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ABSTRACT

Hybrid particles were synthesized with sol-gel-based hydrothermal method using alkoxide precursors,
and the usability of these particles in dental composites was investigated. First, the effects of varying
Ti/Zr and nggg/ Nakoxige Fatios on the crystal and microstructure of the synthesized particles (Ti, Zr)
hybrids were investigated. X-ray diffraction (XRD), a particle size and a surface charge analyzer,
thermogravimetric analysis (TGA), Brunauer—-Emmett-Teller (BET) analysis, and Fourier transform
infrared (FTIR) analysis were used to reveal the structural parameters. ZTit-1, ZTit-4, and ZTit-6
particles were crystalline, while ZTit-2, ZTit-3, and ZTit-5 particles were amorphous. The zeta
potential of the most stable ZTit-4 particle was 43.33 mV. ZTit-3 particles had the highest surface area
and ZTit-5 particles had the highest micropore area. The presence of Ti/Zr oxide and titanate
structures was determined by FTIR analysis. In the next step of the study, the mechanical behavior of
the synthesized Ti/Zr-based hybrid particles in the dental organic matrix was investigated. The
flexural, compressive strengths, and microhardness of the ZTit-4 composite with optimal flowability
were 175+£16.1 MPa, 242+7.8 MPa, and 32.9 Hv.

Keywords: ZrO,-TiO,, Mixed oxide, Sol-gel, Composite, Flowability, Microhardness.
1. INTRODUCTION

Oral diseases negatively affect human health, well-being, and quality of life. Poor oral health linked to
systemic bacterial and inflammatory sensitization can lead to adverse outcomes, including
uncontrolled diabetes, cardiovascular disease, and respiratory disease [1]. A great majority of the
world's population suffers from oral diseases, including caries, pulpitis, and periodontal disease, some
of which can lead to defects in teeth and impaired function. Therefore, there is an urgent need for
research on this subject. However, there is a significant challenge in rebuilding or reconstructing the
heterogeneous and dynamic dental anatomical structure. To overcome these and similar problems,
various dental materials are being studied and developed for use in reconstructing the curvature, color,
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shape, and function of teeth [2]. An important particle used in materials studied and developed in
dentistry is TiO,. TiO, nanoparticles have been used to improve the fracture resistance of
endodontically treated teeth, osseointegration of dental implants, antibacterial potential of a material,
and adhesion to human teeth by incorporating them into adhesives [3]. Another important particle is
ZrO,, which is widely used in the production of dental prostheses, dental implants, and endodontic
posts [3]. These applications have confirmed the potential use of TiO, and ZrO, nanoparticles in the
development of materials used in the dental field.

TiO,, a hard material with a high refractive index, is thermally stable, has superior mechanical
properties, and is highly biocompatible. It exists in anatase, rutile, brookite (very rare), and amorphous
forms [3,4]. ZrO, is naturally white, with high toughness, excellent strength, stable chemical
properties, and good corrosion resistance, and is a biocompatible material that is a source of high-
performance ceramic materials in terms of aesthetics and mechanical properties [2, 3, 5]. High-purity
ZrO, exhibits three polymorphs depending on temperature: monoclinic, tetragonal, and cubic.
Nanosized forms of TiO, and ZrO, particles, which are very popular in technological and scientific
studies due to the aforementioned aspects, have recently been used more frequently in dental
composites as they provide better dispersion, eliminate aggregation, and increase compatibility with
organic polymers [6-8]. It was also reported that both ZrO, and TiO, nanoparticles are better than
single additives due to the difference in the size of titanium and zirconium cations with the same
stable oxidation state [6]. In the literature search, there are few studies in which TiO2 and ZrO2
particles are used together in dental composites, and the effects of these particles on the light
transmittance and antibacterial effects of the composite were studied. There has been no discussion of
the use of amorphous or crystalline TiZr hybrid oxides to strengthen the matrix.

