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The processing, properties and application of dental inserts based on calcium
phosphates and zirconia

Abstract

The objective of the study was to process nano-structured hydroxyapatite/yttrium
stabilized zirconia bioceramic and to investigate the possibilities of its application as
dentin replacement in the form of dental inserts. The processing conditions were varied
in order to optimize phase composition, microstructure, fracture toughness, hardness, and
shear bond strength (SBS) between the obtained inserts and restorative materials,
following either the "total-etch™ or ,,self-etch* clinical protocol. Composite nano-powder,
obtained by mixing and homogenization of 80 wt% of stoichiometric hydroxyapatite
(HAp) synthesized by modified precipitation method and 20 wt% of yttrium-stabilized
ZrO2 (YSZ) synthesized by plasma method, was isostatically pressed into cylinder-
shaped green bodies. After dilatometric analysis, HAp/YSZ inserts were sintered in the
temperature range from 1200 °C to 1300 °C. Hardness and fracture toughness of sintered
inserts were ranged between 3.90 £ 0.20 - 3.95+0.12 GPaand 1.82 + 0.04 — 1.88 + 0.03
MPam?®?,  respectively. Microstructural analysis of biphasic  stoichiometric
hydroxyapatite/tetragonal phase of zirconia (HAp/t-ZrOy) inserts indicated two potential
fracture mechanisms for fracture toughness increasing. Sintering temperature and
different clinical protocols affected SBS between processed inserts and commercial
dental restorative materials. Maximum SBS values of 10.50 + 4.94 MPa (meanzstandard
deviation) were reached in inserts sintered at 1300 °C, following the ,,self-etch* protocol
of adhesive application. It could be concluded that resin-based composites could be
strongly bonded to HAp/YSZ inserts, preferably with a ,,self-etch* adhesive application.
In addition, the values of fracture toughness and hardness of the obtained inserts indicated
the possibility of their use as dentin substitutes, which could be a good prerequisite for
satisfactory mechanics of restored teeth. One of the aims was also to analyze
comparatively physico-chemical and mechanical properties of dental inserts and SBS
between dissimilar hydroxyapatite-based dental inserts and different restorative
materials, after application of different clinical protocols. Besides HAp/YSZ inserts,

monophasic two-step sintered dense HAp (TSSHAp) and biphasic single-step sintered
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controlled porous (HAp/tricalcium phosphate, TCp) inserts were processed and used in
analysis. TSSHAp and HAp/TCp inserts showed comparable and relatively high SBS
values, certainly higher compared to HAp/YSZ inserts. Slightly higher SBS values were
measured in the case of TSSHAp insert group, and the highest mean SBS value of 18.51
MPa was determined between TSSHAp inserts and Filtek Z250_SBU following the ,,self-
etch* protocol. Mechanical properties of the three insert types were similar or higher than
enamel (hardness) and similar to dentin (fracture toughness) despite differences in insert
processing methods. SBS values to HAp-based inserts and various restorative materials
varied largely but were found relatable to dentin bonding. Adhesive bonding following
either "total-etch" or ,,self-etch* protocol is promising to all three types of HAp-based

inserts.

Key words: hydroxyapatite, yttrium stabilized zirconia bioceramic, shear bond strength
inserts, composites, adhesives, mechanical properties.

Scientific field: Technical engineering

Major in: Materials engineering
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Procesiranje, svojstva i primena dentalnih inserata na bazi kalcijum-fosfata i

cirkonijum(1V)-oksida
Rezime

Cilj ovog istrazivanja bio je procesiranje nanostrukturnog hidroksiapatita/itrijumom
stabilisanog cirkonijum-dioksida i ispitivanje moguc¢nosti njihove primene u formi
dentalnih inserata kao zamene za dentin. Uslovi procesiranja su varirani sa ciljem
optimizacije faznog sastava, mikrostrukture, Zilavosti, tvrdoce i jaine veze na smicanje,
izmedu dobijenih inserata i restaurativnih materijala prateci protokol totalnog nagrizanja
ili samonagrizaju¢i protokol. Kompozitni nanoprah dobijen meSanjem i
homogenizacijom 80 % stehiometrijskog hidroksiapatita (HAp), sintetisanog
modifikovanom metodom precipitacije i 20 % itrijumom stabilisanog CrO. (YSZ),
sintetisanog plazma metodom, je izostatski presovan u cilindri¢ni polazni kompakt.
Nakon dilatometrijske analize, HAp/Y SZ inserti su sinterovani u temperaturnom opsegu
0d 1200 °C do 1300 °C. Tvrdoca je bila u opsegu 3,90 + 0,20 - 3,95+ 0,12 Gpa, a Zilavost
loma u opsegu 1,82 + 0,04 — 1,88 + 0,03 MPam¥?. Analiza mikrostruktre dvofaznog
stehiometrijskog hidroksiapatita/tetragonalnog cirkonijum dioksida (HAp/t-ZrOy) je
pokazala dva potencijalna mehanizma povecanja zilavosti. Temperatura sinterovanja i
razli¢iti klinicki protokoli su uticali na jacinu veze na smicanje izmedu procesiranih
inserata i komercijalnih restaurativnih materijala. Najvece vrednosti jadine veze na
smicanje od 10,50 * 4,94 MPa su postignute kod inserata koji su sinterovani na 1300 °C,
sledec¢i samonagrizajuci protokol primene adheziva. Moze se zakljuditi da se kompoziti
na bazi smole mogu snazno vezati za HAp/YSZ inserte, prevenstveno primenjujuci
samonagrizajuc¢i protokol. Dodatno, vrednosti zilavosti i tvrdo¢e dobijenih inserata
ukazali su na potencijal njihove primene kao supstituenata dentina, $to je dobar uslov za
zadovoljavaju¢a mehanicka svojstva restauiranih zuba. Jedan od ciljeva je takode bila
komparativna analiza fizicko-hemijskih i mehanickih osobina dentalnih inserata i jacine
veze na smicanje izmedu razli¢itih dentalnih inserata na bazi hidroksiapatita i razlicitih
restaurativnih materijala, nakon primene razlicitih klinickih protokola. Pored HAp/YSZ
inserata, monofazni, dvostepeno sinterovani gusti HAp (TSSHAp) i dvofazni

jednostepeno sinterovani HAp sa kontrolisanom porozno$¢u (HAp/tricalcium phosphate,
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TCp) su procesirani i analizirani takode. TSSHAp i HAp/TCp inserti su pokazali
uporedive i relativno velike vrednosti jacCine veze na smicanje, viSe u odnosu na
HAp/YSZ inserte. Malo vece vrednosti jaine veze na smicanje su odredene kod TSSHAp
inserata, a najvisa srednja vrednost jacine veze na smicanje, koja je iznosila 18,51 MPa
je odredena izmedu TSSHAp inserata i Filtek Z250 SBU nakon protokola
samonagrizanja. Mehanicka svojstva tri tipa inserata su bila sli¢na ili ve¢a u odnosu na
gled (tvrdocu) i sli¢na dentinu (zilavost) uprkos razlikama u metodama procesiranja
inserata. Vrednosti jadine veze na smicanje inserata na bazi HAp-a i razliitih
restaurativnih materijala su veoma varirale, ali su se pokazale uporedive sa vezom sa
dentinom. Adhezivno vezivanje dobijeno protokolom totalnog nagrizanja ili

samonagrizaju¢im portokolom je obecavajuce kod sva tri tipa inserata na bazi HAp-a.

Klju¢ne rec¢i: hidroksiapatit, itrijumom stabilisani cirkonijum-dioksid, ja¢ina veze na

smicanje, kompoziti, adhezivi, mehanicka svojstva
Nauéna oblast: Tehnolosko inzenjerstvo

UZa nau¢na oblast: Inzenjerstvo materijala
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1. Introduction

Due to an increase in the amount of trauma and accidents and inherent bone defects
caused by age and diseases in recent decades, there has been an increase in the market for
synthetic bone and hard tissue replacements, especially in the areas of cranial, orthopedic,
maxillofacial, dental, and spinal applications, caused by high demand from hospitals for
the replacements. Many patients around the world have benefited from recent
advancements in materials and cell engineering, as well as surgical bone grafting
techniques. Continuous advances in biomaterials, artificial organs, and stem cells, as well
as their latest achievements, indicate a strong progression in human biological sciences.
Despite the fact that existing technologies are advanced, many more advances and
enhancements are needed to accurately mimic the biological properties of humans [1].
Though, must be manufactured from a particular class of tolerable materials known as
biomedical materials or biomaterials, in order to be tolerated by the living body without

suffering any unnecessary side effects [2,3].

Biomaterials designing, developing, and manufacturing are based on four main types
of materials: ceramics, metals, polymers, composites, and various blends thereof. The
biomaterials could also have a natural origin (human or animal) and could be used with

artificial materials [4].

Ceramic materials for medical uses were initiated in the 1970s, when some failures
and undesired effects of the biomaterials used in that period, such as cobalt alloys, steel,
and poly-(methyl methacrylate), started to be detected. In order to find successful bone

integration features, the research was concentrated on ceramic materials [5].

Calcium phosphate materials are a class of ceramic materials, and are preferable
materials for dental repairs as a result of typical biocompatibility, chemical similarity with
human bones and teeth, accompanying bioactivity, and possible forming of strong bonds
with hard tissues [6-8].

One of the most researched calcium phosphates for use in the dental field is

hydroxyapatite (HAp), which is the primary inorganic constituents of bones and teeth and



is occasionally tracked with more bioactive calcium phosphates or fortified with several

powerful nanosized particles such as stabilized zirconia-alumina composite [9].

For dental application and purpose, bioactive HAp and other biocompatible calcium
phosphates are developed as dental cement, thin films at the surface of metal implants,
filler in dental composites and adhesives, pulp capping material essential in pulp therapy,
etc. [10,11].

Recently, various materials have been investigated as dental materials for restoring
large cavities [12,13]. A potential role of HAp as dentin substitute in the future can be in
the form of dental inserts [14,15]. As dental insert has mechanical features similar to the
properties of dentin it can be used as dentin substitute. Furthermore, the esthetical
appearance of HAp inserts is not satisfactory so they must be covered with a layer of
composite material. The thickness of that layer should be at least 2 mm [15]. The
application of dental bioceramic inserts in large cavities during restoration could reduce
amount of composite dental filling material and therefore reduce polymerization
shrinkage. In that way, use of inserts during cavities restoration can simplify the
procedure, reduce the steps in the clinical protocol, and potentially reduce polymerization
shrinkage stress due to the insert's central position in the cavity [9]. The main advantages
of HAp based inserts are: the similar mechanical properties to human dentin, possible
chemical interaction with functional monomer groups of commercial adhesives and
bonding with resin-based commercial composites or glass-ionomers, which can lead to

acceptable values of bond strength between insert and composite materials.

Dentin is specialized mineralized tissue that has a higher hardness and density than
bone. When compared to enamel, HAp in dentin has smaller crystals with a needle-like
form. The majority of these crystals are integrated into the collagen network. That is why,

when compared to enamel, dentin can be more elastically distorted during function [16].

Dentin structure comprises dentin tubules, canals within dentin which are filled with
odontoblast and dentin liquid. The direction and diameter of these tubules vary in
different parts of the tooth, and it is shown in Figure 1. When applied, dental adhesive

systems should reach into those spaces and contribute to bonding dental restoration. Acid



etching of dentin, among other reasons, serves as cleaner of these tubules from debris
created during tooth drilling and caries removal, making them available for adhesive.
Adhesive, unlike composite, has low viscosity, lower surface tension and that is one of
the reasons why it is used as first material to contact with dentin. Because of the same
reasons, it was used as first material to contact with HAp inserts. Entering dentin tubules
surface of contact for chemical bonding between dental adhesive and dentin is also
enlarged. Dentin around these tubules is called peritubular dentin and it contains the
highest mineral percentage, and thus had the strongest mechanical features. Between
these dentinal tubules is intertubular dentin, with average features. Diameter of tubules is

about 3,5 micrometers, and their density is about 40 000 tubules/mm? [17].

Peritubular
dentin

Intertubular
dentin

Dentinal
tubule

Figure 1. Diagram illustrating peritubular and intertubular dentin. [18]

Dental composites in combination with dental adhesives are the most used restorative
materials nowadays. Three basic components of dental composites are 1) organic matrix,
2) inorganic filler and 3) organic-inorganic coupling agent. Organic matrix forms the
continuous phase and binds filler particles. It also contains initiator system for
polymerization, standardly excited by blue light, and many other ingredients in a small
proportion. Inorganic fillers are the component responsible for increase in mechanical

properties. Dental adhesives comprise less of the fillers, or none of them, thus having



poor mechanical strength, but have some other desirable features. A simplified graphic

representation of some of these interactions between components is shown in Figure 2.

