about photosensitive composite resins 

Resin Content Filler Material Reference 

Bis-GMA/TEGDMA TiO2 nanoparticles (Sun et al., 2011) 

Bis-GMA/Cl-bis-

GMA/TEGDMA 
(none) (Al-Odayni et al., 2019) 

UDMA/SR833s and bis-

GMA/TEGDMA 
BaAlSiO2 microparticles (Ding et al., 2016) 

UDMA/bis-EMA/TEGDMA 

TiO2 and Fe3O4 

nanoparticles, SiO2 

microparticles 

(Lin et al., 2020) 

Bis-GMA/TEGDMA and 

UDMA/TEGDMA 
(none) (Floyd & Dickens, 2006) 

UDMA/DMAEA Au and SiO2 nanoparticles (Burunkova et al., 2013) 

UDMA/TEGDMA 
SiO2 nanoparticles silanized 

with γ-MPS 
(Du & Zheng, 2007) 

Bis-GMA/HEMA/TEGDMA Nb2O5 microparticles (Leitune et al., 2013) 

 

In the study of Tolou et al. (N. Bahremandi Tolou et al., 2013), it was seen that TiO2 

nanoparticles in amalgam filling materials increased the antibacterial properties of the 

structure. In another study (Al-Turaif, 2010), it was observed that the composite 

material obtained with TiO2 nanoparticles added to polymers significantly increased 

the mechanical properties. However, TiO2 nanoparticles have a tendency to aggregate 

in the material. This aggregation reduces the surface area of the reinforcement material 

in the structure in contact with the resin, causing a decrease in the mechanical 

properties of the material after polymerization. Various surface treatments can be 

applied to TiO2 nanoparticles in order to prevent aggregation in these materials. For 

example, Sun et al. (Sun et al., 2011) aimed to achieve controlled aggregation by 

coating the surfaces of TiO2 nanoparticles used as reinforcement material in the 

polymer matrix with acrylic acid. As a result of their studies, they have seen that the 

aggregation of nanoparticles can be carried out in a controlled manner.  
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Gad et al. (M. M. Gad et al., 2019) have seen in their study that the surfaces of nano 

ZrO2 particles can be coated with TMSPM (3-(Trimethoxysilyl)propyl methacrylate) 

for better bonding with the resin matrix. These studies have proven the usability of 

micro and nano materials as additives in dental applications.  

 

In another study by Gad et al., the effect of SiO2 nanoparticles on flexural strength 

was discussed. In the study, it was investigated whether the SiO2 nanoparticles added 

to the dental resin had a positive effect on the repaired part, and it was concluded that 

the homogeneously dispersed particles in the structure made the structure more durable 

before and after the repair (M. M. A. Gad et al., 2020). Sodagar et al., on the other 

hand, showed that the SiO2 and TiO2 nanoparticles added separately into the structure 

have a positive effect on the flexural strength, but the addition of SiO2 and TiO2 

nanoparticles together may have a negative effect as the amount of particles increases 

(Sodagar et al., 2013). 
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CHAPTER 4  

EXPERIMENTAL STUDIES 

 

4.1 Purpose 

 

As mentioned in the previous sections, 3D printers are highly developed and still 

developing devices. Among these devices, photochemical-based ones are used in many 

sectors, especially in dental areas. However, photosensitive resins, which are the 

starting material of these printers, still need to be developed for use in the dental field. 

As a result of the literature review, it was determined that the photosensitive resins 

used in the dental field can be used in 3D printers, but the use of nanocomposite resins 

with nanoparticle addition in 3D printers has not been found. Based on this, within the 

scope of this thesis, a matrix material is prepared from bis-GMA, UDMA and 

TEGDMA monomers, which are frequently preferred in the dental field, and 

nanocomposite resins are produced for printing in 3D printers by adding TiO2 and SiO2 

nanoparticles into them. The monomers used in the matrix material were taken ready 

and the added nanoparticles were produced by sol-gel method using high purity 

starting materials. In order to examine the behavior of nanoparticles in the matrix 

material before and after the silanization process, commercial resin, which is similar 

to the target material, was used to reduce the cost. Finally, the structural, chemical, 

morphological, organic bond and mechanical properties of the obtained samples were 

characterized. 

 

4.2 Materials 

 

In this section, monomers, photoinitiators and commercial resin used in the matrix 

material of nanocomposites, and chemicals used in nanoparticle production and 

coating are listed. The names, chemical formulas, purity, CAS numbers and suppliers 

of the materials are shown in Table 4.1. The supplied chemicals were used as 

purchased, without further purification. 
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Table 4.1 List of the chemicals used in production of nanocomposites 

Materials 
Chemical 

Formula 
Purity 

CAS 

Number 
Supplier 

Bis-GMA C29H36O8 NA 1565-94-2 Sigma Aldrich 

UDMA C23H38N2O8 NA 72869-86-4 Sigma Aldrich 

TEGDMA C14H22O6 NA 109-16-0 Sigma Aldrich 

TPO C22H21O2P NA 75980-60-8 Sigma Aldrich 

Commercial Resin NA NA NA AnyCubic Co. 

Titanium (IV) 

Isopropoxide (TTIP) 
C12H28O4Ti >99.9% 546-68-9 Sigma Aldrich 

Tetraethyl Orthosilicate 

(TEOS) 
C8H20O4Si >97.5% 78-10-4 Sigma Aldrich 

3-(Trimethoxysilyl) 

propyl methacrylate 

(MPS) 

C10H20O5Si >98% 2530-85-0 Sigma Aldrich 

Triethanol Amine (TEA) C6H15NO3 ≥99% 102-71-6 Sigma Aldrich 

Ethanol (EtOH) C2H5OH >99.9% 64-17-5 ISOLAB 

Isopropanol (IPA) (CH3)2CHOH >99.9% 67-63-0 ISOLAB 

Ammonia NH4OH >31.5% 1336-21-6 Sigma Aldrich 

 

4.3 Methods 

 

The studies carried out within the scope of this thesis are, respectively, the 

production of matrix materials, the production of nanoparticles, the production of 

composites prepared with commercial resin and the production of final composite 

resins. The flow chart of the experimental studies carried out within the scope of the 

thesis is shown in Figure 4.1. The characterization tests shown in the diagram were 

applied to each produced sample. 
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Different ratios of UDMA (Urethane dimethacrylate), bis-GMA (Bisphenol-A 

glycidyl dimethacrylate) and TEGDMA (Triethylene glycol dimethacrylate) mixtures 

were used as matrix material. Since the printer used in printing processes has a light 

source that emits light at a wavelength of 405 nm, TPO (2,4,6-trimethylbenzoyl 

diphenyl phosphine oxide) which has a wide photosensitivity in the UV-A region (380 

– 420 nm) was used as a photoinitiator. The amount of photoinitiator used in the 

structure can have a negative effect during printing. In a study by Cheng et al., it was 

determined that as the amount of TPO in the resin increased above 2%, the layer 

thickness of the resin that could be cured in single exposure decreased (Cheng et al., 

2020). In order not to adversely affect the curing depth and increase the cost during 

printing, 2% TPO by weight was used as the photoinitiator to add photosensitivity to 

the resins. The contents and naming of the prepared resins are shown in Table 4.2. 