With the continuous development of micro-/nanoscience and technology, it is possible to achieve
practical functionalities such as desired mechanical properties, aesthetics, hardness, and fluidity (or
viscosity) required for various clinical applications. Several factors, including the type of particle, its
concentration by weight and volume, size, orientation, and distribution in the matrix, are critical in
controlling the properties of designed dental composites. A strong matrix—particle interface is required
to maximize the physical, mechanical, and biological performance of the resulting composites [9, 10].
The main aim in the present study was to synthesize particles using titanium and zirconium alkoxide
precursors by polymeric sol-gel-based hydrothermal method and to investigate their usability in
dental composites. On this basis, firstly, the effects of varying Ti/Zr and n.g/Nakoxige ratios on the
crystal structure and microstructure of hybrids of particles (Ti, Zr) with different crystallinity and
content were investigated. The mechanical, flowability, and hardness behaviors of the synthesized
pure ZrO,, pure TiO, containing anatase—rutile crystal structures, and particles obtained in different
phases including (Zr, Ti) oxide and (Zr, Ti) titanate in the dental matrix were determined.

2. MATERIAL AND METHOD
2.1. Chemicals and Apparatus
All chemicals were used at their commercially purchased purity without any purification. They

comprised Zirconium (V) n-propoxide (70 wt % in Propanol, Sigma-Aldrich, Zr(OPr"),), Titanium
(1V) isopropoxide (97 %, Sigma-Aldrich, Ti(OPr'),) as alkoxide source, n-propanol (> 99.5 %, Sigma-
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Aldrich, n-PrOH) as diluent/solvent, and hydrochloric acid (37 %, Sigma-Aldrich, HCI) as the
catalyst. The crystalline phase was identified by Rigaku Geigerflex D Max/B model X-ray
diffractometer. The size distribution and zeta potential of the particles were measured by a Malvern
Zetasizer Nano series Nano-ZS model particle size analyzer. The alkoxide precursors remaining in the
structure during the preparation of the particles were demonstrated using thermogravimetric analysis
(TGA). An ASAP 2000 model Brunauer-Emmett-Teller (BET) analyzer was used to measure the
surface of the particles. The change in the chemical structure of the synthesized particles was
investigated by Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer).

In the preparation of composites, camphorquinone (CQ) (Esschem) was chosen as a photoinitiator and
ethyl 4-dimethyl amino benzoate (EDMAB) (Alfa Aesar) as a co-initiator. Nano-sized Aerosil 200 (12
nm, Evonik), micron-sized M8000 (1.8 um, Sibelco), and synthesized zirconium and titanium-based
hybrid oxide particles were used to form the inorganic phase. Silane-based 3-methacryloxy propyl
trimethoxysilane (MPTS) (Aldrich) and n-hexane (Tekkim) were used respectively as the coupling
agent and solvent to hold the organic matrix and inorganic particle together. The organic matrix was
prepared using urethane dimethacrylate (UDMA) (Esschem). Bisphenol A ethoxylate dimethacrylate
(BISEMA) (m+n=3, Esschem) was the main monomer. Triethylene glycol dimethacrylate
(TEGDMA) (Esschem) was used both as a crosslinking and diluting monomer. Since the materials
used in the dental field should have the properties required for clinical applications, the selection of
composites was based on three-point flexural strength. In the testing and evaluation of the specimens
according to the BS EN 1SO 4049 standard, samples were first prepared in Teflon molds 25 mm in
length, 2 mm in width, and 2 mm in thickness. After being placed in water, the samples were kept in
an oven at 37£1 °C for 24 hours and dimensional measurements (length, width, and thickness) were
recorded to an accuracy of 0.01 mm. The distance between the supports was adjusted according to the
standard and a maximum charge (F) was applied to the sample at three points at a speed of 0.75 mm
per minute until breakage. The results were calculated in mg/mm?® using Equation 1.

3xFxl
0= 2xbxh?2 (1)

o = Flexural strength, F = Maximum charge (N), L = Distance between supports (mm), b = Width
(mm), h = Height (mm).