FILLER

- Polishability
- Radiopacity
- Bond to the
Matrix

Figure 2. Interaction of the components of a dental polymer composite. [19]

Dental adhesives are used in a thin layer and should constitute the bond among restoration
and teeth tissues. There are several classifications of dental adhesives, and the one suitable
for this thesis is:

e Acid etching systems. They require acid etching of enamel (30 s) and dentin (15
s) prior to adhesive use.

e Self-etching systems. They can be used on dentin without acid etching. For
enamel, it is still recommended 15 s acid etching but not obligatory.

o Universal adhesives. They can be applied with either prior acid etching or without
it.

The protocol which comprises acid etching of dentin for 10-15 s and enamel for 30 s is

called total-etch protocol, and protocol without using etchant (37% phosphoric acid),
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when acid monomers from the adhesive itself do certain etching is called self-etch.
Controlled porous dental inserts made of hydroxyapatite are supposed to be treated as
dentin to a certain extent as they exhibit pores that may serve as dentinal tubules [14], but
the inserts do not contain organic collagen network or water which would make them a
similarly challenging bonding substrate as dentin is. After tooth preparation dentin is
covered with a smear layer, and the etching protocol removes it, as can be seen in Figure
3.

Figure 3. Unetched and etched dentin [20].

Some of the main reasons for composite restoration failure is secondary caries, because
of micro-gap formation between the bond and dental tissues and due to polymerization
contraction, and also fracture in stress bearing areas due to limited mechanical properties
[21]. Large restorations are more susceptible to failure due to fracture [22]. The use of
dental inserts stems could improve restoration stability and durability due to minimizing
polymerization contraction because the amount of dental composite is reduced, and also
due to strengthening the complete restoration with the use of sintered HAp blocks -

inserts.

The aim of this dissertation was to investigate the sintering conditions of composite nano-
powder based on hydroxyapatite and yttrium-stabilized zirconia (YSZ) in order to
optimize microstructure, to increase fracture toughness and shear bond strength (SBS)

between the composite inserts and restorative materials, as well as analyse comparatively



the microstructure, phase composition, fracture toughness and hardness of the optimized
sample with two other types of dental inserts based on HAP. In order to achieve these
requirements, two-step sintered HAp inserts, single-step sintered HAp/TCp inserts and

single-step sintered composite HAp/YSZ inserts were used in the investigation.

Further, the influence of different clinical protocols on the SBS between the inserts as
potential dentin substitutes and commercial restorative materials for potential use with

inserts were also investigated.

The results from this study indicate potential application of different sintered monophasic

HAp based dental inserts as dentin replacement.



2. Bioceramics

There is a broad range of substances that are used in the construction of medical
equipment and every substance can react in some path with the biological environment.

A biomaterial is an artificial material to be used in intimate connection with living tissue.

Definition of a biomaterial was given in 1986, at the Consensus Conference of the
European Society for Biomaterials, as a “nonviable material used in a medical device,

intended to react with biological systems” [23].

Biomaterials engineering includes a wide range of scientific disciplines, such as
chemistry, materials engineering, biology, physics, biotechnology, medicine, human
genetics, and dentistry. Regardless of rapid advances in fields such as tissue engineering
during the last two or three decades, biomaterials are still currently used as implants to
replace diseased or weakened tissues. Biomaterials enclose a broad spectrum of materials
involving natural such as collagen, chitin, elastin, or artificial, such as metals, ceramics,
polymers, or composites, as shown in Figure 4. [24]. One of the most important usages
of biomaterials is in the alteration of the hard tissues of the body, like hip joint prostheses,
knee, bones from maxillofacial region, etc. Further, the most comprehensive use of
biomaterials is also in the replacement of the oral hard tissues, called dentine and enamel.
Although many various types of biomaterials have been developed over the past two
decades, they still require a great deal of control over their functional properties. For
example, materials can degrade significantly in demanding situations such as joint
replacements due to erosion and wear (e.g., metals may corrode at a rate of 0.05 mm/year,
while polymers can wear out at a rate of 0.1-0.2 mm/year). Ceramics that are utilized for

reconstructive purposes as a bone substitute are called “Bioceramics”.



Biomaterials

Cﬁg-:nledical adificial@ C@gmal natural ari i

matﬂls
collagen
elastin
chitin
o)\ Y& |

ALD, ™

Zrly,

Tio, blostables

Ca sulfatas

Apatites

Ca phosphates ceramic matrlx
glass-ceramics ||« stalnless steel metallic matrix
glasses matallic alloys Co-Cr and Ti organic matrix
carbon other metals
Se————| (Ta, PL Au, Ag, ..
magnetic alloys

Figure 4. Classification of biomaterials. [24]

Bioceramics are ceramics that are mostly used as a bone replacement in the
reconstruction process and represent a subset of biomaterials that accounts for nearly half
of global biomaterial use. Besides the facts that are widely used as a material for skeletal
rebuilding, bioceramics are often used for dental treatment. Teeth are made from dentine
and enamel and these tissues do not have the ability to be naturally reconstructed if they
get harmed or destroyed due to dental diseases like caries or trauma. There are millions
of people who require dental treatment every year. Also, the request for esthetic tooth-
like restorations is growing. Dental materials are one of the fastest-growing applications
of bioceramics [25], and ceramics are well suited to satisfy this need.

Ceramics are used in a variety of dental filling materials, including glass fillers in glass
ionomer cements and resin composites (Figure 5.) [26] and are also extensively used in
the construction of bridges and crowns to restore or replace missing teeth as shown in
Figure 6. [27].



Figure 6. The construction bridges made of ceramics to restore or replace missing teeth [27].

Bioceramics are primarily focused on the processing of synthetic phases with
controlled properties and their long-term application. As a result, we can say that
bioceramics are synthetic inorganic phases that could replace the natural tissue with
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similar properties. In Table 1, the various type of bioceramics used for the production of
implants for different applications, are presented [28].

Table 1. Type of ceramic materials for various medical applications [28].

Orthopedic load bearing Alumina, partially stabilized zirconia

Dental orthopedic Bioactive glasses, glass ceramics, alumina, partially

stabilized zirconia

Dental implants Alumina, hydroxyapatite, bioactive glasses
Temporary bone space fillers Tricalcium phosphate

Alveolar ridge Bioactive glass ceramics, alumina

Spinal surgery Bioactive glass ceramics, hydroxyapatite
Maxillofacial reconstruction Bioactive glasses, glass ceramics
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2.1 Classification of bioceramics

Classification of bioceramics could be based on the type of materials, but classification
based on their interaction with the biological environment is the most suitable. The
bioactive ceramics are suitable for the character of osteoconduction and the capability of
chemical bonding with living bone tissue. In other words, when bioactive ceramics are
implanted in living bone, they are incorporated into the bone tissue in accordance with
the template of "bonding osteogenesis”. The template of their incorporation into the bone
tissue is considered similar to contact osteogenesis [29]. When the bioceramic is
implanted in the human body, the tissue responds in many ways, depending on the type
and material form [30]. It is obvious that foreign substances can not be fully compatible
with a living organism. The only materials that are completely identical are those made
by the body itself. Synthetic material will create some kind of response from living tissue,
also these substances may be identified as foreign and can cause a variety of tissue
responses. The mechanism of tissue reaction depends on the tissue response to the implant

surface [31]. Table 2 shows four different varieties of bioceramic-tissue interactions [31].

Table 2. Bioceramic-tissue interactions [31].

2. If the material is nontoxic and biologically passive, it is encapsulated with fibrous

tissue or bone.

3. If the material is nontoxic and bioactive, an interfacial bond forms.

4. If the material is nontoxic and dissolves, the surrounding tissue replaces it.

The challenge for the materials scientists is to improve new ceramics that produce the

most suitable response that the clinical situation requires. In general, bioceramic is
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classified as bioactive, bioinert, or bioresorbable based on their interaction with tissue
[32].

2.2 Bioinert and bioactive materials

Biomaterials have historically been used to repair diseased or weakened tissues. The
first generation of biomaterials was chosen to be as bioinert as possible, reducing the
creation of fibrous tissue at the interface with host tissues. Such biomaterials cause
damage of surrounding tissues, resulting in fibrous encapsulation of the implant or, in
more toxic cases, worse sequelae such as necrosis and implant sequestration. Fibrous
encapsulation is a host's defense system that tries to prevent the implant from interacting
with the host. Usually, this is a reaction to biomaterials that are moderately irritating.
Where an implant is in nearby proximity to bone and if there is a shortage of a fibrous
tissue layer, that is, nearby apposition of new bone to the surface of the implant, this is
described as osseointegration. [33].

Biologically active materials catalyse a specific biological reaction at the material-
tissue interface, such as the formation of biochemical bonds between living tissues and
material [34].

Significant developments from first to third generation bioceramics have occurred in
the field over the last four decades [35]:

e 1% generation Bioceramics: “bioinert” such as zirconia and alumina.

o 2" generation Bioceramics: “bioactive” and “bioresorbable” such as bioglass and

calcium phosphates (HAp, and B-TCp’s).

e 3" generation Bioceramics: Porous 2" generation bioceramics and composites
containing biologically active substances such as cells, growth factors, proteins

capable of regenerating new tissue.
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2.3 Hydroxyapatite

Many experiments have shown that the biological apatite in calcified tissues is often
in the range of a few to hundreds of nanometers, with the tiniest building blocks on the
nanometer scale [36-40]. During tooth and bone development, nanometer sized apatite
crystals grow in a collagen matrix creating self-assembled structures [36-38]. Synthetic
nanodimensional and nanocrystalline types of calcium orthophosphates can be
constituent components of calcified tissues and imitate the structure of natural bone.
Because of their high biocompatibility, they can be used in biomineralization and as
biomaterials [41, 42].

Calcium orthophosphate-based biomaterials could be improved using nanotechnology
[43]. In 1987 Karch et al. stated that a brittle ceramic with nanodimensional grains could
make a large plastic strain of up to 100 % [44]. Furthermore, nanostructured ceramics can
be sintered at lower temperatures, reducing the main issues associated with high-
temperature sintering. As a result, bioceramics in nanodimensional and nanocrystalline
forms represent a promising class of implant formulations for orthopedic and dental

application with enhanced biological and biomechanical properties [45, 46].

2.3.1. Apatite in bone

Bones are the most common calcified tissue in mammals and they come in all kinds
of sizes and shapes in order to fulfill various functions of protection and mechanical
support of the body. The main inorganic component of bone is a biological apatite, which
can be characterized as non-stoichiometric, poorly crystalline, and ion substituted calcium
deficient hydroxyapatite (CDHA) [47-52] from a material standpoint. Bone can be
thought of as a set of distinct levels of seven hierarchical structural units that span the
macro-, micro-, and nanoscales (Figure 7.) to fulfill a variety of functions [47, 49,52-54].
Moreover, cells and biological macromolecules interact with all of these levels of bones

perpetually.
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Figure 7. The seven hierarchical levels of organization of the zebrafish skeleton bone (Level 1: Isolated crystals and
part of a collagen fibril with the triple helix structure. Level 2: Mineralized collagen fibrils. Level 3: The array of
mineralized collagen fibrils with a cross-striation periodicity of nearly 60-70 nm. Level 4: Two fibril array patterns
of organization as found in the zebrafish skeleton bone. Level 5: The lamellar structure in one vertebra. Level 6: A
vertebra. Level 7: Skeleton bone. Reprinted from Ref. [55])

At the nanostructural level, small plate-like crystals of biological apatite in bone occur
inside the discrete spaces inside the collagen fibrils and develop with specified crystalline
orientation along the c-axes, which are approximately parallel to the collagen fibrils' long
axes [56]. Type I collagen molecules are self-assembled into fibrils with a periodicity of
~ 67 nm and ~ 40 nm holes between the ends of their molecules, into which the apatite
nano-sized crystals are sited. A biocomposite of these two components forms mineral
fibers. The fibers also may be cross-linked, which offers a highly dynamic system able
adjustment through the election of various amino acids to permit various mechanical
properties for diverse biomaterial applications [57]. This is the reason why bones are
commonly called a fiber-reinforced composite of biological origin, in which solid
nanometer-sized inclusions are embedded in a smooth protein matrix [58]. Although

biological apatite crystals have different dimensions, they are usually around in the nano-
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level with values in the ranges of widths of 15-30 nm, lengths of 30-50 nm, and
thicknesses of 2—-10 nm [59].

It has recently been shown that natural biocomposites exhibit such mechanical
structure in which nanometer sizes of particles ensure optimum strength [60,61]. Besides,
nanodimensional apatite has another important role in organism. It is a large reservoir of
orthophosphate ions and calcium needed for a broad range of metabolic functions, which
give or consume orthophosphate ions and calcium through a so-called "remodeling"
process because of the continuous resorption and formation of nanodimensional apatite

by osteoblasts and osteoclasts in a delicate balance [47, 49].