Nanoparticles were added to the mixtures that showed optimum strength and 

conversion degree from the obtained resins at the determined rates. 

 

Table 4.2 Contents and naming of the prepared mixtures 

Name UDMA (wt. %) Bis-GMA (wt. %) TEGDMA (wt. %) TPO (wt. %) 

U80 80 0 20 2 

U70 70 0 30 2 

U60 60 0 40 2 

U50 50 0 50 2 

B50 0 50 50 2 

B45 0 45 55 2 

B40 0 40 60 2 

B35 0 35 65 2 

 

The production of TiO2 nanoparticles was carried out by the sol-gel method. First 

of all, 15 ml of TTIP (Titanium (IV) isopropoxide) as TiO2 starting material was added 

into 100 ml of IPA (isopropyl alcohol) in order to form a homogeneous solution, in a 

way that it would not come into contact with air in order to prevent oxidation. Then, 

in order to control the particle size, 7.5 ml of TEA (Triethanolamine) was added and 

mixed in a magnetic stirrer for 2 hours in order to completely disperse the particles 

and obtain a transparent mixture. Turbidimeter measurement was made to control the 
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transparency of the solutions. After obtaining a transparent solution with a turbidity 

value of 1.44 NTU, distilled water was added until the pH value was 9.5 in order to 

accelerate the gelation process and stirred for another half an hour. It was then left to 

age at 70 °C for 6 hours to complete gelation. After gelation, TG/DTA analysis was 

performed to determine the heat treatment parameters. The gel obtained as a result of 

TG/DTA analysis was dried at 250 °C for 2 hours and calcined at 550 °C for 2 hours. 

After these processes, nanoparticles were produced successfully. 

 

The production of SiO2 nanoparticles was also done by the sol-gel method. Sol was 

prepared using TEOS (Tetraethyl Orthosilicate) and EtOH (Ethanol). 4.5 ml of TEOS 

was added slowly into 40 ml of EtOH without contacting with air. The solution was 

stirred on a magnetic stirrer for 2 hours to obtain a transparent solution. The turbidity 

value of the prepared solution was measured with a turbidimeter. 3 ml of 25% 

ammonia solution was added to the solution, which had a turbidity value of 1.39 NTU. 

The solution with a pH value of 9 was stirred for an additional 2 hours on a magnetic 

stirrer for homogenizing and then aged at room temperature overnight. The resulting 

gel was then analyzed in DTA/TG to determine the calcination temperature. The 

thermally analyzed gel was dried at 250 °C for 2 hours and calcined at 600 °C for 2 

hours. Finally, nanoparticles were successfully produced. 

 

MPS (3-(trimethoxysilyl)propylmethacrylate) was used for the silanization of the 

produced TiO2 and SiO2 nanoparticles. For TiO2, 5 g of TiO2 was dispersed in 150 ml 

of EtOH. 3.2 ml of MPS adjusted according to the formula in Equation 2.4 was added 

to the dispersant (Aati et al., 2021). In order to accelerate the adhesion of the silane 

agent to the particle surface, 25% ammonia solution was added to the solution until 

the pH value was 9. For SiO2, 5 g of SiO2 was dispersed in 150 ml of EtOH. It was 

added to 5 ml of MPS dispersant, the amount of which was adjusted with the help of 

Equation 2.4 in the same way as TiO2 (Aati et al., 2021). A 25% ammonia solution 

was added to the solution until the pH value was 9. The resulting mixtures were stirred 

at room temperature overnight. The powders in the mixtures were then washed with 

ethanol and centrifuged 5 times at 4000 rpm. With this process, silane-coated powders 
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(named TiO2-S and SiO2-S) were purified from residual MPS and other organic 

solvents. Finally, the powders were dried in an oven at 70 °C for 10 hours. 

 

In order to reduce the cost, the effect of the nanoparticles on the resins and their 

behavior in the resin were investigated using a commercial resin (abbreviated as AC 

later in the thesis) prepared by AnyCubic Co., China. The proportions and naming of 

the powders added to the commercial resin are given in Table 4.3. 

 

Table 4.3 Proportions and naming of the composites made by commercial resin 

Name TiO2 (wt. %) TiO2-S (wt. %) Name SiO2 (wt. %) SiO2-S (wt. %) 

AC0.5T 0,5 0 AC0.5S 0,5 0 

AC1T 1 0 AC1S 1 0 

AC1.5T 1,5 0 AC1.5S 1,5 0 

AC2T 2 0 AC2S 2 0 

AC5T 5 0 AC5S 5 0 

AC0.5TS 0 0,5 AC0.5SS 0 0,5 

AC1TS 0 1 AC1SS 0 1 

AC1.5TS 0 1,5 AC1.5SS 0 1,5 

AC2TS 0 2 AC2SS 0 2 

AC5TS 0 5 AC5SS 0 5 

 

With the prepared composites, the effect of the silane coating process on the 

distribution of the powders in the matrix material was investigated, and the amount of 

powder that provides the optimum strength and conversion degree was determined. 

Then, the contribution of the determined amount of powders to the structure was 

investigated by mixing with a predetermined ratio of UDMA and bis-GMA containing 

matrix material. 

 

Creality Halot-Sky CL89 brand DLP type 3D printer with 405 nm UV-light source 

(Figure 4.2a) was used for printing. During the printing process, the layer thickness 

was set to 50 µm, the exposure time for the first 4 layers was 60 seconds, and the 

exposure time for the other layers was 5 seconds. Each completed sample was washed 

for 10 minutes in IPA using the Creality UW-02 Washing/Curing Machine (Figure 

4.2b) and post-cured for 60 minutes. Thanks to the applied washing and post-curing 
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processes, the residual monomers remaining on the sample were removed and the 

bonding of the unbonded groups in the structure was ensured. 