At least five samples were used to ensure meaningful and reliable test results. The three-point flexural
strength values of the five samples were averaged and composites with average flexural strength
values equal to or greater than 50 MPa were considered to have passed the test. According to clinical
practice, composites must have compressive strength to resist intraoral forces (chewing) and flexural
strength. For the testing and evaluation of the specimens, samples were prepared in Teflon molds 4
mm in thickness and 3 mm in diameter. A compressive force was applied to the sample from a single
point perpendicularly at a rate of 0.5 mm/min until breakage. As a result of this force, the specimen
fractured and the pressure applied at the moment of fracture was calculated in MPa. In order to ensure
meaningful and reliable test results, at least five specimens were tested and the compressive strength
values of the five tested specimens were averaged. Composites with average strength values equal to
or greater than 100 MPa were considered to have passed the test. The surface hardness of the
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composites was measured using a Vickers microhardness tester with a loading of 50 grams for 10
seconds. Samples for microhardness measurement were prepared in the form of coins (2 mm thickness
x 20 mm diameter) in Teflon molds. After soaking in distilled water at 37 °C for 1 day, the samples
were tested. In order for the results to be reliable, measurements were taken by selecting three points
at equal distances from the center of each specimen. The mean and standard deviation of the
measurement results for each sample were calculated and used as the final result.

2.2. Methods

2.2.1. Preparation of particles

Particles with different crystallinity and content were prepared by varying the Ti/Zr and ngcig/Naikoxide
ratios. The details of the synthesis conditions are given in Table 1 and the preparation of the particle
named ZTit-1 is given as an example. Initially, 7.60 g of Zr(OPr"), was stirred in 100 ml of n-PrOH in
a beaker until homogeneous. In another beaker, 1.43 g of Ti(OPr'), was dispersed in 70 ml of n-PrOH.
The concentrated HCI calculated to give an Nugig/Nakoxice atio of 0.464 was diluted in 4.389 ml of n-
PrOH.

These two alkoxide sources dispersed in alcohol (molar Ti/Zr= 0.3) were brought together and diluted
HCI was added dropwise. After acid addition, the alkoxide sol was transferred to the autoclave and
placed in the hydrothermal unit at 250 °C. After the hydrothermal treatment, the autoclave cooled to
room conditions and was removed from the unit. The resulting particles were centrifuged to
precipitate and washed 3 times with n-PrOH. The particles were left to dry in a vacuum oven at 40 °C.

Table 1. Details of the synthesis conditions of the synthesized particles and naming of the samples.

Sample Ti/Zr ratio Alcohol Hydrothermal Acid quantity Nacid/Nalkoxide
code (mol) volume (ml) treatment (h) (mol, 10°%) ratio
ZTit-1 0.3 180 12-14 9.74 0.46
ZTit-2 0.5 180 12-14 9.74 0.40
ZTit-3 0.8 180 12-14 9.74 0.33
ZTit-4 0.8 180 12-14 12.99 0.89
ZTit-5 1 180 12-14 9.74 0.30
ZTit-6 1 180 12-14 32.47 1.00

2.2.2. Preparation of composites

Modification of particle surfaces with coupling agents

In the modification of particle surfaces with silane-based coupling agents, all particle modifications
were conducted in the same way, and the preparation of M8000 particles modified by 1.5% by weight
is given as an example. After the MPTS required for the particle was placed in the container, n-hexane
was added. In a separate container, diluted MPTS was added to the particle soaked in a certain amount
of n-hexane with stirring. The particle—agent mixture was stirred at room conditions until the solvent
evaporated. It was then dried at 60 °C to completely remove the solvent.
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Preparation of composites containing particles modified with coupling agents

Composites were prepared by adding Nano-sized A200 particles and hybrid particles synthesized in
half the amount by weight, provided that the ratio of micron-sized M800O0 silica particles to the matrix
was constant. In the studies on the preparation of composites, all mixtures were prepared in the same
way, and the preparation of 15 g of composite containing (A200:ZTit-1):M8000 particle mixture with
a composition of (1.00:1.00):4.44 at 40% and (UDMA:BISEMAS3): TEGDMA monomer triplet with a
composition of (80:10):10 at 60% is given as an example. First 0.045 g of CQ and 0.0225 g of
EDMAB were completely dissolved in 0.9 g of TEGDMA. Then UDMA:BISEMA3 was added at a
ratio of 8:1 and mixed in a mixer at 3600 rpm for 15 seconds. A mixture of 6.0 g of
(A200:ZTit):M8000 particles was added to the prepared organic matrix. After the mixture was
injected into the molds, light was applied for 20 seconds at the appropriate wavelength with a dental
radiation probe. The effects of the synthesized zirconium- and titanium-based particles (ZTit-1 to
ZTit-6) on the properties of the final product when added to the matrix with A200 at a ratio of 1:1
were investigated by a systematic approach (Figure 1). Detailed information on the particle contents
of the prepared systems is given in Table 2.