2.3.2 Apatite in teeth

Besides the bone, teeth are another calcified organ in vertebrates that is made up of
calcium orthophosphate. Teeth, having different structure compared with bone, are made
of two different biominerals: enamel and dentin [62,63]. Up to 98 percent of biological
apatite, 1 % of bioorganic compounds, and up to 2 % of water are present in dental
enamel. Rod-like apatite crystals measuring 25-100 nm with an undefined length of 100
nm to 100 um or longer along the c-axis [64-67] represent standard rods in enamel,
presented in Figure 8. On the other hand, it has been discovered that the apatite crystals

in enamel have natural sub-domains or subunits with distinct chemical properties [67,68].
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Figure 8. Apatite in teeth enamel. The enamel is composed of three-dimensionally organized nanosized
hydroxyapatite crystallites (a,b,d) that are arranged into micrometer-sized prisms (c,e). a, Atomic force
microscope and b,c, scanning electron microscope images of the enamel surface. d, Transmission electron
microscope and e, scanning electron microscope images of a cross-section of the enamel [67].

Dentin (Figure 9) contains ~ 50 vol % of biological apatite, ~ 30 vol % of bioorganic
compounds and ~ 20 vol % of water. In dentin, the nanodimensional building blocks (~
25 nm width, ~ 4 nm thickness and ~ 35 nm length) of biological apatite are smaller than

those of enamel [69].
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Crown Section

Figure 9. An lllustration of the location of human dentin [69].

2.4 Synthetic hydroxyapatite

For scientists, research in novel biomaterials in order to improve human life, quality
remains a major priority. They began implanting artificial or man-made materials in the
body centuries earlier to help and preserve organ or tissue function. One of the most
important developments in orthopedics over the past 40 years has been the use of

hydroxyapatite based materials to replace, regenerate and restore bones.

Biocompatible ceramics are mostly based on calcium phosphates (such as HAp and -
TCp), bioglass, and biphasic calcium phosphates. Originally used as a biocompatible
alternative to mineral bone implants, due to its superior performance, it has now become

one of the most used biomaterials for orthopaedic clinical applications.

HAp is the most utilized for orthopedic since it is the dominant component of human
bone mineral and teeth enamel and dentin. As appeared in Figure 10 HAp has been
utilized clinically within the shape of powders, cements, granules, dense and porous

blocks, coatings, biphasic and composites [70].
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Figure 10. 1.) HAp powder, 2.) Granules of HAp, 3.) Porous HAp and Dense HAp [71].

Biocompatibility, lack of an immunogenic reaction, and gradual resorption are some

of the advantages of HAp as a choice for bone repair.

While the bioinert bioceramics influenced the undesired fibrous encapsulation, which
resulted in problems with implant fixation and complications, the bioactive ceramics such
as HAp or bioglass, were able to form direct bonds with native tissue and in that way
enhance the material's bonding and fixation. lon-exchange occurred in interaction of
bioactive materials with the encompassing tissue. Implanted bioactive materials release
chemicals in the form of ionic dissolution products at controlled rates to stimulate native
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cells, which then triggers a cascade of biological reactions that result in new tissue growth
[72]. On the surface of the bioactive implants, a biologically active carbonate apatite

coating forms, which is chemically similar to the mineral process of bone [73].

There are several natural sources for HAp which include human bone, coral [74,75],
bovine bone [76,77], fish bone [78], chitosan [79,80], and egg shell [81], among others.
Though, where adequate preparation is not practiced to extract all protein, transfer of
diseases is a problem with natural HAp [82]. Synthetic HAp is more widely used because

it can be easily synthesised and does not spread disease.

Synthetic HAp is frequently stoichiometric with a chemical formula of
Ca10(PO4)s(OH)2 and has an atomic Ca/P ratio of 1.67, which could, in general, vary from
1.5 to 1.67. Crystal structure of HAp is shown in Figure 11. HAp is highly crystalline,
with lattice parameters of (a= 0:95 nm and ¢ = 0:68 nm) and hexagonal symmetry (S.G.
P63/m) with a preferred orientation along the ¢ axis [83]. The needle-like morphology of
HAp crystals is normal.

Ca2+

!

Figure 11. Hydroxyapatite crystal structure [84].

Synthetic HAp could be similar to that of natural bone, but there are some variations
in chemical composition, structure and stoichiometry. The bone that consists of biological

apatite, is characterized by being non-stoichiometric, amorphous, ion-substituted,
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carbonized, with lack of calcium. HAp exists in the form of nanocrystals with dimensions
of 4 x 50 x 50 nm in which the nanocrystals are incorporated into the matrix of organic

collagen fibers comprising 90 % of the protein content [85].

The chemical formula for the human bone mineral is ion substituted HAp:
Cag 3(PO4)a3(HPO4,CO3)1.7(0OH,CO3)03 [85,86]. When COs* and HPO.* ions are
incorporated in the structure, the Ca/P ratio varies between 1.50 to 1.70 depending on the
age and bone site [85]. The calcium/phosphorus ratio rises as the bones age, which means

that the amounts of carbonates also rise.

Besides the fact that HAp has good biocompatibility, due to the relatively poor
mechanical properties, specifically brittleness, impact resistance, and low tensile strength,
HAp usually has restricted use in load-bearing applications [87]. As a consequence, HAp
is usually used in non-critical load-bearing applications such as orthopaedic bone

grafting, the ossicles of the middle ear, etc.
2.4.1 Synthesis methods for HAp powders

The properties and features of the starting HAp powder influence the processing
parameters and properties of obtained HAp ceramics. By controlling the homogeneity
and stoichiometry, phase composition, particle shape and size distribution, grain size,
crystallinity, and the agglomeration of the powder, the properties of the obtained final
product could be controlled [88], since these powders are further processed into HAp
implants by mixing it with polymers into biocomposites, applied as coatings for implants,

or sintered into porous or dense bodies [88].

HAp has been synthesized using a variety of methods, including precipitation,
hydrothermal, sol-gel, electrodeposition, emulsion, biomimetic deposition, solid state
reaction methods [89-98], etc. Table 3 provides an outline of the advantages and

disadvantages of some mentioned methods. [99]
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Table 3. Advantages and disadvantages of some of the synthesis methods for HAp

[100].
Categories ‘ Advantages Disadvantages ‘ References
Solid-state Easy to perform; Needs high sintering [98]; [100];
inexpensive; temperature; long treatment [101];
stoichiometric HAp formed  times [102]
Precipitation | Can produce nano HAp Difficulty to obtain [103];
particles; industrial stoichiometric HAp; need [104]
production possible; water | high
is the only by-product pH to prevent formation of
Ca deficient HAp; need high
sintering temperature to form
crystalline HAp; product very
sensitive to reaction
conditions
such as pH, stirring rate,
drying temperature, etc.
Sol-gel Can produce nano-HAp Difficulty to hydrolyse [105];
particles; homogenous: phosphate; expensive starting [106];
molecular mixing occurs; chemicals [107]
low processing
temperature’s required;
increased control over
phase purity
Hydrothermal | Well crystallised and Agglomeration of HAp [108-111]

homogenous powder; nano-
HAp has been prepared

2.4.2 Mechanical properties

powders is common; high
pressures required for
processing.

Calcium phosphates (CaPs) are fragile due to their high strength ionic bonds [112]. The
mechanical properties of CaPs depend on crystallinity, grain boundary, and size,
stoichiometry and porosity. The decreases in grain size within the microstructure results
in increase in mechanical strength. According to the literature, HAp ceramics have
fracture toughness of around 1.2 MPa-m*?2 [113]. It was found that the fracture toughness

of hot pressed HAp with micrometric grain sizes varies with grain size [114]. Tensile
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strength, compressive strength and bending strength of dense HAp ceramics are in the
range of 38-300 MPa, 120-900 MPa and 38-250 MPa, respectively. Dense bioceramics
have Young's modulus of 35-120 GPa, which is similar to calcified tissues. Dense HAp
has a mechanical resistance three times higher that of natural human bone [115]. Dense
HAp has a Vickers hardness of 3—7 GPa and a Poisson's ratio similar to natural bone. In
the temperature range of 1000-1100 °C, a superplastic deformation [89] with grain
boundary sliding has been recorded. It has also been reported that the polymeric coating
of HAp ceramics increases the mechanical properties of HAp [116]. Further, introduction
of reinforcing agents in forms such as platelets, fibers and whiskers could also improve

some mechanical properties [117-119].

2.4.3. Porosity

Another important factor that contributes to good mechanical fixation and biochemical
bonding between bioceramics and bones is porosity [120,121]. The surface and space for
cell attachment, tissue proliferation and bone ingrowth are provided by open porosity,
which is directly connected to bone formation. Pore interconnection enables migration of
cells and development of blood vessels needed for bone tissue remodeling [120-122].
Porous HAp materials could be produced using various methods, such as ceramic
foaming, sintering with porogens, starch consolidation, microwave processing, slip
casting and electrophoretic deposition [123]. Interconnecting macro-pores size bigger
than 100 um could be formed by the gaseous porogen [124], or by using water-filled
microemulsion or a combination of slurry dipping and electrospraying to produce HAp

foams as potential matrices [125,126].

It is very important to emphasize that high porosity promotes bone formation, while
pore volumes greater than 50% can result in loss of biomaterial mechanical properties,
which means that the balance between porosity and mechanical properties should be
established [127].
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3. Zirconia Ceramics

3.1 Structure of ZrO2 Ceramics

Zirconia is an oxide that has corrosion resistance, high hardness and high tensile
strength. It is not present in nature as a pure oxide. The minerals zirconate (ZrO2-SiOz,
ZrSi0O4) and baddeleyite (ZrO.) are the primary sources of zirconia. The zirconia content
of baddeleyite ranges from 96.5 to 98.5 Wt% [128]. This mineral is also source in

obtaining zirconium metal and its compounds.

Zirconium is the transition element that reacts with oxygen to produce zirconium
dioxide (ZrO.) at 400 °C, [129]. Due to the excellent electrical, thermal, optical and
mechanical properties, zirconia has received special attention in a wide variety of fields
[130-133]. It has a high melting point, high elastic modulus, low friction coefficient, high
hardness and stability against aggressive chemicals, etc. [129-132]. Some of these

characteristics influenced the interest of the ZrO; as a dental material.

For the first time, in 1969, zirconium oxide was used in a medical application for
orthopedics. It was suggested as a new material for hip head replacement instead of
titanium or alumina prostheses [134]. Such structural ceramics, based on ceramics such
alumina or zirconia, have been improved and became increasingly popular in dentistry,
with the purpose of replacing the metallic dental prostheses. Because of its biological,
mechanical, and optical properties, zirconia became a promising material among dental
ceramics, especially its use in CAD/CAM technology for producing various types of

prosthetic devices.

Zirconia structures used for dental purposes are manufactured using CAD-CAM
processes in two possible ways. One method mills the completely sintered block of
zirconia without any distortion (shrinkage) to the final structure. The drawbacks are the
large wear of the grinding tools and the generating of flaws created during machining,
which could reduce the mechanical properties of the samples [135,136]. The second
method is based on machining a green body-pre-sintered block, which ensures
mechanical properties and final dimension of the specimen after sintering, where the

resulting shrinkage can be compensated at the designing level [137,138]. CAD-CAM
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methods have three main steps: acquisition of digital data, designing, and computer
processing and manufacturing of the zirconia structure with enough accuracy and dyeing
to improve esthetics to be used in dentistry [139-146]. It is commonly used in dental
applications for manufacturing endodontic posts, implant abutments, bridges, crowns as

well as to make esthetic orthodontic brackets [147].
3.2 Phases transformation of zirconia

The spatial organization of the atoms in zirconia is characterized by three polymorphic
crystallographic structures. Its three phases are characterized by specific geometry, atom
arrangement, and dimensional parameters in crystal structure: monoclinic, tetragonal, and
cubic. At room temperature, pure zirconia has a monoclinic structure that is stable up to
1170 °C. Tetragonal zirconia is formed between this temperature and 2370 °C, while
cubic zirconia is formed at temperatures above 2370 °C (Figure 12 a,b,c). Depending on
process parameters, and cooling process, the tetragonal phase transforms to monoclinic
at about 970 °C with a big volume alteration (3-5%). This volume change is enough to

pass the fracture and elastic limits, resulting in cracks and flaws in ceramics [148].
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Figure 12. Crystal structure of (a) monoclinic, (b) tetragonal, (c) and cubic zirconia. [148].

The control of phase transformation of the tetragonal to monoclinic phase is used to
enhance the mechanical properties of zirconia. The adverse transmission, the monoclinic
to tetragonal transformation occurs at approximately 1170 °C, while the tetragonal to
monoclinic transformation occurs during cooling between 850 and 1000 °C, depending
on the strain energy. Consequently, the production of pure zirconia components is not
possible due to automatic failure. The addition of stabilizing oxides is critical because it

allows that tetragonal form could be maintained at room temperature [148].