 

 

Figure 4.2 (a) 3D printer and (b) wash and cure machine 

 

4.4 Characterizations 

 

4.4.1 X-Ray Diffraction (XRD) 

 

X-ray diffraction (XRD) is one of the most common techniques used to determine 

the crystal structures and phases of powder and solid materials. The XRD device 

characterizes the material according to the diffraction of this beam by sending an X-

ray onto the sample placed inside. The transmitted beam hits the sample and is 

refracted and scattered. The diffraction angles of the scattered rays are associated with 

Bragg's law (Equation 4.1) to obtain a diffraction graph. 

 

𝑛 ∗ 𝜆 = 2 ∗ 𝑑 ∗ sin 𝜃                                          (4.1) 

 

Where “n” is an integer, “λ” is the wavelength of X-ray, “d” is the distance between 

planes and “θ” is the angle between plane and incoming X-ray. Bragg's law (Equation 

4.X) is the formulation of the diffraction behavior of a wave sent to the plane at 
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different lattice parameters. The obtained diffraction graph represents the crystal 

lattice structure of the material and phase analysis is performed according to these 

lattice structures. Accordingly, the working principle of the XRD device can be 

schematized as in Figure 4.3. 

 

 

 Figure 4.3 Working principle of XRD device (Callister & Rethwisch, 2018) 

 

Within the scope of this thesis, the phase and crystal structures of composites, TiO2 

and SiO2 nanoparticles were determined by an X-ray diffractometer (Thermo 

Scientific ARL X'TRA). The XRD measurement was performed using Cu-Kα 

radiation (1.5406 Å) to obtain diffraction patterns for 2θ value. XRD data was recorded 

at a scan rate of 2 °/min in the range of 20°≤2θ≤80° for all samples. 

 

4.4.2 Scanning Electron Microscopy (SEM) 

 

Scanning electron microscope is a method used to examine the surface morphology 

of solid bulk and powder materials. As can be seen in Figure 4.4, the material surface 

is scanned with a high-energy electron beam sent to the sample surface with the help 

of lenses and coils inside. As a result of this scanning, two different data are obtained 

according to the interaction of the electrons sent to the material surface. These are 

secondary electrons (SE) and backscattered electrons (BSE). Each resulting data gives 

information about a different property of the material. 
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Figure 4.4 Scheme of a scanning electron microscope (Siek, 2015) 

 

Secondary electrons are electrons that are detached from the material surface as a 

result of primary electrons sent from the gun to the material surface. These electrons 

are used to obtain a high resolution morphological image of the material surface. Back-

scattered electrons are electrons that are sent from the electron gun to the surface of 

the material and bounce back from the surface. By using the bounce intensity values 

of these electrons from the material surface, information about the existence of 

different phases on the material surface can be obtained. According to the intensity of 

the backscattered electrons, a contrast difference occurs between the images of 

different phases and the distribution of the phases is obtained. 

 

In this thesis, surface morphology and particle distribution of composites and 

nanoparticles were examined by Scanning Electron Microscopy (Zeiss, Gemini). 

Secondary electron (SE) mode was used at 5 kV voltage for surface morphology of 

nanoparticles, and back-scattered electron (BSE) mode was used at 15 kV voltage for 
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particle distribution of composites. Analyzes were performed at 5K, 10K, 25K, 50K 

and 100K magnifications. 

 

4.4.3 X-Ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is a characterization method that provides 

information about the element content, electronic and chemical structure of the 

material. As seen in Figure 4.5, X-rays sent to the material surface penetrate up to 10 

nm depth of the material surface and cause the electrons in that region to spread with 

the photoelectric effect. With the emitted electrons, the number of electrons and the 

amount of kinetic energy are determined. Generally, Al-Kα (1486.6 eV) or Mg-Kα 

(1253.6 eV) rays are used (Moulder et al., 1992). XPS analysis is performed in an 

ultra-high vacuum (UHV) environment to avoid environmental pollution and noise.  

 

 

Figure 4.5 Working principle of XPS (Crist, 2011) 

 

In XPS analysis, elements with atomic number 3 (Lithium, Li) and above can be 

analyzed. Hydrogen (H) and Helium (He) elements, whose atomic numbers are 1 and 

2, respectively, cannot be detected by the XPS device because the diameters of their 

orbitals are very low (Moulder et al., 1992).  
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Elemental composition of composites were performed by X-ray photoelectron 

spectroscopy (Thermo Scientific K-Alpha). Since the sent X-rays interact with the 

electrons on the surface, the XPS device only gives information about the elemental 

structure, chemical state, empirical formula and electronic state on the surface. The 

XPS measurement was performed with a monochromatic Al-Kα (1486.7 eV) X-ray 

source and a beam size of 400 µm in diameter. XPS scanning was performed with a 

scanning rate of 1 eV between -10 and 1350 eV by applying of 150 eV pass energy for 

survey data. Elemental scan was performed with a scanning rate of 0.1 eV by applying 

of 30 eV pass energy. Each sample was scanned from a single point 15 times and 10 

times for survey data and element data, respectively. 

 

4.4.4 Fourier Transform Infrared Spectroscopy (FT-IR) 

 

In Fourier transform infrared spectroscopy, infrared rays are sent on the material 

and various data are obtained according to the reactions of the chemical bonds in the 

material (Figure 4.6). FT-IR works on the principle of the Fourier transform. The 

interferogram is determined by collecting the beam transmitted to the sample in FT-

IR spectroscopy. The spectrum is plotted according to the wave number corresponding 

to the transmittance or absorbance values. This conversion is performed automatically 

and the spectrum is displayed. The size of the peaks in the spectrum is a direct 

indication of the amount of material present (Ramaiah et al., 2017). 

 

Chemical bonds in the material absorb some of the transmitted light, giving 

reactions such as stretching, vibration and bending. Depending on the severity of these 

reactions, a characteristic spectrum is obtained for each material. Since each bond 

between atoms is triggered in a different type and intensity, the type of chemical bonds 

in the material and the elements they belong to can be determined by FT-IR analysis. 
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Figure 4.6 Working principle of FT-IR (Ramaiah et al., 2017) 

 

Fourier Transform Infrared Spectroscopy (Thermo Scientific NICOLET iS10) was 

applied to determine the organic bond structures and conversion degrees of the samples 

and to control the silanization process of the nanoparticles. FT-IR was performed with 

32 scans for each sample in the wavenumber range of 4000 to 500 cm−1 with absorption 

spectrum. 

 

4.4.5 Particle Size Distribution (PSD) 

 

Particle size distribution analysis is used to determine the size of the particles 

produced and to what size the particles are concentrated. Powders dispersed in a 

suitable dispersant are analyzed in a permeable tube. Quantitative data are obtained 

according to the diffraction by passing rays through the prepared sample. 