Table 2. Coding of prepared composites and naming of nano- and micron-sized silica particles and
synthesized hybrid particles used in the preparation of these composites.

Composite code Nanosized particle Synthesized particle Micron-sized particle
(mod. ratio 5%) (mod. ratio 5%) (mod. ratio 1.5%)

ZTit-0 -

ZTit-1 ZTit-1

ZTit-2 ZTit-2

ZTit-3 A200 ZTit-3 MB8000

ZTit-4 ZTit-4

ZTit-5 ZTit-5

ZTit-6 ZTit-6
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Preparation of composites Preparation of hybrid particles
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Figure 1. The experimental procedure of preparation of hybrid particles and composite.

3. RESULTS

Figure 2 and Figure 3 show the X-ray diffraction (XRD) patterns of the samples prepared by
hydrothermal reaction at 250 °C for 12-14 h. Depending on the varying Ti/Zr and Nygia/Nakoxide Fatios,
nanoparticles in oxide form with different crystallinity and composition were obtained.
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>
2 ZTit-3
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Figure 2. XRD patterns of synthesized zirconium- and titanium-based hybrid nanoparticles.
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Figure 3. Characteristic XRD patterns of tetragonal ZrO,, anatase, and rutile TiO, (a), triangular
ZrTi,04, and ZrTiO, species (b) in ZTit-1, ZTit-4, and ZTit-6 particles obtained in crystalline form.

The pattern seen at 26= 30.22, 35.53, 50.65, and 60.73 and corresponding to (011), (002), (112), (103)
reflections of the ZTit-1 particle with a Ti/Zr ratio of 0.3 and Nyja/Nakoxide ratio of 0.46 indicates a pure
tetragonal ZrO, (t-ZrO, JCPDS 80-0965) structure [11, 12]. When the reactivity behaviors of
tetravalent alkoxides of zirconium and titanium transition metals were compared, a TiO, structure
could not be formed at a low Ti/Zr ratio due to the higher reactivity of zirconium alkoxide. No
crystalline phase was obtained in ZTit-2 or ZTit-3 structures with Ti/Zr ratios of 0.5 and 0.8,
respectively [13]. This result is directly related to the low nugg/Nakoxice ratio (0.400 and 0.333,
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respectively). It is thought that as the amount of acid, which plays a role in regulating the reaction rate
and inorganic polymer network, decreases, the amount of water required for hydrolysis in the
environment decreases, hydrolysis cannot be fully realized, and therefore crystal structures are not
formed. This is supported by the formation of a crystalline structure in ZTit-4 particles obtained when
the Nucia/Naikoxice Fatio was increased from 0.333 to 0.89, provided that the Ti/Zr ratio remained constant
at 0.8. When the reflections corresponding to 26 angles in the pattern of ZTit-4 particles are examined
comparatively, it is seen that ZrO, and anatase/rutile TiO, phases with a tetragonal crystal structure
were formed. The patterns corresponding to the reflection at 26= 25.25 (101) and 26= 27.42 (110)
were the main peaks of the anatase and rutile TiO, phases, respectively. The estimated anatase/rutile
ratio was calculated based on the main peaks using the Spurr—Myers equation [14]:

100
IR
1+1.265%
( IA)

Xa(%) = )

100

Xg(%) = ®3)

Ia
1+4+0.8%==
(1+0.8+2)

Here, 14 is the anatase phase density at 20= 25.25, I is the rutile phase density at 20= 27.42, and Xr
and X, are the weight percentages of anatase and rutile phases in the sample. Using Equations 2 and 3
in the XRD spectrum of the mixed phase, it was determined that the crystal structure contains 53%
anatase and 47% rutile.