Different oxides may be added to zirconia to stabilize it, such as calcium oxide (CaO),
yttrium oxide (Y203), or magnesium oxide (MgO), causing the tetragonal form to exist at
room temperature after sintering. The addition of different quantities of stabilizers allows
the creation of partially or completely stabilized zirconia, which, when combined with
process modifications, can result in ceramics with outstanding properties including high
hardness, high flexural strength, and fracture toughness, strong conductivity ions and
excellent chemical resistance [128]. A completely stabilized zirconia is obtained by
adding sufficient quantities of stabilizing oxides, such as 16 mol% magnesia (MgO), 8
mol% yttria (Y203), or 16 mol% of limestone (CaO).
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The transformation of tetragonal zirconia into monoclinic is a phenomenon affected by
temperature, particle size, steam, the concentration of stabilizing oxides, and also by
micro-and macrostructure of the material. Since the transformation to the monoclinic
phase is not achievable under 0.2 micrometers, the critical particle size for partially stable
zirconia to be preserved in the tetragonal state at room temperature is 0.2 to 1 micrometer
(for compositions ranging from 2% to 3 mol% yttria) [149].

3.2.1 Monoclinic zirconia

In monoclinic phase of zirconia, known as baddeleyite, the oxygen ions occupying
tetrahedral interstices have a coordination number of seven for Zr** ions, with an average
space of 2.07A between the zirconia ion and three of the seven oxygen ions. Since the
average distance between the zirconium ion and four oxygen ions is 2.21A, in the
structure, one of the angles (134.3°) differs significantly from the tetrahedral value
(109.5°). Therefore, the structure of the oxygen ion is not planar and a curve occurs in the

plane of the four oxygens, and the plane of three oxygens is erratic [148].

3.2.2 Tetragonal zirconia

The tetragonal phase of zirconia takes the shape of a straight prism with rectangular
sides. lons Zr** have a coordination number of eight, where the form once again appears
distorted due to the reality that four oxygen ions are at a space of 2.065A in the shape of
a tetrahedron plan, and four others are at a space of 2.455A in a tetrahedron that is
elongated and rotated 90° [150].

3.2.3 Cubic zirconia

Cubic zirconia is described by a plain cubic lattice of eight oxygen ions encircled by
cubic arranging of cations recognized as fluorite, i.e. the oxygens are found in the
tetrahedral interstices of a cubic lattice (CFC) of cations [150].
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3.3 Transformation Toughening of Zirconia

Transformation-toughened ceramics constitute the main family of flaw tolerant and
tough ceramics. These enhanced properties are usually observed at room temperature.
Zirconia is one of the most commonly used ceramics whose property has been based on
utilized on the phenomena of transformation toughening. Geller and Yavorsky (1945)
investigated the effect of transformation of certain zirconia grains on the thermal
expansion of zirconia ceramic, and it was discovered that partially stabilized zirconia had

advantages over completely stabilized zirconia [151].

The tetragonal phase can be metastable and if the metastable tetragonal phase is
present in appropriate amounts, then the applied stress, magnified by the stress
concentration at a crack edge, may allow and initiate the transformation of metastable
tetragonal phase to monoclinic, resulting in linked volume expansion. This phase
transformation and volume changes will then compress the crack, slowing its
development and improving fracture toughness (Figure 13). This technique is recognized
as transformation toughening, and it greatly extends the reliability and working life of the

products made by stabilized zirconia [152,153].

[ ] Tetragonal

S
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Figure 13. Transformation toughening mechanism in zirconia. [154]
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Three toughening mechanisms could be involved in zirconia and in dual phase oxides
containing zirconia, such as: stress induced transformation toughening, the evolution of
compressive surface layers as a result of transformation caused by surface stress and

toughening by micro cracking.

3.4 Dispersion-toughened ceramics

In dispersion-toughened ceramics, zirconia particles are dispersed in matrix of some
other materials. ZrO»-toughened mullite or ZrO»-toughened alumina are two examples of
dispersion-toughened materials that have been named ZTM and ZTA, respectively [154].
The tetragonal phase's stability at room temperature should be utilized by dopants,
controlled particle morphology, particle size, and location. In ZTA, for example, particles
larger than the critical size will convert into monoclinic phase upon cooling to room
temperature [155]. As an example, the commercial dental materials with dispersion-
toughened ceramic is In-Ceram Zirconia (Vita Zahnfabrik) which is composite of 30 %
glass and 70 % polycrystalline ceramic consisting of Al,03: ZrO; in a vol.% ratio of 70:30
[156].

There is ample scientific evidence on toughening of calcium phosphates ceramic. For
example, biphasic calcium phosphate (BCP), comprising 70 wt% of beta tricalcium
phosphate and 30 wt% of hydroxyapatites, was mixed with different amounts of 3 mol%
yttria-stabilized zirconia (YSZ) and sintered at 1200 °C to produce toughened bone
substitutes. The obtained fracture toughness value was approximately two times higher
than that of the original BCP. This was explained by the grain bridging of YSZ particles
during crack growth resistance, formation of microcracks on the tip of the larger cracks,
absorbing crack extension energy due to the volume expansion during YSZ tetragonal-

monoclinic transformation and crack deflection by the presence of YSZ particles [157].

ZrO»-hydroxyapatite composites obtained by spark plasma sintering (SPS) have inter

and intra particle porosities. The porosity level in the compacts (<3-42%) varied with
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sintering pressure (4.5-17.3 MPa), and apparently contributed to the increase in
indentation fracture toughness. It was found that powders and SPS compacts are
composed of HAp, tricalcium phosphate (TCP), zirconia (t- and ¢c-ZrOz) and CaZrOs. It
was found that the overall improvement to the fracture toughness can be attributed to a
combination of several toughening mechanisms. First, the ZrO> nano-particles, which are
distributed both in the matrix and in the shell of the hollow structures, would have
contributed to an increase in the overall fracture strength of the composite. Some amounts
of crack deflection and shielding would also have been in operation due to the presence
of these harder and tougher (ZrO2) particles increasing the overall toughness of the

compacts [9].

In order to improve the mechanical and cytocompatibility properties of hydroxyapatite
for medical applications, numerous investigators have proposed combining HAp with
high strength materials, specifically zirconia. It was found that sintering at lower
temperatures resulted in smaller nanometer grain sizes of the composites possessed with
increased surface roughness and a more stable HAp phase. It was suggested to optimize
osteoblast adhesion on HAp and partially stabilized zirconia composites for orthopedic

applications, by use of low sintering temperatures and low amounts of zirconia [158].

3.5 The types of zirconia used in dentistry

There are three types of zirconia already used in dentistry. Besides the fact that are
chemically similar, they have different physical properties such as density, porosity,
purity and mechanical properties, which may be important for clinical application. One
of these materials is completely sintered zirconia obtained using hot isostatic pressing,
also known as HIP zirconia. The sintering method uses pressures at elevated temperatures
in order to maximize the density of the ceramic materials. Partially sintered zirconia
(PSZ) is another type of ceramics, and non-sintered or "green state™ zirconia is the third
type [159]. Blocks of these types of materials are manufactured by using a spray-dried
zirconia powder that is then isostatically pressed and incompletely sintered. Such “softer”

ceramics are easy to machine in desired form comparable to HIP zirconia. After forming,
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the zirconia is sintered fully in an oven at temperatures ranging from 1350 °C to 1500 °C
to achieve its final density, form, physical and mechanical properties [160].

Zirconia based fixed partial dentures (FPD’s) have a broader range of applications than
other ceramics because they can be utilized on molars, they allow the development of
structures resistant to chewing stresses on posterior teeth [161]. Zirconia restorations can
be indicated for FPD’s supported by teeth or by implants, although some manufacturers
suggest them for full arch restorations, five unit FPD’s are reported to be the maximum
possible [162]. Restoration made of zirconia must have chamfer and rounded edges finish
lines with at least 1.5 mm occlusal and incisal width, and 1 mm axial width with 4 to 6°
taper of zirconia restorations are recommended [163].

3.5.1 Zirconia for implants and abutments

The relationship between zirconium oxide core and veneer ceramic is not well
understood. One of the worst aspects of these restorations is the core-veneer interface,
which can lead to ceramic chipping or cracking [164]. Various factors may affect veneer
cracking as variations in thermal expansion coefficients between firing shrinkage of
ceramic, core and ceramic, poor wetting by veneering core, defects on veneering. Special
ceramics for zirconia are now being produced in order to reduce this unfavourable feature,
but more assessment of zirconia core veneer bond must be performed [165]. The use of
tougher veneer ceramics with strong zirconia bond strength can minimize the risk of
chipping and delamination while in use. The liner material must only be utilized with
some layering veneers but not in combination with pressable veneers as it will result in
the weakening of the microtensile bond strength [165]. CAD/CAM zirconia dental
frameworks can be produced according to two various techniques: hard machining of
fully sintered blanks or soft machining of pre sintered blanks [166-168]. Frameworks can

also be prepared by slipcasting technique as with Inceram zirconia [169,170].

Zirconia implants are a relatively new concept [171]. Because of its high fracture
resistance comparative to alumina and other dental ceramics, zirconia has been utilized

in dental implant abutments [172]. Zirconia has a high affinity for bone tissue, and bone/
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implant interface, comparable to that seen around titanium dental implants [173-176].
Zirconia abutments give recent possibilities for implant restorations and provide enough
stabilization to sustain implant-retained reconstructions especially in the incisor and
premolar regions [175]. In areas where gingival tissue height is extremely low, zirconia

abutments are recommended [175].

The mechanical properties of zirconia can deteriorate with age. Wetness exposure
and mechanical stresses are basic to quicken this process [177]. Although ageing
decreases mechanical features of zirconia, resistance values reduce to clinically agreeable
values [178]. Further assessments are necessary because the long-term behaviour of
zirconia has yet to be investigated. Furthermore, the relationship between ZrO» ageing

and long-term loading must be assessed [156].

4. Dental inserts

Various calcium phosphates can be utilized, in dental practice as coatings and thin
films on the surface of metal implants, in the form of bioactive cements, for pulp capping
as well as fillers in dental composites and adhesives [179-183]. More recently, it has been

investigated as a dental insert to repair large cavities [13,14,15].

One of the most researched calcium phosphates for use in the dental field is
hydroxyapatite (HAp), which is the prime inorganic constituent of teeth and bones and is
often followed by more bioactive calcium phosphates or reinforced with some stronger

nanosized particles such as alumina or stabilized zirconia [9,184].

The aim of the Lezaja et al.’s work was to determine the shear bond strength (SBS)
between synthesized controlled porous hydroxyapatite (HAP) inserts and restorative
materials, as well as the dimensional changes of insert-containing restorations during the
curing process. The null hypotheses were that (1) there is no difference in SBS to HAP
inserts between restorative products, and (2) there is no difference in shrinkage strains
and displacements between groups with and without HAp inserts. Spherically
agglomerated nanosized HAp powder was hydrothermally synthesised. The synthesised

HAp powder was isostatically pressed at 400 MPa at 25°C for 30 seconds, yielding

31



uniform cylindrical samples 8 mm in diameter and 2 mm thick. A total of 0.18 g of powder
was used to make each specimen. Finally, the inserts were sintered at 1200°C for 2 hours
at a rate of 20°C/min. HAp inserts have been shown to bind well to dental composites
and to minimise polymerization shrinkage in insert-containing restorations in tests.
Significant variations in SBS, as well as disparities in volumetric shrinkage and
displacements between restorations with and without HAp inserts, were established,
therefore, rejecting the null hypotheses. Final thoughts the ‘total-etch' solution is
preferred for adhesive bonding resin-based composites to synthetic, controlled porous
HAp inserts. Also for an adhesive device comprising functional monomers capable of
chemical bonding with HAp, micromechanical interlocking is a significant adhesion
mechanism. In comparison to a flowable composite or a resin-modified glass-ionomer, a
universal composite is a safer choice for bonding HAp inserts to dentin. HAp inserts
decreased polymerization shrinkage in insert-containing restorations and may have acted
as a key stress reducer. HAp inserts could be used as a dentin substitute material when
mixed with composites or glass ionomers. Prefabricated HAp inserts, if proven to be
viable for therapeutic use, may reduce clinical working time in large cavities by restoring

the majority of the dentin [14].

HAp as a logical dentin replacement, is for many reasons a favourable material for the
processing of dental inserts as restorative mega ,,filler* for a main and central part of
dentin (Figure 14). Aside from the similar to human dentin, the benefits of HAp based
inserts compared to other ceramic materials include the possibility of chemical interaction
with functional monomer groups of commercial adhesives and bonding with resin-based
commercial composites or glass-ionomers, which can contribute to suitable bond strength

values in general between composite materials and insert.
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Figure 14. Schematic illustration of dental inserts used in restorative dentistry. [184]

Mechanical properties of bioceramic inserts, phase composition, and microstructure,
depend on the properties of starting HAp powder (Ca/P ratio, size, and shape of primary
particles, pore size distribution, level of their agglomeration, etc.), conditions and type of
pressing through forming of green inserts and used sintering technique and sintering
parameters (number of steps, heating rate, reached temperature, and time of final step,
etc.) [185-187].