 

Particle size distribution measurement (Malvern, Zeta Sizer Nano ZS90) was 

performed to observe the particle size and distribution of nanoparticles by dynamic 

light scattering technique. For the measurement, the powders were dispersed in IPA 

by ultrasonic bath for 30 minutes and placed in the device and the measurement was 

carried out at room temperature. The obtained data are presented by taking the average 

of 10 measurements. 
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4.4.6 Viscosimetry 

 

Rheometer is a laboratory device used to measure the fluidity of liquids under 

certain forces. It is generally used when a single viscosity value is insufficient to 

explain the rheological properties of the liquid. However, it can also act as a viscometer 

in liquids with unknown properties. The viscometer is used to measure the viscosity 

of the liquid. Whether a liquid exhibits thixotropic or non-Newtonian property can be 

determined by this analysis method. 

 

Viscosities of the resins were measured with a rheometer (Bohlin Instruments CVO 

Rheometer System) to determine whether they could be used with a 3D printer. Cone 

and plane method was used in the measurements. The angle of the cone used in the 

analysis was 2° and the distance between two planes was set to 100 µm. Shear rate 

range was set between 0 - 1000 (1/s), and the measurement was continued for 120 

seconds by taking one measurement per second at room temperature. 

 

4.4.7 Thermogravimetric and Differential Thermal Analysis (TG/DTA) 

 

As a result of thermal analysis, the behaviors of materials such as decomposition, 

combustion and phase transformation at different temperatures are determined. As a 

result of these events, the heat exchange in the environment and the mass loss data in 

the material are collected and information about the thermal properties of the material 

is obtained. These analyzes are also carried out by differential thermal analysis (DTA) 

and thermogravimetry (TG) methods. The DTA method is a characterization method 

that measures the heat exchange of the material with the environment with changing 

temperature. In the TG analysis, the mass loss of the material with increasing 

temperature is examined. When these data are examined together, the types of 

reactions that occur in the material as a result of heat exchanges and mass losses are 

determined and how the material has undergone a change is interpreted. 

 

In this thesis, thermogravimetric and differential thermal analysis (PerkinElmer, 

STA8000) were carried out to determine the heat treatment parameters of the 
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nanoparticles. The test was carried out in a nitrogen atmosphere, the temperature range 

was set 0 – 1000 °C and the rate of increase was determined as 5 °C/min. 

 

4.4.8 Mechanical Tests 

 

Mechanical tests are applied to determine the behavior of materials under the forces 

that they may be exposed to in areas of use. As a result of the tensile and bending tests, 

the yield, tensile, flexural and fracture strengths of the materials, the modulus of 

elasticity, the amount of elongation under a certain amount of load and the amount of 

energy it can absorb (toughness and resilience) under these loads can be calculated. In 

this thesis, tensile and three-point bending tests of the composite samples were carried 

out to determine the yield and flexural strengths and modulus of elasticity of the 

materials. 

 

4.4.8.1 Tensile Test 

 

As can be seen in Figure 4.7, the tensile test is applied according to the procedure 

of drawing cylindrical or rectangular specimens clamped between two holding grips 

at the speeds specified in the standards. While one of the grips is stationary, the other 

grip moves in the Z-axis in the direction of pulling the material. During this movement, 

the load cell connected to one of the grips records the force generated by the specimen 

resisting the movement. With the extensometer, the deformation of the material during 

this movement is recorded. 
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Figure 4.7 Scheme of the tensile testing device (Callister & Rethwisch, 2018) 

 

The tests of the samples placed in the grips of the tensile device (Shimadzu AG-IS) 

were carried out at a speed of 1 mm/min, and the yield strength and modulus of 

elasticity of the samples were determined. The applied load and the amount of 

elongation during the test were recorded by the load cell and video extensometer, 

respectively. The engineering stress of the samples was calculated as formula given in 

Equation 4.2. 

 

σ =
F

A0
                                                      (4.2) 

 

Where “σ” is the instantaneous stress, “F” is the instantaneous load, and “A0” is the 

cross-sectional area just before the test of the specimen. The unit of the stress in SI 

unit system is megapascals (MPa). The strain of the samples was also calculated as 

follows (Equation 4.3). 

 

ε =
𝑙−𝑙0

𝑙0
                                                    (4.3) 

 

Where “ε” is the engineering strain, “l” is the instantaneous length and l0 is the 

length just before the test of the specimen. 
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4.4.8.2 Three-Point Bending Test 

 

The three-point bending test is performed by subjecting cylindrical or rectangular 

specimens placed on two supports to force from a point opposite the supports, as 

shown in Figure 4.8. The point where the force is applied must be equidistant from 

both supports. Similar to the tensile test, the point applying force is moved towards the 

material at the speed specified in the standards and the resistance applied by the 

material is recorded with the load cell. 

 

 

Figure 4.8 Scheme of the three-point bending test (Callister & Rethwisch, 2018) 

 

The three-point bending test was carried out to determine the flexural strength of 

the composite specimens. The bending process was carried out at a speed of 2 mm/min. 

Cylindrical supports are used at the bending device (Shimadzu AG-50kNG), which is 

based on the same working principle as the tensile device. The span distance was set 

as 50 mm. The applied load until the fracture was recorded by the load cell and the 

flexural strength was calculated as Equation 4.2 (Al-Turaif, 2010).  

 

𝜎𝑓 =
3∗𝐹∗𝐿

2∗𝑏∗𝑑2                                                     (4.4) 

 

Where “σf” is the flexural strength, “P” is the load at fracture, “L” is the span 

distance, “b” is the width and “d” is the thickness of the specimen. Three samples were 

used for each composition. 
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CHAPTER 5  

RESULTS AND DISCUSSION 

 

The characterization results and comments of the intermediate products produced 

in this part of the thesis were arranged separately, and the comments were given in the 

order described in method section and shown in Figure 4.1. 

 

5.1 Characterization of Nanoparticles 

 

5.1.1 Thermal Properties 

 

The heat treatment parameters of the produced nanoparticles were determined by 

TG/DTA analysis. Nanoparticles were taken into the analysis in gel form and 

according to the results of this analysis, they were subjected to drying and calcination 

processes.  

 

The graph of weight loss and heat flow, depending on the temperature obtained as 

a result of the TG/DTA analysis of TiO2 nanoparticles, is shown in Figure 5.1. The 

endotermic peak around 70 °C shows us that the water in the structure is moving away. 