When the patterns of ZTit-5 and ZTit-6 particles obtained when working with low (0.30) and high
(1.00) acid amounts with a Ti/Zr ratio of 1.0 were examined, results similar to those from ZTit-3 and
ZTit-4 were obtained. In the case of insufficient acid content, the ZTit-5 particle remained in the
crystalline phase, while in the ZTit-6 sample prepared by increasing the acid content, tetragonal ZrO,,
anatase/rutile TiO, structure, orthorhombic ZrTi,Og and ZrTiO, phases were observed. The
characteristic XRD peaks at 20= 24.87 and 26= 24.71 indicate the ZrTi,Oq, and ZrTiO, phase in the
hybrid particle. Reflections of the pure tetragonal ZrO, structure are given in Figure 2a. Moreover,
XRD peaks at 26=25.24 (101) and 26= 47.79 (101) indicate the presence of the anatase phase, while
peaks at 20= 27.42 (110) and 26= 54.5 indicate rutile formation. According to the Spurr—Meyers
equation, the crystal structure contains 78% anatase and 21% rutile by weight.

The dispersion behavior of the synthesized zirconium- and titanium-based hybrid nanoparticles is
given in Figure 4.

207



Journal of Scientific Reports

Yesil-Acar, Z., Journal of Scientific Reports-A, Number 52, 200-219, March 2023.

0 T T T
10 100 1000 10000

Particle Size (d, nm)

Figure 4. Particle size distributions of synthesized zirconium- and titanium-based hybrid
nanoparticles.

ZTit-1 and ZTit-3 particles have bimodal distributions, while ZTit-2, ZTit-4, ZTit-5, and ZTit-6
particles have monomodal distributions. Except for ZTit-4, these synthesized hybrid particles
exhibited a monodisperse distribution. Recent studies show that polydispersity characterization has
become essential in nanoparticle applications, because it is difficult to control homogeneity in the size
distribution of the sample and aggregation of nanoparticles is often a possible behavior [15]. ZTit-1
with the lowest titanium alkoxide ratio (Iow nNgcia/Nakoxide atio) exhibited an increasing bimodal
distribution in parallel with the increase in the condensation reaction. At low acid and hence water
contents, hydrolysis is slower than condensation and the excess of zirconium alkoxide in the solvent
promotes the development of Zr-O-Zr chains through alcoholization, resulting in the formation of
particles with relatively large sizes [16]. In ZTit-4 obtained by increasing the amount of titanium
precursor (Ti/Zr= 0.8), the expected formation of larger polydisperse crystallites took place, as more
alkoxide was available for growth on each crystal after nucleation. They exhibited monomodal and
monodisperse distribution in high acid ZTit-6 with a Ti/Zr ratio of 1.0. A larger amount of water
suppresses the growth of Zr-O-Zr chains by oxolation, resulting in smaller particles. An increase in
the amount of water leads to an increase in the number of n in Zr(OH)n formation, resulting in the
formation of more reactive species that can contribute to the development of new species. The
formation of the Zr-O-Zr network proceeds through olation and leads to even larger particles [16]. As
a result, increasing the acid content of the medium in the synthesis of ZTit-6, which exhibits a slightly
narrower particle size distribution, led to the formation of finer crystallites, which is in qualitative
agreement with the reports of supporting studies [17].

Zeta potential values, which give information about the distribution of hybrid particles obtained at
different alkoxide and acid ratios in a solvent, are presented in Table 3.
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Table 3. Zeta potentials of synthesized zirconium- and titanium-based hybrid nanoparticles.

Zeta Potential

Sample Code (mv)
ZTiT-1 13.97
ZTiT-2 18.91
ZTiT-3 31.02
ZTiT-4 43.33
ZTiT-5 6.60
ZTiT-6 8.29

The synthesized hybrid particles may have -OH functional groups on their surfaces that are not
incorporated into the metal oxide network, resulting in a positive surface charge. The surface charge
of ZTit-4 particles dominated by the TiO, crystalline phase is high compared to the others, with a high
positive zeta potential value (>30 mV) indicating high stability. Dispersions of ZTit-3 and ZTit-4
particles in water with zeta potentials >30 mV are stable due to the dominant repulsive forces. In the
structures where ZrO, and its derivative crystal phases are formed (ZTit-1, ZTit-5, and ZTit-6), the
surface charges are low. The variation in particle surface charges depending on the reaction kinetics
requires further investigation. As a result, during the synthesis, the difference in the Ti/Zr and

Nacig/Nalkoxide Fatios not

only led to amorphous and crystalline particles, but these variables also led to

differences in the positive surface charges of the final structure.