According to previously reported findings, two various clinical methods, ,,self-etch*
and ,,total-etch* may be utilized in order to allow the application of adhesives to sintered
HAp-based inserts, whereby the shear bond strength (SBS) values of 12.2 + 2.1 MPa for
the ,,total-etch* approach surpassed those for the ,,self-etch* approach (8.2 £ 1.6 MPa)
[14]. Low values of fracture toughness restrict the utilization of HAp bioceramic implants
in some cases, particularly in regions where fracture toughness must be comparable to
surrounding natural hard tissue whose damaged part requires to be replaced [188]. Within
the case of human dentin, fracture toughness was found to be in the range of 1.13 — 2.02
MPamY2 [189], and generally comparable mechanical properties of insert materials, and
fracture toughness in that range, may be a reasonable prerequisite for mechanics of

restored teeth.
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4.1 Current state in the field of dental inserts

The purpose of Donly et al.’s study was to evaluate changes of internal tooth stress
created by placement and polymerization of a composite resin with and without addition
of dental inserts made of glass. Six different samples and techniques were used for tooth
regeneration with a posterior composite resin after making a mesio-occluso-distal (MOD)
preparation in each of the 12 permanent molars. I-polymerization as a single unit; Il-
polymerization as a single unit with glass inserts; 111 polymerization in gingival-occlusal
increments; 1V-polymerization in gingivo-occlusal increments with glass inserts; V-
polymerization in bucco-lingual increments; VI- polymerization in gingival increments
with glass inserts, then bucco-lingual increments; VII- polymerization in gingival.
Scheffj's test shows that composite resin placement and polymerization in bucco-lingual
increments (V) resulted in significantly decreased cuspal deflection compared to
polymerization as one complete unit, with or without glass inserts (1 and I1), and gingival-
occlusal increments (I11). Placement and polymerization in a gingival increment with
glass inserts, then bucco-lingual increments (V1), also created significantly less internal
deflection than polymerization as one complete unit, with or without glass inserts (I and
I1), and gingivo-occlusal increments (111). The results have shown that the applied method
that created the greatest amount of strain was the placement and polymerization of the
complete composite resin due to complete unit polymerization which has the largest
volume of composite when polymerized. In such a case, composite resin occupied the
entire preparation and pulled the buccal and lingual cusps internally through
polymerization-shrinkage contraction forces. Dental inserts are grown for both reasons,
to minimize polymerization contraction because the amount of dental composite used is
reduced, and to if possible strengthen complete restoration. Bucco-lingual incremental

placement and polymerization create the least polymerization shrinkage and stress [190].

Marjanovic et al. (2018) aimed to compare the optical properties (colour and
translucency) of resin-based composites and aesthetically unfavourable dentin
restoratives in a "sandwich" reconstruction. The EverX Posterior (GC), Biodentine
(Septodont), experimental hydroxyapatite (HAp), and conventional composites (Gradia
Direct Posterior, GC; Filtek Z250 and Filtek Z500, 3M ESPE) were used to make
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cylindrical ‘dentin' specimens (8§ mm in diameter and 2 mm wide, N = 5/group). For
covering dentin restoratives with undesirable aesthetics, a 2 mm thick coating of universal
microhybrid or nanohybrid composite is advised, resulting in a final ‘sandwich'
restoration that is aesthetically equivalent to a traditional, mono-composite control
restoration. Layer thickness had a big impact on translucency parameter (TP), while
shadow and layer thickness of the capping composite had a big impact on Color (AE).
HAp and Biodentine had a lower TP and a higher AE (difference from "ideal white") than
composites. EverX composite groups had higher TP than equivalent test groups of the
same hue and thickness. The TP of composites combined with Biodentine or HAp was
less than 2, which was significantly lower than the control groups. AE disparities between
groups were highest in HAp composite groups. The EverX Gradia and EverX FiltekZ250
variations had the closest AE to the control sets. For a final ‘sandwich' restoration that is
aesthetically equivalent to a traditional, mono-composite control restoration, a 2 mm thick
sheet of composite covering dentin restoratives with undesirable aesthetics is suggested.
The current findings revealed variations in the optical properties of final composite
restorations compared to various dentin restoratives, as well as the colour, thickness, and
composite form of the ‘enamel' composite coating. As a result, all null hypotheses were
rejected. 1 mm thick layers may be appropriate for the same results depending on the
composite and dentin restorative form. However, for aesthetically difficult dentin
restoratives like Biodentine, EverX, or HAp-like materials, capping layers thinner than 1
mm, particularly of light shades, are not recommended. Clinicians should be mindful that
the composite thickness has a strong inverse association with the restoration's
translucency. Slight differences in composite thickness, rather than shadow or material
form, may influence the final outcome in areas that need a highly transparent appearance
[15].

Goricl (2003) conducted research in class Il cavities to examine the fracture
resistance of two distinct posterior restorations. 24 intact human mandibular molars (for
testing) and 24 intact human teeth (for achieving contact) were utilised in this
investigation. The test teeth were separated into two groups and then put on the same

holder in a typical anatomic connection with undamaged human teeth. Each group was
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therefore made up of 12 pairs of teeth. In each holder, Class Il MO cavities were produced
on testing teeth. The other tooth was utilised to make contact with the other. The cavities
in group 1 were filled with direct composite resin and flowable composite from the
manufacturer. SONICSYS inlays (preformed ceramic inserts) were used to repair the
cavities in group 2 according to the manufacturer's recommendations. In an Instron testing
machine, the marginal ridges of the restorations were loaded at an angle of 13.58 to the
long axis of the tooth until failure occurred. Results. The fracture resistance of class 1l
SONICSYS inlay restorations (group 2) was found to be considerably higher than that of
class Il direct composite resin restorations with flowable composite (P = 0.000). The
enhanced fracture resistance of the ceramic insert restoration may be due to the
SONICSYS approx. tips, which were designed for the special demands of adhesive
dentistry. Using this design, the instrument's dimensions are transferred to the proximal
defect in a single process. The oscillating tip was placed into the prepared cavity with

light pressure and water cooling until the cervical transition was attained [191]..

Because of the enhanced strength of the reduction in the volume of polymerisable direct
resin material, class Il ceramic insert restorations exhibited less polymerisation shrinkage
than direct composite resin restorations in this investigation. As a result, the stronger bond
of class Il ceramic insert restorations is most likely to blame for the improved fracture
resistance (compared with the direct composite resin restorations). According to the
findings of this study, when executing class Il fillings, gaining contact with the next tooth
using SONICSYS roughly restorative system may be advised while conducting class Il
fillings. However, clinical research is required to confirm these results. Under simulated
occlusal loads, class Il circumstances treated with SONICSYS approx showed
considerably stronger fracture resistance than direct composite resin restorations,

according to the findings of this investigation [191].

Hahn et al. (1998) conducted a research to assess the marginal microleakage of a novel
glass-ceramic inlay system when used in conjunction with two distinct composite luting
materials and one polyacid-modified composite. After thermocycling, dye penetration
along the cavity walls was used to evaluate microleakage in this study. In addition, before
and after thermocycling, the marginal quality of the ceramic inlays used in this work was

examined using SEM. When comparing Cerana® inlays to Empress® inlays in research
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by Hahn et al., dye penetration in class Il cavities filled with Cerana® inlays in
conjunction with composite was not substantially different. There were no variations in

gap creation at the occlusal borders, according to SEM analyses [13].

Cerana®/Variolink ultra® had a larger proportion of perfect margins than
Empress®/Variolink ultra®. However, when Cerana® inlays were combined with a
polyacid modified composite in class Il cavities, only 52 percent of the occlusal borders
were not penetrated by the dye. In the SEM, 17 percent of the occlusal enamel margins
exhibited flawless adaptation and 56 percent of the occlusal enamel margins had gaps
following TC. The enamel in this group was not etched with phosphoric acid, as per the
manufacturer's instructions. The Dyract® group did not vary from the other materials in
terms of gap creation at the occlusal ceramic edges. It achieved a comparable level of
marginal adaptation as Empress® inlays. In SEM, the control group had the fewest
approximal enamel margin gaps, whereas the Dyract® group had the largest. Whereas
the combination of Cerana® with the high viscosity composite caused the least gap
creation at the approximal ceramic edges, the Empress® inlay system caused the most

leakage.

After heat cycling, a large proportion of flawless margins can only be achieved if the
restorative material adheres well to the tooth surface. According to the findings of Hahn
et al., the acid-etch process is capable of ensuring a tight occlusal margin. Even the well-
known Empress® inlays did not exhibit full adaptation at the gingival localisation, at the
cemento-enamel junction. While the results of Cerana® and Empress® inlays in
conjunction with a very viscous composite support their clinical usage, prefabricated
ceramic inlays in conjunction with a polyacid-modified composite cannot be advised [13].

Modern insert systems have been accessible on the dentistry market since the late
1980s, according to Federlin's research (2000). In general, two types of systems may be
distinguished: those that use preparatory tools in conjunction with standardised inserts
and those that do not. One of the purported benefits of insert systems is that
insert/composite restorations have superior marginal adaptation than simple composite
restorations: the incorporation of inserts minimises polymerization shrinkage stress and

lowers the total coefficient of thermal expansion. In vitro tests show that tailoring the
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insert size to the most perfect fit results in marginal adaption that is equivalent to ceramic
inlays. Inserts also make it easier to make a proximal touch. In terms of wear, there are
no notable differences between composite and implant restorations. During operating
procedures, the link between the implant and the composite is vulnerable to
contamination. In vitro findings of enhanced marginal adaption and greater wear
resistance are confirmed in short-term clinical studies. Long-term controlled clinical trials
are underway, but no results have yet been released. Based on the current in vitro and in
vivo data, it can be concluded that the insert technology has promising results, but more
research is needed to predict the clinical success of this alternative restoration procedure,
such as the stability of the insert/composite bond, fracture resistance of the overall

restoration, and wear behaviour.

In terms of science, the insert technique has no direct relationship with composite
restorations on the one hand, or indirect ceramic inlays on the other. Some writers use
clinical experiences with CAD-CAM technology to compare insert technology to
traditional restoration procedures and to scientifically evaluate the inserts. For insert
technology, the requirements given above can be used. Short-term clinical trials in vivo
support the in vitro findings of improved marginal adaption and wear resistance. Long-
term controlled clinical trials are now underway, although data is not yet accessible. There
is a scarcity of long-term clinical experience. In vitro and in vivo studies show
encouraging results, but more research is needed to predict the clinical effectiveness of
this alternative restoration process, such as the durability of the insert/composite

connection, the total restoration's fracture resistance, and wear behaviour [192].

Heintze et al. (2005) aimed to compare the marginal adaptation of adhesively luted
ceramic inserts in standardised cylindrical cavities of bovine dentin and enamel with the
marginal adaptation of adhesively luted ceramic inlays in extracted molars after
mechanical loading, and to calculate the minimum sample size required to differentiate
between material groups. The use of high flow composite resins (so-called resin cements)
in modern cementation is a time-consuming and technique-dependent method. High
internal tensions can arise during resin cement polymerization, producing rupture

between the restoration and cavity walls, as well as marginal leaking, especially when
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margins are located in dentin. The presence of peripheral enamel is crucial for proper
bonding of inlay/onlay preparations.

Clinical investigations suggest that using the percentage of continuous margin as the
only acceptable and predictive sign of clinical effectiveness is too strict to be used as a
metric for evaluating restorative materials, and clinical trials back this up. The presence
of minor gaps and inconsistencies is a typical clinical finding that cannot be avoided.
Obviously, the presence of such gaps has no effect on the survival rate of inlays. Because
of the high variability of test results, it seems logical to avoid using the laborious, time-
consuming, and expensive inlay model to evaluate luting cements until threshold values
and acceptance levels have been systematically established in prospective clinical trials,
including replicas for SEM evaluation. Because of its simplicity, standardisation, and
speed, the insert-dentin model with an acceptable sample size may be a useful approach
for screening luting agents for their capacity to correct for marginal inconsistencies. The
clinical significance, however, is still unknown. Longitudinal clinical trials are therefore
essential for evaluating the performance of luting agents, particularly when new product
concepts such as self-etching primers, self-adhesive cements, or cements containing new
compounds are to be used in conjunction with indirect restorations, particularly those with
high aesthetic function. When revisions of current products with long-term clinical
records are introduced to market, typical laboratory tests such as solubility, expansion,
flexural strength, adherence to dental surfaces, colour stability, and so on are adequate.
[193]
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5. Experimental Part

5.1. Synthesis and Processing of Materials
5.1.1. Synthesis of powders and inserts preparation

In this study, stoichiometric nanosized hydroxyapatite powders have been synthesized

using two methods: 1). Precipitation method. 2). Hydrothermal method.