The wide exothermic peak between 160 °C and 360 °C indicates that the organics in 

the structure are burned away. In reference to study of Chang et al., it was determined 

that the endothermic peak at 620 °C symbolizes the transition of TiO2 from the 

amorphous structure to the crystalline anatase phase (Chang et al., 2017). Subramani 

et al. suggested in their study that the sharp endothermic peak at 820 °C symbolizes 

the anatase-to-rutile transition. (Subramani et al., 2020). Based on this, it was decided 

to carry out the calcination process at 550 °C in order to prevent the formation of the 

rutile phase in the powders and to completely remove the impurities in the structure. 
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Figure 5.1 TG/DTA analysis of TiO2 nanoparticles 

 

The temperature-dependent weight loss and heat flow graph of the produced SiO2 

nanoparticles are given in Figure 5.2. When the graph is examined, as in Figure 5.1,  

the endothermic peak around 70 °C means dehydration and the wide exothermic peak 

between 160 °C and 360 °C burning organic components. Zornoza-Indart and Lopez-

Arce is mentioned that the wide endothermic peak around 600 °C indicates that the 

OH groups in silanol (SiOH) are removed (Zornoza-Indart & López-Arce, 2015). 

Since there is no phase transition in the structure and the weight loss starts to become 

linear from 600 °C, it was approved to carry out the calcination process of the produced 

particles at 600 °C. 
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Figure 5.2 TG/DTA analysis of SiO2 nanoparticles 

 

5.1.2 Structural Properties 

 

The XRD results of the produced TiO2 nanoparticles are shown in Figure 5.3. When 

the graph is examined, it is seen that the produced nanoparticles consist of anatase and 

rutile phases with tetragonal crystal structure. As compared with JCPDS cards, peaks 

marked with a black heart indicate the anatase phase (JCPDS: 21-1272), and those 

with a red diamond indicate the rutile phase (JCPDS: 21-1276). The results obtained 

are found to be similar when compared with the literature (Al-Amin et al., 2016; N. 

Bahremandi Tolou et al., 2013). 
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Figure 5.3 XRD chart of TiO2 nanoparticles 

 

The average crystallite size of the obtained nanoparticles is calculated based on the 

highest peak (101) of the anatase phase, using the Debye-Scherrer formula given in 

Equation 5.1 (Kasapoǧlu et al., 2007). 

 

𝐷 =
𝐾∗𝜆

𝛽∗𝑐𝑜𝑠 𝜃 
                                                       (5.1) 

 

Where “D” is the crystallite size, “K” is the Scherrer constant (0.9), “θ” is 

diffraction angle in radians, “β” is the full-width at half-maximum (FWHM) of the 

peak in radians and “λ” is the wavelength of the X-Ray (Cu Kα = 0.15406 nm). The 

crystallite size of the obtained particles is calculated as 13.28 nm, while details are 

presented at Table 5.1. 

 

Table 5.1 Crystallite size calculation of TiO2 nanoparticles 

2θ of (101) peak FWHM (rad) Crystallite Size (nm) 

25.54 0.0107052 13.28 

 

The XRD graph of the produced SiO2 nanoparticles is shown in Figure 5.4. The 

large peak seen as a result of the analysis shows that the SiO2 particles obtained do not 

form a crystal structure, that is, they are in an amorphous structure (Varshney et al., 

2022). Likewise, the absence of other peaks in the graph indicates that there are no 
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organics and salts remaining from the production process in the structure (Dubey et 

al., 2015). 

 

20 30 40 50 60 70 80

In
te

n
si

ty
 (

a.
u
.)

2 Theta (°)

 SiO2

 

Figure 5.4 XRD chart of the SiO2 nanoparticles 

 

5.1.3 Organic Bond Structures 

 

With FT-IR analysis, the silanization process of TiO2 and SiO2 nanoparticles were 

confirmed. The results of the FT-IR analysis performed to examine the organic bonds 

of TiO2 and SiO2 nanoparticles before and after silanization are shown in Figure 5.5 

and 5.6, respectively.  
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Figure 5.5 FT-IR graph of TiO2 and TiO2-S (a) between 4000 and 500 cm-1 wavenumber and (b) 

magnified between 2500 and 1000 cm-1  
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When the analysis of TiO2 is examined, it is observed that apart from the common 

peak in wave number of 1633 cm-1, peaks are also obtained in wave numbers of 1716 

cm-1, 1455 cm-1, 1322 cm-1 and 1298 cm-1 in the silane-coated (TiO2-S) sample. It is 

determined that the peak at the common wave number of 1633 cm-1 belongs to the 

water trapped in the TiO2 structure (Siddiquey et al., 2007). The 1716 cm-1 peak in the 

graph belongs to the TiO2-S is caused by the C=O vibration in the methacrylate group 

in the MPS. In the same way, it was determined that the C=C vibration in the 

methacrylate group may overlap with the peak of 1633 cm-1 wave number of water 

(Rong et al., 2005; Siddiquey et al., 2007). It is confirmed that the other 1455 cm-1 

peak in the structure belonged to C-H stretching in MPS, while 1322 and 1298 cm-1 

peaks belonged to C-O and C-C stretching, respectively (Nguyen et al., 2020). The 

determination of these bonds as a result of the FT-IR analysis proves that the 

silanization process is successful. 

 

When the FT-IR graph of SiO2 nanoparticles is examined, peaks are seen in the 

wave number of 795 and 1046 cm-1, which are also common in both graphs. Since 

these peaks belong to O-Si-O bending and Si-O-Si stretch bond, respectively, as it is 

expected for both samples (Moncada et al., 2007). It is observed that peaks at wave 

numbers of 1716, 1633 and 1455 cm-1 are obtained in the silane coated sample (SiO2-

S), as in the TiO2-S sample. Likewise, as mentioned above, these peaks show us that 

the silanization process is also successful for SiO2 nanoparticles. 
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Figure 5.6 FT-IR graph of SiO2 and SiO2-S (a) between 4000 and 500 cm-1 wavenumber and (b) 

magnified between 2000 and 1250 cm-1  
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5.1.4 Morphological Properties 

 

A scanning electron microscope (SEM) was used for the morphological 

examination of the powders, and the topographic images of the powders were 

examined in the secondary electron mode. The resulting images are shown in Figure 

5.7. The SEM analysis of the nanoparticles was run before the silanization process to 

see actual shape and size. When the images are examined, it is seen that the large 

particles are actually agglomerated nanoparticles. The presence of randomly dispersed 

particles in the 100 – 200 nm size range for TiO2 and 40 – 100 nm size range for SiO2 

in the images shows that nano-sized and spherical-shaped particles are produced.  