TGA thermograms of

particles obtained at different Ti/Zr and n,cig/Naikoxice Fatios are given in Figure 5.
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Figure 5. TGA thermogram of synthesized zirconium- and titanium-based hybrid nanoparticles.
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The first noticeable feature in the thermograms is the higher mass losses in the amorphous ZTit-2,
ZTit-3, and ZTit-5 structures that failed to transition to the crystalline phase. This is directly related to
the increasing amount of alkoxide precursors that remain in the structure without participating in
hydrolysis/condensation reactions due to the low nugig/Nakoxice Fatio. The aggressive loss from 70 to 150
°C is due to water and solvent remaining in the particle pores. The relatively gentle second curve from
200 to 400 °C is due to the removal of alkoxides.

The BET surface area, micropore area and external surface area, and micropore volume values of the
synthesized nanoparticles differing according to the varying Ti/Zr and Nycig/Nakoxide ratios are given in
Table 4.

Table 4. BET surface area, micropore area and external surface area, and micropore volume values.

BET surface area Micropore area External surface A/B Micropore
(m?/g) (A, m?/g) area (mesopore volume
area) (B, m%/g) (cm/g), 107
ZTit-1 60.21 57.99 2.22 26.12 2.99
ZTit-2 172.98 98.70 74.28 1.33 5.18
ZTit-3 310.37 183.89 126.48 1.45 9.83
ZTit-4 155.48 -32.71 188.19 - -1.97
ZTit-5 288.76 206.34 82.42 2.50 10.71
ZTit-6 74.17 -8.41 82.58 - -0.52

The BET results show that ZTit-3 and ZTit-5 had the highest surface areas. In general, ZTit-2, ZTit-3,
and ZTit-5 with amorphous structures were found to have high surface areas compared to the others.
The surface areas of crystalline ZTit-1, ZTit-4, and ZTit-6 particles were lower. Negative micropore
area and volume values were observed for ZTit-4 and ZTit-6 particles. This was due to the inadequacy
of the t-plot equation for calculating pore size and other related properties in microporous and/or
mesoporous structures [18].

The FTIR spectra of the particles obtained at different Ti/Zr and n.cig/Nakoxice ratios in the wavelength
range from 4000 cm™ to 400 cm™ are given in Figures 6a-6b.
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Figure 6. FTIR spectrum of synthesized zirconium- and titanium-based hybrid nanoparticles (a),
magnified FTIR spectrum of particles obtained in crystalline form (b).

The broad absorption band around 3400 cm™ in the FTIR spectrum in Figure 4a corresponds to -OH
stretching vibrations indicating the presence of molecular water in the structure. The spectrum of
ZTit-1 shows characteristic bands localized at approximately 1540 cm™ and 450 cm™. These bands
overlap with the reflections of the tetragonal ZrO, particle ([19, 20]. The peaks and bands seen in the
FTIR spectrum of the ZTit-4 particle are consistent with the data reported in the literature for anatase
and rutile crystal forms. The reported data show that the broad and intense bands at 520 cm™ and
between 900 and 400 cm™ pertain to Ti-O stretching and bending vibrations in the anatase crystal
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phase [21, 22]. The peaks at 464 cm™ and 530 cm™ are characteristic stretching vibrations of the Ti-O-
Ti network in anatase TiO, [23]. When the fingerprint region of ZTit-4 is observed in more detail in
Figure 4b, it is seen that the peaks and bands overlap with the peaks of pure ZrO, and anatase and
rutile TiO, phases. The observed shifts are within acceptable limits for the interpretation of FTIR
spectra. As seen in Figure 4-b, the stretching and bending vibrations of the Ti-O bond appeared at 593
cmand the characteristic stretching vibration of the Ti-O-Ti network appeared at 485 cm™. The FTIR
spectrum of the rutile form of TiO, is largely similar to that of anatase. For the particle in question, the
maximum band at 680 cm™ and the intense band at 536 cm™ in the range of 830-400 cm™ are specific
to the pure rutile Ti-O vibration with a high transmittance value [21]. The stresses of this vibration are
seen at around 736 cm™ and 593 cm™ in the spectrum. According to the studies in the literature, in the
FTIR spectrum of the anatase/rutile mixture, the maximum of the main band due to the vibrations of
Ti-O bonds and the Ti-O-Ti network is expected to be in the 576 cm™ range [21]. The peak at 593 cm’
Lin the spectrum of the synthesized ZTit-4 particle is the maximum of the main band. In the spectrum
of ZTit-6, vibrational peaks pertaining to anatase TiO,, rutile TiO,, and tetragonal ZrO, were observed
and these are consistent with the literature. Peaks between 500 cm™ and 710 cm™ are related to Ti-O
and Zr-O-Ti vibrations [24].