1) Stoichiometric nanosized hydroxyapatite powder HAp: has been synthesized using
the precipitation method [187,188,194], starting from calcium oxide (obtained by
calcination of CaCOz at 1,000°C in air atmosphere) and 85% phosphoric acid solution.
Calcium oxide in small portions was added and stirred in distilled water and phosphoric
acid was added drop-wise in calcium hydroxide suspension, at stoichiometric Ca/P molar
ratio according to the equation:

10 Ca(OH)2 + 6 H3PO4 — Caio(PO4)s(OH)2 + 18 H20

The synthesis was performed at 94°C in open system and during the synthesis pH value,
the rate of reactant addition and time of reaction were kept under control. The final

suspension of HAp was spray-dried at 120°C.

2) HAp2 was synthesized by hydrothermal method [185, 195,196], using Ca(NO3)2.4H.0O
(11.80 g), Na2H2EDTA.2H20 (11.18 g), NaH2P04.2H20 (4.68g), and (NH2).CO (12.0 g)
as precursors, at stoichiometric Ca/P molar ratio. The precursors were dissolved in 1.5 L
deionized water, and the synthesis was performed in closed system in an autoclave by
heating a precursor solution at 160°C under the pressure of 8 bars. The precipitate was
filtered, washed with deionized water and dried at 105°C.

The plasma technology was used to synthesize nano-sized yttrium-stabilized zirconia
powder (YSZ), starting from zirconium (IV) carbonate (abcr GmbH &Co. - Germany)
and Y203 (Treibacher Industry AG - Austria). The nanosized powders of refractory
compounds and their composites are prepared by evaporation of coarse commercially
available powders of chemical elements and their compounds and subsequent

condensation of products into a radio frequency inductively coupled nitrogen plasma. The
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experimental apparatus (Figure 15) consists of a radio-frequency (5,28 MHz) oscillator
with a maximum power of 100 kW, a quartz discharge tube with an induction coil, raw
powder and gas supply systems, water-cooled stainless-steel reactor and heat exchanger,
and cloth filter for collecting powder. The flow rate of the plasma-forming gas (nitrogen)
is 7,2-8,0 m3/h, the feed rate of raw powders is 0,6-1,8 kg/h.

The calculated fractions of raw powders of chemical elements, as well as some oxides,
are premixed and introduced into plasma tail through 4 or 8 tubes by carrier gas.
Conditions of injection and particle size are determined by theoretical calculations and
preliminary experiments. The complete evaporation of raw powders can be reached by
varying the particle size and their injection rate, feeding rate, plasma velocity and
temperature [197]. The formation of products, their particle size, chemical and phase
composition are controlled by introduction of cold nitrogen, ammonia and hydrocarbon

into the reaction chamber [198].

Composite powder was obtained by mixing 80 wt% stoichiometric Hap: and 20 wt% YSZ

with an ultrasound procedure homogenized for 30 minutes (powder HAp/YSZ).
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Figure 15. Schematic view of the plasma apparatus for plasma processed nanosized-powders of refractory
compounds for obtaining fine-grained advanced ceramics.
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The composite powder was isostatically pressed into green bodies in the shape of a
cylinder (d = 6 mm, h =2 mm) at 100 MPa or 400 MPa (Figure 16). The comparative
dilatometric study of green bodies was performed on the system Setaram SETSYS
Evolution TMA, in the range of room temperature to 1350 °C, with a heating rate of 20
°C/min in the air atmosphere. With the same heating rate as in the case of dilatometric
analysis, the compacts of HAp/Y SZ powder were sintered at 1200 °C, 1250 °C and 1300
°C for 2 h.

Figure 16. Photographs of 1) The composite powder. 2) Insert green samples.

In the second part of the study, three separate dental inserts were processed using HApz,
HAp2 and HAp/Y SZ powders.

The first type of insert was prepared by a two-step sintering of powder HAp:. The
HAp: powder obtained was pressed isostatically at 400 MPa and sintered in two steps at
a heating rate of 20 °C/min. Green samples were first heated to 1075 °C and then cooled
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down to 980 °C after 15 min and then kept at the second step temperature during the next
24 h (inserts TSSHApP).

The second type of insert was processed by traditional single-step sintering of
hydrothermally synthesized Hap> powder. The obtained powder HAp> was pressed
isostatically at the same pressure as the first group of inserts and sintered for 2 h at 1200
°C with a heating rate of 20 °C/min (inserts HAp/TCp).

The third type of insert was prepared from the composite powder HAp/YSZ, which was
consolidated into green compacts by isostatic pressing at the same pressure as in the case
of the first and second group of inserts, and further heated with the same heating rate and
sintered conventionally at 1300 °C for 2 h (inserts HAp/YSZ).

5.2. Characterization of Materials

The morphology of starting powders and microstructure of fractured surface of
sintered dental inserts (insert surfaces etched with 37% phosphoric acid for 15 s
(Scotchbond Universal Etchant, 3M ESPE) and fractured surfaces after etching) were
visualized by TESCAN MIRA 3 XMU field emission scanning electron microscope
(FESEM), operated at 20 keV. All the samples before analysis were covered with a thin
gold layer, in order to provide conductivity. The element analyses of all HAp and YSZ
powder samples were carried out by an energy dispersive spectroscopy (EDS), Oxford
Inca 3.2, coupled with the scanning electron microscope (EDS) Jeol JSM 5800, operated
at 20 keV.

The particle size distribution of YSZ and HAp/YSZ powders was determined from water
dispersions using a laser particle size analyzer, Mastersizer 2000 Malvern Instruments
Ltd., UK. The phase composition of the powders and sintered inserts was determined by
X-ray diffraction analysis (XRD) using Ital Structure APD 2000 and Rigaku Smartlab
diffractometers, using CuKa radiation. The diffraction intensity was measured in the 20

range of 20—60° with a scanning step width of 0.02°.

The measurements of hardness were done on the polished surface of inserts using a

Buehler Indentament 1100 series, Vickers Indentation Hardness Tester. The fracture
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toughness assessment by the Vickers indentation method was done by generating cracks
at the corners of the indenter and the calculation of the toughness value using the

following equation [199] Kic = 0.0824 P-c %2, where P is the indentation load and c is the
induced crack length.

5.3. Shear bond strength test

The shear bond strength (SBS) test was performed for the HAp/YSZ sintered at
different temperatures, TSSHAp and HAp/TCp inserts. Dental materials used for SBS
measurements are shown in Table 4.
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Table 4. Details on the tested materials

Material Manufacturer | Type Composition*
Conventional
Filtek™ ﬁog}?gs';el\'ﬂ ’ITE"SCF[E BisEMA6,  UDMA,  BisGMA,
Z250 Si/ Paul. MN USA, TEGDMA, silane-treated ceramic (75—
Universal ' ’ ’ 85 wt%), benzotriazol, EDMAB
Restorative | 3M ESPE, St. | Microhybrid
universal composite
Adhesive, Total | BisGMA, HEMADMDMA, ethanaol,
Paul, MN, Etc? orI Self Etch | water,
Sinale USA rotoco silica filler (5-15 wt%), 2- propenoic
g 3M ESPE, St. Paul, | acid, 2-
Bond MN, USA
Uni : ‘ methyl-, reaction products with 1,10
niversal Universal adhesive
(SBU) decanediol and phosphorous oxide
System (P205),
copolymer of acrylic itaconic acid,
camphorquinone, EDMAB, toluene
GC Fuji | GC Auto-cured resin- HEMA, UDMA, tartaric acid, 2-
VI Corporation, modified Glass- Hydroxy-
(Fuji VIII) | Tokyo, Japan lonomer cement 1_,3 dimethacryl oxypropane, glass
fillers
Maxcem Kerr Self-adhesive, resin | Methacrylate ester monomers, mineral
Elite Corporation, luting cement fillers, Ytterbium fluoride, activators,
(Maxcem) | Orange, CA, -
USA stabilizers, colorants

* Manufacturers' material safety data sheets. Abbreviations: HEMA -2-hydroxyethyl methacrylate; Bis-
EMA - ethoxylated bisphenol A glycol dimethacrylate; UDMA - urethane dimethacrylate; Bis-GMA -
bisphenol A diglycidyl ether dimethacrylate; TEGDMA- triethylene glycol dimethacrylate; EDMAB - ethyl-
4-dimethylamino benzoate, BisEMAG - Bisphenol A polyethylene glycol diether dimethacrylate, UDMA -
Diurethane dimethacrylate, DMDMA - Decamethylene dimethacrylate.

Different groups of samples were prepared, depending on the type of: insert surface
treatment, adhesive application and restorative material application. Details of the
preparation procedure in each group are given in Table 5. Five samples per each
group/type (N = 5) were prepared.

45



1) 2250 _SBU_TE is etched insert for 15 s, applied Single Bond Universal, light cured
for 20 s, applied 2mm thick layer of dental composite Filtek Z250 and light cured for 40

S.

2) Z250_SBU_SE is no acid etching of the inserts, just Water rinsing and Mild air-drying,
applied Single Bond Universal, light cured for 20 s, applied 2mm thick layer of dental
composite Filtek Z250 and light cured for 40 s.

3) Fuji V11 is no surface treatment of inserts was performed, just Water rinsing and Mild
air-drying, there is not an adhesive application, Fuji VIII was prepared by mixing

instructions, applied directly to the untreated surface left to set for 10 min.

4) Maxcem is no surface treatment of inserts was performed, just Water rinsing and Mild
air-drying, there is not an adhesive application, Maxcemsingle layer, pressed though the

mixing tip from the original cartridge, light-cured for 20 s using the same LEdition unit.

5) Maxcem-+acid, inserts were etched for 15 s, rinsed with water and mildly air-dried,
there is not an adhesive application, Maxcem single layer, pressed through the mixing tip

from the original cartridge, light-cured for 20 s using the same LEdition unit.

For inserts HAp/YSZ, first two types of test groups (1 and 2) were prepared for
SBS test, while all five groups were prepared with inserts TSSHAp, HAp/TCp and
HAp/YSZ sintered at 1300 °C.

Each sample was prepared by placing an insert into a custom-made mold (Figure 17), 6
mm in diameter and 2 mm deep bottom part for insert placement and 3 mm in diameter
and 2 mm deep upper part for restorative material application. Inserts were placed in the
bottom part of the mold. The diameter of the inserts fitted the mold. The adhesive was
rubbed into the insert surface, air-dried and light-cured using an LED light-curing unit
(LEDition, Ivoclar Vivadent, Schaan, Liechtenstein) at an intensity of 800 mwW/cm?.
Composite material was applied on top of the insert in one 2-mm increment by filling the
entire upper part of the mold and light-cured using the same light source. All samples
were kept dry at 37 °C for 24 h before SBS testing.
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Table 5. Preparation procedure in each group

Light-curing for 20 s at 1 mm distance

Group > Z250 SBU TE | Z250 SBU_SE Fuji VI Maxcem | Maxcem +
acid etching
Procedure vV
Acid etching
Acid etching with with 37%
37% phosphoric . phosphoric
Insertsurface | acid, 15°s Water rinsing acid, 15 s
treatment ild air-drvi
Water rinsing Mild air-drying Water rinsing
Mild air-drying Mild air-
drying
Rubbing SBU adhesive for 20 s with a
Adhesive disposable applicator onto the insert No adhesi licati
application su.rface. . o adhesive application
Mild air-drying

Restorative
material
application
(standardized
mold & 3 and
2 mm thick
placed on the
top of insert)

Z250single layer, applied and adapted
with a spatula, light-cured for 40 s at 1

mm distance

Fuji VIl

mixed per

instructions, | Maxcem  single layer,
single layer | pressed though the mixing
adapted tip from the original
with a | cartridge, light-cured for
spatula, 20s

left to set

for 10 min
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Figure 17. Photographs of 1) Inserts etched with phosphoric acid 37% and copiously rinsed with water and mildly
air-dried 2) and 3) Negative model of insert; 4) LED light-curing; 5) Composite material was applied on top of the
insert.

The SBS was measured using a knife-edge shearing blade in a universal test machine
(Force Gauge PCE-FM200, Southampton, United Kingdom), as shown in Figure 18.
Force was applied to the composite/restorative material build-up parallel to the
composite-adhesive-insert interface 1 mm from the bonded surface at 1 mm/min speed
until fracture. SBS (z) in MPa was calculated using the maximum force reached (F in
Newton) and bonded surface area (A in mm?) according to the equation: =F/A.
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Figure 18. Photographs of 1) Universal test machine (Force Gauge PCE-FM200, Southampton, United Kingdom) to
measure SBS; 2) Knife-edge shearing blade.