 

 

Figure 5.7 SEM images at 50K magnification for (a) TiO2 and (b) SiO2, 100K magnification for (c) 

TiO2 and (d) SiO2 
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5.1.5 Particle Size Properties 

 

Particle size distribution graphs of TiO2 and SiO2 nanoparticles dispersed in IPA 

are shown in Figure 5.8. When the graphs are examined, it is seen that the particles are 

in nano size. It is seen that the PdI values of TiO2 and SiO2 nanoparticles are 0.495 

and 0.198, respectively. Since these values are higher than the threshold value of 0.1, 

it is seen that the particles have polydisperse behavior (Raval et al., 2019). When the 

particle sizes obtained are compared with the SEM images, it is seen that the TiO2 

sizes are consistent, but the SiO2 sizes are larger than the SEM images (Figure 5.7). It 

was concluded that this difference between the two analyzes was due to the fact that 

the SiO2 powders in the dispersant continued to agglomerate and were not dispersed 

homogeneously during the PSD analysis. Peter et al. (Peters et al., 2014) confirmed 

this situation by showing that small-dimensional nanoparticles can also agglomerate 

in the dispersant in their study.  
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Figure 5.8 Particle size distribution of TiO2 and SiO2 nanoparticles 

 

5.2 Characterization of Commercial Resin (AC) and AC-based Composites 

 

5.2.1 Viscosity Properties 

 

The viscosity properties of the commercial resin and composites were determined 

by rheometer measurement. Bao et al. (Bao et al., 2022) argued that the viscosity value 

is a limitation in SLA and DLP type printers and emphasized the importance of this 
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situation in terms of dimensional accuracy of the material. Based on this research, it 

was determined by the preliminary studies carried out before the thesis that the upper 

viscosity limit for the resins to be used successfully in our printer was 0.8 Pa.s. Resins 

with a viscosity higher than the specified value force the movement of the printer in 

the Z-axis during printing and cause errors with the pressure they create on the part. 

The viscosity values of the composites and commercial resin prepared considering this 

data are shown in Figure 5.9 and Table 5.2. 
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Figure 5.9 Rheometer measurement chart of commercial resin and composites 
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Table 5.2 Viscosity values of commercial resin and composites 

Name Viscosity (Pa.s) Name Viscosity (Pa.s) 

AC 0.19 AC0.5S 0.22 

AC0.5T 0.21 AC1S 0.23 

AC1T 0.23 AC1.5S 0.23 

AC1.5T 0.22 AC2S 0.23 

AC2T 0.2 AC5S 0.22 

AC5T 0.2 AC0.5SS 0.3 

AC0.5TS 0.25 AC1SS 0.35 

AC1TS 0.28 AC1.5SS 0.31 

AC1.5TS 0.26 AC2SS 0.32 

AC2TS 0.28 AC5SS 0.31 

AC5TS 0.25   

 

As seen in the graph in Figure 5.9 and the data in Table 5.2, it is determined that 

the obtained composite resins were suitable for use in the printer. As seen in the study 

by Mohsen and Craig, the higher viscosity values of silane-coated samples compared 

to non-silane-coated samples indicate that the powders adhere better to the matrix 

material with the silanization effect  (Mohsen & Craig, 1995). Also any thixotropic or 

non-Newtonian behavior is not observed according to their constant viscosity values 

at measured shear rate. 

 

5.2.2 Morphological Properties 

 

A scanning electron microscope was used in the morphological examination of 

commercial resin and composites, and topographic images of AC, AC1.5T, AC1.5TS, 

AC1S and AC1SS coded samples were examined in back-scattered electron mode. As 

a result of the analysis, the distribution of the powders in the structure, the 

agglomerations that occurred and the effect of silanization were examined. The 

resulting images are shown in Figure 5.10. 
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Figure 5.10 SEM images of (a) AC1.5T, (b) AC1.5TS, (c) AC1S, (d) AC1SS and (e) AC samples at 5K 

magnification 

 

When the images are examined, agglomeration of non-silanized powders in the 

structure is seen (AC1.5T and AC1S samples). Since the images were taken in the 

back-scattered electron mode, the bright white colored dots show the filler material 

(TiO2 and SiO2) in the structure. After silanization, it is confirmed that the powders 

have more homogeneous distribution, as a result of comparing the obtained SEM 

images with similar studies in the literature (Mussatto et al., 2020; Rossi Canuto de 

Menezes et al., 2021). 
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5.2.3 Organic Bond Structures 

 

Organic bond structures and conversion degrees of commercial resin and 

composites were determined by Fourier Transform InfraRed spectrum. FT-IR analysis 

was applied to the prepared samples before and after printing. In this way, the 

conversion rate of C=C bonds in the structure to C-C bonds, that is, the conversion 

degrees of the samples were determined. The following equation (5.2) is used to 

calculate the conversion degree (Barszczewska-Rybarek, 2012). 

 

𝐷𝐶 = 1 − (
𝐴𝐶=𝐶(𝑡)

𝐴𝐶=𝐶(0)
)            (5.2) 

 

Where AC=C(t) is the intensity of the peak belonging to the C=C bond at the 

wavenumber of 1637 cm-1 after polymerization; and AC=C(0) represents the strength of 

the same bond before polymerization. Figure 5.11 shows the FT-IR analysis graph of 

the AC sample before and after polymerization as an example. Conversion degrees of 

all samples are shown in Figure 5.12. All values were calculated as average of 3 

measurements. 
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Figure 5.11 FT-IR chart of AC sample before and after curing  
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Figure 5.12 Conversion degrees of commercial resin and composites 

 

As can be seen in Figure 5.12, TiO2 and SiO2 nanoparticle contribution to the 

structure generally increased the degree of conversion. The effect of the silanization 

process on the conversion degree was neither positive nor negative (Ferracane et al., 

1998). AC1TS and AC2SS are showed the best conversion degree results for TiO2 and 

SiO2 reinforced materials, respectively. It is thought that the lowest conversion degree 

of the AC2T sample is due to the agglomeration of the powders in the structure which 

might be preventing polymerization (Sodagar et al., 2013). 

 

5.2.4 Mechanical Properties 

 

Mechanical properties of commercial resin and composite materials were 

determined by tensile and three-point bending tests. As a result of the tests, yield 

strength, flexural strength and modulus of elasticity values were determined. 