In order to provide both aesthetic and mechanical properties such as translucency, antibacterial,
flowability, biocompatability and opacity in dental composites, particles with different ratios and sizes
by weight are doped [10, 25]. Accordingly, composites were prepared by adding the synthesized
hybrid particles with varying Ti/Zr and Nuia/Nakoxide ratios into the organic matrix with a replacement
of 50% of A200. Of these particles; ZTit-1, ZTit-4, and ZTit-6 particles were crystalline, while ZTit-2,
ZTit-3, and ZTit-5 particles were amorphous. Yield behavior is considered the main feature in
evaluating the usability of dental composites developed for clinical applications [26]. The yield
behavior of composites doped with TiO,-ZrO, mixed oxides with different crystalline phases and the
change in flexural strengths are given in Figure 7.
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Figure 7. Flow distance and flexural strength graph of composites prepared by using hybrid particles.
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The yield values of the composites were higher compared to those of ZTit-0 without hybrid particles.
This was directly related to the larger particle size of amorphous and crystalline ZTit particles
compared to A200. Due to their low surface area/volume ratio, the volume of the organic matrix per
unit area in the composite was higher [27, 28]. The yield behavior of the crystal particles was ZTit-
1>ZTit-6>ZTit-4 with yield distances of 34 mm, 31 mm, and 23 mm, respectively. The flowability of
the composites in which they were used varied due to the fact that the three particles were modified
with a constant amount of coupling agent without regard to their size-dependent surface areas.
Mechanical characterization is an important phenomenon in the development of dental composite
materials. Inorganic filler particles have a significant effect on the mechanical characterization of
dental composite materials. In general, the strengthening of inorganic filler particles can be attributed
to two aspects: (i) the binding force between the dental polymer matrix and inorganic particles, the
interface, and (ii) the particle size distribution [29]. The flexural strengths of composites containing
crystalline particles exhibited behavior of ZTit-4>ZTit-1>ZTit-6. The highest flexural strength value
belonged to the ZTit-4 composite (175+£16.1 MPa) and a significant increase was observed compared
to the ZTit-0 composite: 166+15.4 MPa. This result is directly related to its lower flowability
compared to ZTit-1 and ZTit-6. Optimal flowability in the molding of composites prevents
undesirable conditions such as air bubbles that can cause microcracks in the structure. The flexural
strengths of the more flowable ZTit-1 and ZTit-6 composites were 152+4.0 MPa and 146+20.6 MPa.
According to the pure system, the decrease in strength is directly related to the composites moving
away from optimal flowability. Composites using amorphous ZTit-2, ZTit-3, and ZTit-5 particles did
not show a linear change at a low nNua/Nakoxide ratio. With increasing alkoxide, their flowabilities
decreased from 38 mm to 23 mm. ZTit-3 with the lowest flowability showed a strength of 169+11.7
MPa, while ZTit-5 composite with almost similar flowability showed a strength of 141+18.5 MPa.
This result is closely related to the surface charges of the particles. The homogeneous distribution of
the ZTit-3 particle with 31.01 mV zeta potential in the matrix resulted in an improvement in flexural
strength. The surface charge-dependent zeta potential of the ZTit-5 particle of similar flowability was
6.59 mV, which did not exhibit a homogeneous distribution in the matrix and negatively affected the
flexural strength.

A compressive strength test was used in laboratory experiments to simulate the chewing forces that

stress composites used in the dental field [6]. The change in compressive strength versus yield
behavior of composites containing the synthesized hybrid particles is shown in Figure 8.
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Figure 8. Flow distance and compressive strength graph of composites prepared using hybrid
particles.