Statistical analysis was performed in Minitab Express (Minitab Inc., State College, PA,
USA). SBS data were analyzed using a two-way analysis of variance (ANOVA) for
factors *material” and ’application protocol’ as well as their interaction and the General
Linear Model (GLM) for factors “Insert type” and “Material/Treatment” and their

interaction at 0.05 level of significance.
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6. Results

6.1. Characterization of HAp1, HAp2 and YSZ powders

Table 6 displays the elemental analysis of starting powders. In the case of HAp:
powder, the stoichiometric molar ratio Ca/P of 1.67 has been confirmed. EDS spectra of
yttrium-stabilized zirconia powder showed that Y SZ contains approximately 4.75 at% of
yttrium as a stabilizer. Figure 19 shows SEM micrographs of both powders. HAp: powder
was composed mainly of elongated particles 50-100 nm in size (Figure 19a), while two
different types of particles were visible on the SEM image of YSZ powder (Fig. 19b and
19¢). Nano-particles had a relatively spherical shape, less than 50 nm in size, whereas

spherical micron-sized particles had a diameter of about 1 pm.

Table 6. The quantitative results of EDS analysis

HAp
Ca, at% P, at% 0, at%
18.66 11.16 70.18
YSZ
Zr, at% Y, at% O, at%
18.56 4.75 76.69
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Figure 19. SEM micrographs of: a) HAp1 powder, b and c) YSZ powder.

Figure 20a shows SEM micrograph of HAp: powder, which was used to process TSSHAp
inserts. The powder consists of soft agglomerated rod-like particles. Previously,
monophasic hydroxyapatite powder composition and stoichiometric Ca/P molar ratio of
1.67 are confirmed [184,187,203]. HAp2 powder, which was used for the processing of
second type of inserts contains spherically agglomerated rod-like particles (Figure 20b).
EDX analysis showed that the molar ratio Ca/P was 1.45, indicating a calcium deficiency
in HAp2 powder. Analysis of XRD showed only peaks corresponding to the crystalline
phase of hydroxyapatite [200].
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500 nm

Figure 20. FE-SEM micrographs of powders: a) HAp1, b) HAp2, c) YSZ.

Particle size distribution of HAp: powder, determined in previous investigations
[186,188] showed that agglomerated particles ranged between 200 nm to 5 pum. Particle
size distributions of YSZ and HAp/YSZ after ultrasound treatment are shown in Figure
21. YSZ powder was composed of agglomerated particles in the range of 150 nm to a few
microns, according to particle size distribution of YSZ powder per number (Figure 21a).
The largest number of particles was a few hundred nanometers in size. Most of the YSZ
powder volume consisted of micron-sized particles (Figure 21b), whose number is
relatively low (Figure 21a). The composite powder consisted of agglomerates between

300 nm and a few microns in the range (Figure 20a).
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Figure 21. a) Number and b) volume particle size distribution of yttrium-stabilized ZrO2 and composite powders.

XRD pattern of HAp: powder displayed peaks only corresponding to the
hydroxyapatite phase (Figure 22) and perfectly matched the standard pattern of
hydroxyapatite (Card No. JCPDS 9-432). XRD analysis of stabilized zirconia powder
confirmed the presence of t-ZrO, as dominant phase (Card No. JCPDS-80-0965) and also
the typical reflections of m-ZrO, (Card No. JCPDS:37-1484) as a phase presents to a
much lower content [201,202].
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Figure 22. XRD patterns of: a) HAp; and b) YSZ powders.

HAp/YSZ powder dilatometric analysis was performed at a heating rate of 20 °C/min up
to the temperature of 1350 °C. Under the same conditions, HAp; powder was analysed as
a control sample to test the effect of YSZ addition (Figure 23). The addition of YSZ
powder affected lower shrinkage by approximately 4% compared to pure HAp. In the
range of 1200 °C to 1300 °C, the dilatometric curve for HAp/YSZ showed very low
shrinking. Based on the dilatometric curves, sintering temperature of green insert samples
was determined to be 1200 °C, 1250 °C and 1300 °C for 2h.
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Figure 23. Dilatometric curves of HAp/YSZ of HAp; as a control.

6.2. Characterization of the HAp/YSZ sintered samples

XRD patterns of composite inserts sintered at 1200 °C, 1250 °C and 1300 °C for 2 h
(Figure 24) showed peaks that correspond to HAp. No other phases of calcium phosphate
were observed. All peaks of zirconia were perfectly matched with the peaks of t-ZrO»
(Card No. JCPDS-80-0965), in the case of inserts sintered at 1250 °C and 1300 °C,

whereas in the case of inserts sintered at 1200 °C, low amounts of m-ZrO, were detected.
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Figure 24. XRD patterns of sintered HAp/YSZ insert materials.

Figure 25a-c shows fractured surfaces of inserts pressed at 100 MPa and further
sintered at the temperatures mentioned above. Porous microstructures were observed in
all cases, but there was also a visible decrease in the number of pores with irregular shape
and overall porosity, with an increase in sintering temperature. In the case of the insert
sintered at 1300 °C as a final isothermal step (Figure 25c), the most densified and most
uniform microstructure was observed, as well as the uniform distribution of nanosized

yttrium-stabilized ZrO, particles.

56



g A0 pm ST R

Figure 25. SEM micrographs of inserts pressed at 100 MPa and sintered at: a) 1200 °C, b) 1250 °C and c) 1300 °C
for 2 h.

The relatively porous microstructures of the composite HAp/YSZ inserts affected the
relatively low hardness values shown in Table 7. In the case of an insert sintered at 1300
°C for 2 h, the maximum hardness of 2.72 £+ 0.06 GPa and accompanying fracture
toughness of 1.61 + 0.04 MPam'? were measured. This value of fracture toughness is

relatively high for HAp based bioceramics.

Table 7. Mechanical properties of sintered inserts pressed at 100 MPa

Insert Hardness (HV), GPa Fracture toughness (Kic),
MPam?Y/2
HAp/YSZ-1200 2.18 +£0.10 1.44 +0.05
HAp/YSZ-1250 2.60 £ 0.02 1.47 £ 0.02
HAp/YSZ-1300 2.72 £ 0.06 1.61+0.04
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During the formation of green insert specimens, the application of 400 MPa isostatic
pressure provided significantly higher densification levels under the same sintering
conditions (Figure 26a—c). On the fractured surfaces of inserts a significantly smaller
number of pores is visible as well as a uniform distribution of YSZ particles of nano and
micron size. Upon temperatures increasing from 1200 °C to 1300 °C, microstructures
became denser, and the hardness of HAp/Y SZ slightly increased from 3.90 + 0.20 GPa to
3.95 + 0.12 GPa (Table 8), which were the certainly higher values compared to inserts
pressed at 100 MPa.

Figure 26. SEM micrographs of inserts isostatically pressed at 400 MPa and sintered at: a) 1200 °C, b) 1250 °C and
c) 1300 °C for 2 h.
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Table 8. Mechanical properties of sintered inserts isostatically pressed at 400 MPa

Insert Hardness (HV), GPa Fracture toughness (Kic),
MPam?/2

HAp/YSZ-1200 3.90+0.20 1.88 £ 0.03
HAp/YSZ-1250 3.92+0.08 1.82 +£0.04
HAp/YSZ-1300 3.95+0.12 1.85+0.02

In the case of inserts isostatically pressed at 400 MPa, a significantly lower increase in
hardness was noticed with an increase in the sintering temperature compared to inserts
pressed at 100 MPa. Table 8 shows the very high and similar fracture toughness values
of sintered inserts. The fracture toughness ranged from 1.82+0.04 MPam? to 1.88+0.03
MPamY2, which were certainly higher than 100 MPa pressed inserts and generally
relatively high values for dentin replacement materials based on HAp.

6.3 Shear bond strengths of the composite inserts

For analyzing the SBS of composite inserts with Single Bond Universal adhesive and
universal composite Z250, two separate protocols, ,, total-etch “and ,, self-etch” were
used. Figure 27 shows HAp/YSZ insert etched surface sintered at 1250 °C after etching
with phosphoric acid concentrate 37 % for 15 s. The relatively rough surface is visible
after etching and YSZ particles are also mostly deagglomerated and distributed relatively
equally in the HAp matrix.
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Figure 27. SEM micrographs of two randomly selected places on the etched surface of insert sintered at 1250 °C
and used in the ,total-etch” protocol of adhesive application.

The results of the “total-etch” and “self-etch” groups of SBS measurements are shown
in Figure 28. No statistically significant differences between sintered inserts at different
temperatures (p=0.1808) and application protocols (p=0.4077) were reported by
ANOVA. There was also no important interaction between these variables (p=0.8170).
This indicates that both “total-etch” and “self-etch” adhesive application protocols
resulted in comparable SBS values for each insert group. In addition, all inserts performed

similarly in terms of SBS within each application protocol.

The values of SBS of restorative materials to HAp/YSZ inserts were in the range
between 10.50 + 4.94 MPa (SBU_SE) and 7.03 £ 0.97 MPa (SBU_TE). In the case of
both protocols, due to the increase in the mean SBS values of restorative materials to
HAp/YSZ inserts with a sintering temperature increase from 1200-1300 °C, inserts were
also sintered at 1325 °C and under the same conditions, SBS was measured. After
measuring SBS of four groups of inserts, slightly higher mean SBS were measured with
inserts sintered at 1300 °C (Figure 28). In applying the “total-etch” procedure, mean SBS
values increased with temperature increase to 1300 °C and then decreased as the sintering
temperature increased to 25 °C. For the ,,self-etch* approach, the mean SBS value also

dropped with the increase in the sintering temperature to 1325 °C.
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Figure 28. SBS of HAp/YSZ inserts sintered at different temperatures bonded to dental composite using adhesives
applied by ,total-etch” or ,self-etch” protocol.

6.4. Characterization of TSSHAp, HAp/TCp and HAp/YSZ inserts

XRD patterns of the inserts TSSHAp and HAp/TCp are given in Figure 29. Only peaks
corresponding to hydroxyapatite were visible in the XRD pattern of TSSHAp inserts,
according to the standard JCPDS 9-432 card (Figure 29a). Hydroxyapatite is the main
crystalline phase of the inserts HAp/TCp, but there are also some quantities of 3-TCp and
a-TCp (Cards No. JCPDS 09 -0169 and JCPDS 09-0348), Figure 29b. As it was shown
(Figure 23), HAp/YSZ inserts sintered at 1300 °C contains HAp as the only calcium

phosphate phase as in the case of TSSHAp inserts, and stabilized tetragonal zirconia.
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Figure 29. XRD patterns of inserts: a) TSSHAp, b) HAp/TCp.

SEM micrograph in Figure 30a shows the acid etched surface and fractured surface of the
TSSHAp insert (lateral side of the etched surface). SEM micrograph (Figure 30a)
confirmed full density of TSSHAp inserts, whereas the fractured surface acid-etched side
(right edge of the sample shown in the micrograph in Figure 30a) and the acid-etched
surface, shown in Figure 30b, resulted in relatively low effect of etching with standard
37% phosphoric acid. Figure 30b, acid etched surface of TSSHAp insert, shows relatively
flat and non-porous surface, where the boundaries of grain have been etched while HAp

grains are stable.
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Figure 30. TSSHAp inserts: a) Fractured surface and b) acid etched surface.

Fractured surface of HAp/TCp insert showed porous microstructure (Figure 31a), similar
to previously published results related to dental inserts obtained under similar conditions
of processing [14], whereas calcium chloride (CaClz) was the source of calcium, instead
of calcium nitrate (Ca(NOz3).). Figure 31b showed that the etched HAp/TCp insert surface
was significantly more porous than TSSHAp. Pores sizes were up to 2 um on the etched
surface, while the right edge of the sample was shown in Figure 31a showed an etching

depth of up to approximately 2,5 pm.
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Figure 31. nAr/TCp inserts: a) Fractured surface and b) acid etched surface.

Figure 32a shows that the HAp/YSZ insert etching depth was up to around 2 um. Figure
32b confirms an important etching effect, especially on the HAp matrix. There was also

noticed uniform distribution of zirconia particles after etching.

Figure 32. HAp/YSZ inserts: a) Fractured surface and b) acid etched surface.