Mechanical test results are shown in Figure 5.13, 5.14 and 5.15. 
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Figure 5.13 Yield strength values of commercial resin and composites 
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Figure 5.14 Modulus of elasticity values of commercial resin and composites 
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Figure 5.15 Flexural strength values of commercial resin and composites 

 

When the elasticity modulus, yield and flexural strength values are examined, it is 

seen that the addition of TiO2 has a negative effect on the mechanical properties. The 

reason of this situation is that TiO2 nanoparticles added to the structure behave like 

impurities in the structure due to the inability to form proper bonds with the acrylate 

groups, thus negatively affecting the strength due to the stress concentration formed at 

the point where the particles are located (Merad et al., 2014; Sodagar et al., 2013). It 

is seen that the addition of SiO2 contributes positively to both modulus of elasticity 

and yield and flexural strengths. When similar studies are examined, it is observed that 

the presence of SiO2 nanoparticles in the structure has a positive effect on the 

mechanical properties(L. H. da Silva et al., 2012). Likewise, silane-coated SiO2 added 

samples exhibit better results in mechanical tests, by reducing agglomeration by the 

silanization process of SiO2 nanoparticles and preventing stress concentration which 

occurs in TiO2 addition (M. M. A. Gad et al., 2020).  

 

As conversion degree, modulus of elasticity, yield and flexural strength is the most 

important mechanical properties for dental application, AC1.5TS and AC1SS are 
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showed the optimum results for TiO2 and SiO2 reinforced materials, respectively. This 

means that addition of 1.5% TiO2-S and 1% SiO2-S gave the most optimum results in 

acrylate-based resin. Based on this, samples reinforced with the specified amount of 

additives are examined in elemental, morphological and thermal properties. 

 

5.3 Characterization of UDMA and bis-GMA Based Resins 

 

5.3.1 Viscosity Properties 

 

The viscosity properties of the UDMA and bis-GMA based resins were determined 

by rheometer measurement. The viscosity values of the resins prepared are shown in 

Figure 5.16 and Table 5.3.  
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Figure 5.16 Rheometer measurement chart of UDMA and bis-GMA based resins 
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Table 5.3 Viscosity values of UDMA and bis-GMA based resins 

Name Viscosity (Pa.s) Name Viscosity (Pa.s) 

U80 0.85 B50 0.19 

U70 0.26 B45 0.11 

U60 0.13 B40 0.08 

U50 0.06 B35 0.05 

 

When the values in Figure 5.16 and Table 5.3 are examined, it is seen that all 

samples are Newtonian and except for the U80 sample, at printable level. At the same 

time, it is seen that the viscosity value decreases as the amount of TEGDMA in the 

mixtures increases. Since UDMA and bis-GMA monomers have relatively high 

viscosity values such as 1369 and 28 Pa.s, respectively, the decrease in viscosity values 

when diluted with diluents with high fluidity such as TEGDMA (0.05 Pa.s) is also 

supported by the literature (Beun et al., 2009; Sideridou & Achilias, 2005; Tanimoto 

et al., 2005). According to these results, the remaining analyzes were applied to other 

samples except U80. 

 

5.3.2 Organic Bond Structures 

 

Organic bond structures and conversion degrees of UDMA and bis-GMA based 

resins were determined by Fourier Transform InfraRed spectrum. FT-IR analysis was 

applied to the prepared samples before and after printing. Conversion degrees were 

calculated as Equation 5.2 which mentioned in Organic Bond Structures of commercial 

resin. Conversion degrees of all samples are shown in Figure 5.17. All values were 

calculated as average of 3 measurements. 
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Figure 5.17 Conversion degree values of UDMA and bis-GMA based resins 

 

When the conversion degree values are examined, it is seen that the UDMA-based 

samples give a higher conversion degree than the bis-GMA-based ones. It is seen that 

the U50 sample gives the highest result. In the graph, it is observed that the degree of 

transformation increases as the amount of TEGDMA in the structure increases. When 

the monomers are cured alone, the conversion rates are ordered from small to large as 

bis-GMA (21-34%), UDMA (59-72%), and TEGDMA (74-82%) (Gajewski et al., 

2012). Based on these conversion degrees, it is confirmed by the literature that the 

conversion degree increases as the amount of TEGDMA in the bis-GMA and UDMA 

mixtures increases (Gonçalves et al., 2009). 

 

5.3.3 Mechanical Properties 

 

Mechanical properties of UDMA and bis-GMA based resins were determined by 

tensile and three-point bending tests. Mechanical test results are shown in Figure 5.18, 

5.19 and 5.20. 
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Figure 5.18 Yield strength of UDMA and bis-GMA based resins 
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Figure 5.19 Modulus of elasticity of UDMA and bis-GMA based resins 
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Figure 5.20 Flexural strength of UDMA and bis-GMA based resins 

 

When the modulus of elasticity, yield and flexural strengths were examined, it was 

observed that UDMA based samples had better yield strength, while bis-GMA based 

samples had higher modulus of elasticity and flexural strength. It is estimated that 

UDMA has higher yield strength due to its higher toughness than bis-GMA monomer 

thanks to the urethane groups in it (Schwalm, 2007b). Likewise, bis-GMA, on the other 

hand, has a higher modulus of elasticity and bending strength thanks to the aromatic 

groups it contains and its ability to form hydrogen bonds with other monomers (Lemon 

et al., 2007). 

 

Considering the results obtained, U60 and B45 samples showed the most optimum 

results in terms of conversion degree and mechanical properties. Based on these 

inferences, analyzes were carried out by making additions to these samples at a 

predetermined rate in the later parts of the thesis. 
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5.4 Characterization of UDMA and bis-GMA Based Composites 

 

5.4.1 Viscosity Properties 

 

The viscosity properties of the UDMA and bis-GMA based composites were 

determined by rheometer measurement. Composite resins were obtained by adding 1% 

SiO2 and 1.5% TiO2 nanoparticles by weight into resins containing UDMA and bis-

GMA according to the results of AC-based composites. The viscosity values of the 

composite resins prepared are shown in Figure 5.21 and Table 5.4. 
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Figure 5.21 Rheometer results of UDMA and bis-GMA based composites 

 

Table 5.4 Viscosity values of UDMA and bis-GMA based composites 

Name Viscosity (Pa.s) Name Viscosity (Pa.s) 

U1.5T 0.14 B1.5T 0.12 

U1S 0.17 B1S 0.16 

 

As given in the graph in Figure 5.21 and the data in Table 5.4, it is seen that the 

viscosity values of the obtained composites are within the printable limits. As with 

AC-based composites and acrylate-based resins, UDMA and bis-GMA-based 

composites also exhibit Newtonian behavior. Similar to what is seen in AC-based 
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composites, SiO2 added samples are seen to reach higher viscosity values. Based on 

the study done by Mohsen and Craig, it can be interpreted that this behavior increases 

the viscosity more due to the larger surface area in contact with the resin due to the 

finer grains of SiO2 (Mohsen & Craig, 1995).  