The compressive strength of the composites using hybrid particles did not exhibit a linear change
compared to the pure composite. The compressive strengths of composites containing crystalline ZTit-
1, ZTit-4, and ZTit-6 particles were 218+£12.3 MPa, 242+7.8 MPa, and 218+29.9 MPa, respectively.
Their compressive strength was higher compared to that of the pure ZTit-0 composite (208+13.5
MPa). Due to the optimal surface charge and homogeneous distribution of ZTit-4 particles in the
matrix, the composite obtained with optimal flowability exhibited the highest strength. While the
compressive strength values of the ZTit-1 and ZTit-6 composites based on their close flowability were
similar, their standard deviation varied. This difference in standard deviation arose from the surface
charges affecting their distribution in the matrix. The standard deviation of the compressive strength
of ZTit-1, which had a slightly more positive surface charge, was lower, as expected. The flowability
of the composites using amorphous ZTit-2, ZTit-3, and ZTit-5 particles decreased at a 0w Nacig/Naikoxide
rate. The compressive strengths were 181+21.9 MPa, 190+18.8 MPa, and 196+31.4 MPa,
respectively. The optimal system in terms of flowability and zeta potential was the composite
prepared with ZTit-3 particles and the standard deviation in compressive strength was slightly lower
than the others. The standard deviation of the ZTit-6 composite, which exhibited the highest
compressive strength, was also quite high. This result shows the importance of composite flowability
and particle surface charge as a factor in particle distribution in the matrix. It is also evidence that they
may be in competition.

Another test that provides information about the mechanical properties of the material is the
microhardness test. The clinical significance of hardness is related to aesthetic restorations
(discoloration and erosion), medical consequences of periodontal disease, and the development of
secondary caries due to increased plaque accumulation [30]. This behavior of the composite can be
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influenced by monomer type, filler type, morphology, volume, and weight. In particular, the type and
size of inorganic particles and the extent of particle loading can lead to significant differences in the
microhardness of these materials [31]. On this basis, the change in the microhardness values of the
synthesized composites containing hybrid particles of different crystallinity and microstructure is
shown in Figure 9.
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Figure 9. Microhardness graph of composites prepared using synthesized hybrid particles.

When the microhardness of the composites was analyzed, the microhardness of all composites except
ZTit-2 was lower compared to ZTit-0. This decrease was related to the decrease in surface area due to
increasing particle size. An important parameter affecting the microhardness of composites is the
distribution of particles in the matrix. Therefore, as the particle size increases, the amount of particles
per unit area loaded into the matrix decreases, leading to the formation of inter-particle voids. This
results in a decrease in surface resistance to the notch created in the composite surface for hardness
measurement [32, 33]. The microhardness of the composites using hybrid particles with the crystalline
structure was analyzed and the decrease in the microhardness values of the composites containing
ZTit-4 and ZTit-6 was less compared to ZTit-1. The formation of hybrid (Zr, Ti) and oxide structures
during the synthesis of ZTit-4 and ZTit-6 particles enabled them to be obtained in smaller sizes. This
resulted in higher microhardness values in the composites in which they were doped [32].

4. CONCLUSION AND COMMENT
In order to obtain high purity and more homogeneous titanium and/or zirconium oxide particles, a
solvent-based wet chemical synthesis method has been developed as an alternative to the traditional

solid-state reaction route. Within the scope of the method, the variation in Ti/Zr and nugig/Naikoxige ratios
resulted in particles with different crystal phases and microstructures. The most important conclusion
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based on the synthesis/characterization of the particles was that by improving the synthesis conditions
of the particles obtained in amorphous form (increasing the amount of acid, increasing the synthesis
temperature) transition to the crystalline form with optional composition can be achieved.
Accordingly, particle sizes, surface charges, and the presence/amount of alkoxide precursors that may
remain in the structure can be controlled. Another important aspect of the study was to investigate the
behavior of the synthesized Ti/Zr-based hybrid particles in the selected dental organic matrix. The
flexural, compressive strengths, and microhardness of the composite containing ZTit-4 particles with
optimal flowability were 175£16.1 MPa, 242+7.8 MPa, and 32.9 Hv, respectively. As a result, the
mechanical behavior of the dental composite is influenced by the type, size, weight/volume, and
surface properties of the particles forming the filler phase.
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