 

5.4.2 Morphological Properties 

 

A scanning electron microscope was used in the morphological examination of 

U60, U1S, U1.5T, B45, B1S and B1.5T samples and images were obtained in back-

scattered electron mode. As a result of the analysis, distribution of powders in 

composites were examined. The resulting images are shown in Figure 5.22. 

 

 

Figure 5.22 SEM images of (a) U1.5T, (b) B1.5T, (c) U1S, (d) B1S and (e) U60 and (f) B45 samples at 

5K magnification  
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Since the images were taken in the backscattered electron mode, the bright white 

colored dots show the filling material in the structure. It is seen that the particles in the 

structure are homogeneously dispersed as in the AC-based composite samples. When 

the images are compared with the studies in the literature, it can be interpreted that the 

behavior of silane-coated powders in resins terminated with similar acrylate group is 

the same (Mussatto et al., 2020). 

 

5.4.3 Organic Bond Properties 

 

Organic bond structures and conversion degrees of UDMA and bis-GMA based 

composites were determined by Fourier Transform InfraRed spectrum. FT-IR analysis 

was applied to the prepared samples before and after printing. Conversion degrees 

were calculated as Equation 5.2 which mentioned in Organic Bond Structures of 

commercial resin. Conversion degrees of all samples are shown in Figure 5.23. All 

values were calculated as average of 3 measurements. 

 

U
1
.5

T

B
1
.5

T

U
1
S

B
1
S

U
6
0

B
4
5

0

10

20

30

40

50

60

70

80

90

100

C
o
n
v
er

si
o
n
 D

eg
re

e 
(%

)

Samples

60.4

49.4

63.8

50.8

72.9

57.1

 

Figure 5.23 Conversion degrees of UDMA and bis-GMA based composites 

 

When the conversion degree values are examined, it is seen that UDMA-based 

samples have a higher conversion degree compared to bis-GMA-based ones in 

composites as in pure resins. However, in general, it is seen that the nanoparticle 
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additive has a negative effect on the degree of conversion. When compared with each 

other, it is seen that SiO2 additive provides relatively higher conversion than TiO2 

additive. In the studies conducted on AC based composites, it was concluded that both 

additives increased the conversion, and it was seen that the samples with TiO2 

additives showed the highest conversion degree. 

 

It is thought that this opposite behavior in the degree of conversion occurs due to 

the incompatibility between the particles and the monomers in the structure. Although 

AC resin is a resin that terminates with an acrylate group, the types of monomers and 

oligomers used in it are unknown. As a result of the viscosity test, although it was 

observed that the particles could adhere to the resin surface, it was observed that the 

particles in the structure restricted chain formation during polymerization. It is 

estimated that the higher size of the TiO2 particles and the lower homogeneity in the 

structure compared to the SiO2 particles affect the polymerization negatively. 

 

5.4.4 Mechanical Properties 

 

Mechanical properties of UDMA and bis-GMA based composites were determined 

by tensile and three-point bending tests. Mechanical test results are shown in Figure 

5.24, 5.25 and 5.26. 
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Figure 5.24 Yield strength of UDMA and bis-GMA based composites  
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Figure 5.25 Modulus of elsticity of UDMA and bis-GMA based composites 
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Figure 5.26 Flexural strength of UDMA and bis-GMA based composites 

 

When the graphs are examined, it is seen that generally SiO2 reinforced samples 

have higher mechanical properties compared to TiO2 reinforced ones. Likewise, when 

the mechanical properties are interpreted together with the SEM images, it is seen that 

the SiO2 nanoparticles are in a finer grained structure and more homogeneously 

dispersed compared to the TiO2 nanoparticles. In this case, since the surface of SiO2 

nanoparticles in contact with the resin is more, it was determined that the mechanical 

properties increased more than TiO2 nanoparticles. In the study of Da Silva et al., it is 
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seen that the addition of SiO2 contributes positively to the mechanical properties (L. 

H. da Silva et al., 2012). Moreover, Gad et al. determined as a result of their study that 

the homogeneous distribution of the particles in the structure contributes positively to 

the mechanical properties by reducing the stress concentration effect (M. M. A. Gad 

et al., 2020). 
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CHAPTER 6  

CONCLUSION AND FUTURE WORKS 

 

The production and printing of TiO2 and SiO2 reinforced nanocomposite resins was 

carried out successfully. The results obtained as a result of the characterizations carried 

out during the production process are concluded at this chapter. 

 

The production of nanoparticles by sol-gel method and silanization process were 

carried out, and the obtained TiO2 nanoparticles had an anatase phase and an average 

particle size of 150 nm; It was determined that SiO2 nanoparticles had amorphous 

quartz phase and an average particle size of 50 nm.  

 

Composite samples were obtained by adding the powders obtained into the ready-

made resin in certain proportions. The conversion rates and mechanical properties of 

the samples obtained were examined, and the particle ratios in the AC1.5TS and 

AC1SS samples, which gave the optimum results in these analyzes, were noted. 

 

Samples were prepared by mixing UDMA, bis-GMA and TEGDMA monomers in 

various ratios, the conversion rates and mechanical properties of these samples were 

investigated. The proportions of U60 and B45 samples with optimum mechanical 

properties and degree of transformation were noted for use as matrix material. 

 

The final nanocomposite resins were prepared by adding TiO2 and SiO2 powders in 

the determined proportions into the U60 and B45 samples, and their conversion 

degrees and mechanical properties were examined. The products targeted for use in 

dental areas are expected to have high flexural strengths and modulus of elasticity. As 

a result of the analyzes made, the usability of U1S and B1S specimens in dental fields 

emerged with the significant increase in flexural strength and modulus of elasticity. 

 

Various color pigments were added to the product obtained as a result of the studies 

carried out within the scope of the thesis, and it was made ready to be presented to the 

market. As can be seen in Figures 6.1 and 6.2, it is seen that the product can 
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successfully create details even in finely detailed models with various dental model 

trials. In Figure 6.1, the state of the products immediately after printing on the printer 

table is seen. These products, which do not go through any post-processing, are called 

green products. After the products are taken from the table and cleaned of the excess 

called support, they are made ready for use by applying the post-curing process. 

 

 

Figure 6.1 Green products made of produced resin (Personal archive, 2022) 

 

The product that has been removed from the printer table and made ready for use is 

shown in Figure 6.2. After cleaning and post-curing, unwanted monomers on the 

structure were removed and made ready for use. 

 

 

Figure 6.2 Dental model printed with produced resin (Personal archive, 2022)  
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In future studies on this subject, the synergistic effects of TiO2 and SiO2 

nanoparticles can be examined together, and changes in their behavior in the structure 

can be observed with different silanization materials. As a different approach, 

optimization can be performed by changing the printing parameters without changing 

the materials. 
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