Hardness and fracture toughness of the inserts are given in Table 9. Hardness
differences between the three types of inserts were statistically significant (p < 0.05), with
TSSHAp having the largest and HAp/TCp having the lowest hardness values. On the
other hand, fracture toughness of HAp/Y SZ was significantly higher (p < 0.05) than those
of HAp/TCp and TSSHAp. The last two types of inserts presented no significant variation

in fracture toughness (p > 0.05).
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Table 9. Hardness and fracture toughness of used inserts

172

Insert Hardness (HV), GPa g pyre toughness (Kic), MPam
TSS HAp 5.22+0.10 1.02+0.015
HAp/TCp 3.71+0.12 1.19+0.35
HAp/YSZ 3.95+0.12 1.85+0.02

6.5. Shear bond stress

Figure 33 and Table 10 summarize the SBS values of the tested groups and statistical
significance between the tested factors. Two-way interaction of the factors “insert” and
“restoration” was not significant (p = 0.244), while both “insert” and “restoration” main
effects were significant (p < 0.005 and p < 0.001, respectively). Concerning factor
“insert,” Tukey's pairwise comparison of marginal means showed significantly higher
SBS for TSSHAp than HAp/YSZ (p < 0.05). SBS of HAp/TCp was not significantly
various from TSSHAp and HAp/YSZ (p > 0.05). Concerning factor “restoration,”
Z250_SBU in both TE and SE adhesive application modes showed significantly higher
SBS compared to Maxcem and Fuji VIII groups (p < 0.05). Higher SBS compared to
Maxcem and Fuji VIII groups (p < 0.05). Phosphoric acid etching slightly improved SBS
of Maxcem compared to Maxcem without etching, albeit the difference did not reach
statistical significance (p > 0.05). Fuji VIII showed comparable SBS to Maxcem without
acid etching (p > 0.05) and was significantly lower than Maxcem with acid etching (p <
0.05).
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Figure 33. Box-and-whisker plots of SBS values between the tested groups.
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Table 10. Summary of the GLM statistics. Mean and standard deviation (SD)
values relate to the tested factors e.g. one insert type comprising SBS values for all
restorative materials and vice versa one material/treatment group comprising SBS
values for all inserts. Groups sharing the same letter were not significantly
different (p > 0.05).

Source DF Seq SS Adj SS F p

Insert 2 203.57 161.99 5.77 0.005
Restoration 4 1,741.78 1,735.5 30.89 0.000
Insert*restoration 8 149.44 149.44 1.33 0.244

Grouping information using Tukey Method and 95.0% confidence

Insert Mean Grouping
TSSHAp 9.9 A
HAp/TCp 8.9 AB
HAp/YSZ 6.5 B
Restoration Mean Grouping
7250 SBU_SE 14.9 A
7250 SBU_TE 12.5 A
Maxcem + etching 7.4 B
Maxcem 4.4 BC
Fuji VIII 3 C
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7. Discussion

The stoichiometric nature of the HAp powder, confirmed by the EDS analysis and by the
absence of the phase transformation after sintering, was a great prerequisite for
determining the effect of tetragonal zirconia on the fracture toughness, hardness and SBS
of bioceramic inserts. It was shown previously that the absence of HAp phase
transformation to other phases of calcium phosphate at high temperatures had a positive
effect on the sintering process and consequently on the fracture toughness of sintered
HAp based materials [188, 203, 204].

Further, the YSZ powder synthesized by plasma method consists of spherical
nanoparticles uniformly distributed in the HAp matrix and a certain smaller number of
spherical microparticles, has complete phase transformation of m-ZrO; to t-ZrO,, at
temperatures above 1250 °C. In order to improve fracture toughness of synthesized
inserts, the idea was to use YSZ powder consisting of nanoparticles and microspheres and
in that way to apply two different but synergetic mechanisms for improving fracture
toughness.

The composite HAp/YSZ powder had similar particle size distribution as soft
agglomerated HAp powder after homogenization and ultrasound treatment (agglomerated
particles ranged from 200 nm to 5 um [186,188]). Minimum agglomerate size values of
HAp/YSZ powder approximately 300 mn, slightly larger than pure HAp, indicated the
connection of YSZ particles to soft agglomerated HAp. This was a prerequisite for
obtaining uniform and relatively dense green compacts. Dilatometric analysis of both
HAp compacts (Figure 22), with and without 20 wt% of Y SZ particles, shows differences
in shrinkage during sintering at temperatures higher than 1000 °C, due to the presence of
YSZ particles in the HAp matrix. The shrinkage of both samples becomes insignificantly
small with heating after 1200 °C. Because of this, and the fact that at the temperatures in
the range of 1200-1300 °C occurred full phase transformation of m-ZrO; to t-ZrO», it
was decided to investigate the effect of the temperature of isothermal part of the sintering
curves on the microstructure and the mechanical properties of the inserts at 1200 °C, 1250
°C and 1300 °C [184].
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Within the sample pressed at 100 MPa, the porous microstructures (Figure 25), and
relatively low hardness (Table 7) of sintered samples showed that the densification
process was not completed. However, in the case of the insert sintered at 1300 °C, a

2 indicated a positive effect

relatively high value of fracture toughness 1.61 £ 0.04 MPam
of uniformly distributed t-ZrO, nanoparticles in the HAp matrix. Following the formation
of green bodies under the 400 MPa isostatic pressure, significantly intensive densification
was achieved, which is verified by microstructures shown in Figure 26, and by a higher

hardness of about 4 GPa (Table 8).

The fracture toughness values higher than 1.80 MPam*2showed the significant positive
influence of integration YSZ on strengthening and reinforcing the matrix of HAp. The
above-mentioned two possible mechanisms for increasing fracture toughness by
incorporating YSZ synthesized by the plasma method could provide an explanation for
the relatively high fracture toughness of the processed dentin substitutes. The first was
based on the addition of mechanically superior deagglomerated and uniformly distributed
stabilized nanoparticles of zirconium that would enable resistance to crack propagation
through the material, by shortening the cracks and making the material tougher. The
second is the effect due to the presence of hard microspheres of YSZ, which affects the
crack shortening by hiding around the spherical micro-particles, whereby the crack loses
energy and becomes shorter. Kumar et al. had earlier explained this toughening
mechanism and the effect of spherical ZrO. particles on crack deflection [9]. Such
mechanism of the influence of spherical micro-agglomerated HAp particles was later
confirmed by Veljovic et al [185]. The effect of the integrated YSZ particles in the HAp
matrix is evident by comparing hardness and fracture toughness of such inserts with those
of a similar HAp without YSZ sintered at identical processing conditions (HV = 2.39 +
0.24 GPa, Kic = 0.28 + 0.080 MPam?) [187].

The hardness values of the obtained HAp/YSZ inserts were in the range of previously
published values for HAp-based bioceramic materials with incorporated various
stabilized types of ZrO> [157,205- 207]. Considering that human dentin fracture hardness
is within the range of 1.13—-2.02 MPam?, it can be concluded that the inserts obtained in
this work have values closer to the upper limit. HAp/Y SZ fracture toughness values from
1.82 + 0.04 MPam*? to 1.88 + 0.03 MPam*? are relatively high compared with the values
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previously published for dense bioceramic materials based on HAp [187, 188, 208, 209].
Relatively small variations between the inserts sintered at three different temperatures in
the values of hardness and fracture toughness showed a significantly greater influence of

the YSZ addition compared to the sintering temperature.

By comparing the values of fracture toughness and hardness of the inserts obtained in this
study with these values of the HAp-based dental inserts previously published (HV = 3.05
+0.05 GPa, K¢ = 1.30 = 0.01 MPam'? [14]), we can conclude that HAp/YSZ inserts are
considerably harder and tougher. It could be concluded that in the case of all final stage
temperatures, the tooth mechanics would be significantly improved after restoration with
HAp/YSZ inserts. SBS values measured with commercial restorative materials during
different clinical procedures did not show any important differences from the point of the
application. For both protocols, the highest mean values of SBS were measured (9.32
3.79 MPa in the case of ,,total-etch®, 10.50 + 4.94 MPa in the case of ,,self-etch* approach)
for the insert sintered at 1300 °C. Results obtained for biphasic HAp/TCp inserts
previously published [14] showed that in the case of the "total-etch™ protocol, higher SBS
values were obtained, while phosphoric acid etching did not have such a beneficial effect
on adhesion in the case of HAp/YSZ inserts. This result can be explained by the fact that
acid etching of YSZ ceramic, even with hydrofluoric acid, has a limited effect on bond
strength [210]. In comparison to the previous findings for HAp/TCp inserts [14], the
addition of 20% YSZ powder to HAp inserts may be responsible for the inefficiency of
acid etching pre-treatment in this study. It can be concluded that resin-based composites
could be adequately bonded to HAp/YSZ inserts sintered at 1300 °C. In addition, the
values of fracture toughness and hardness of the inserts show the possibility of using them

as substitutes for dentin.

Though the mean SBS values in the "self-etch” groups were slightly higher, there was
no statistically significant difference between the protocols "total-etch™ and "self-etch".
The probable reason for this finding is the relative inefficiency of phosphoric acid in their
clinically acceptable concentrations of 32—-37 %. This would suggest equal opportunities
for dentists without having to change their clinical procedures to apply their chosen

adhesive application method.
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The research has resulted in HAp and YSZ-based dentin substitutes, which can
potentially be used as dental inserts in dental restorative medicine. The mechanical
properties of insert fillers achieved in this study, as well as the contact mechanics between
inserts and commercial adhesive and composite, obtained by application of two different
clinical protocols, can be a good starting point for satisfactory tooth mechanics after the
incorporation of the dentin substitutes.

The aim of this study was also to analyze comparatively the microstructure, phase
composition, fracture toughness and hardness of different types of dental inserts based on
HAp and also SBS between the inserts and different restorative materials. The influence
of different clinical protocols on the SBS between the inserts and commercial dental

adhesive and composites was also investigated [211].

In order to fulfil the aims of this work, for the preparation of dental inserts as dentin
substitutes, two separate HAp powders and yttrium-stabilized zirconia powder were used.
Soft agglomerated stoichiometric HAp nano-particles (Figure 20a) have been verified as
adequate starting material for the application of two-step sintering, as the method which
implies densification at certainly lower temperatures than traditional processes [187]. The
highest density of 3.11 g/cm? near the theoretical for hydroxyapatite (3.16 g/cm®) was
reached during the optimization of two-step sintering conditions by applying 1075 °C in
the first step and then at 980 °C as the temperature of the final step. Hydroxyapatite was
not converted into B-TCp and a-TCp due to the relatively low temperature of the final

sintering phase and the stoichiometric Ca/P ratio of the powder.

As a consequence, monophasic dense inserts (Figure 29a and 30a) were obtained
(TSSHAp). On the other hand, spherically agglomerated rod-like particles (Figure 20b)
were suitable for the preparation of controlled porous inserts (Figure 31) by traditional
sintering at relatively high temperatures (2 h at 1200) °C. The high temperature and Ca/P
ratio lower than stoichiometric have caused the partial conversion of HAp to more soluble
phases, B-TCp and a-TCp (Figure 29b). Therefore, porous multiphase inserts HAp/TCp
with density 2.79 g/cm? were obtained. The third used type of samples in this comparative
study was the composite inserts based on 80 wt.% of soft agglomerated stoichiometric

HAp nano-particles (Figure 20a), and 20 wt.% of nanosized yttrium-stabilized zirconia
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(Figure 20c), sintered at 1300 °C for 2 h [184,211]. As it was mentioned earlier in this
work, during the previous investigation of processing conditions to optimize the
mechanical properties and microstructure of inserts based on hydroxyapatite and zirconia,
various pressures were applied during the formation of green bodies and different insert
sintering temperatures. HAp/YSZ inserts isostatically pressed at 400 MPa and further
sintered at 1300 °C were utilized in the study due to measured fracture toughness close to
the maximum values, maximum hardness, density and mean SBS values between inserts
and resin based composites and commercial adhesive [184]. Although the sintering
temperature was high, the HAp matrix densification was lower than in the case of
TSSHAp, where, due to the stoichiometric Ca/P ratio of the powder, monophasic HAp

matrix (Figure 29¢), was obtained.

According to the density nearby to the theoretical value for HAp, the maximum
hardness value (Table 9) was obtained in the case of TSSHAp inserts. Fracture toughness
of these inserts was at the level close to literature values for human dentine [189]. Due to
the lower densification of the HAp matrix in the presence of tough zirconia particles, a
significantly lower hardness value was measured in the case of composite HAp/YSZ
inserts. On the other hand, adding 20 wt.% of YSZ resulted in a significant improvement
in the fracture toughness, which was a relatively high value for bioceramics based at HAp
[184]. Controlled porous HAp/TCp inserts had hardness value similar to the hardness of
HAp/YSZ, as well as similar to previously published results [212]. Fracture toughness of

HAp/TCp inserts was in the range of values for human dentine (Table 9).

The effect of etching with standard 37% phosphoric acid, which was frequently utilized
for dentin treatment during tooth restorations, is closely related to the microstructure and
insert density. Owing to the highest density and no presence of B-TCp and a-TCp as the
more dissolvable phases than hydroxyapatite, etching had the slightest impact on the
surface of TSSHAp inserts (Figure 30). In the case of HAp/YSZ inserts, a more important
etching effect was noted (Figure 32), although these inserts were extracted from the same
HAp powder as TSSHAp and were not observed calcium phosphate phases after sintering
in both cases. The most noteworthy impact of etching was observed within the case of
HAp/TCp inserts, as a consequence of simultaneous effects of porous microstructure and

the presence of more soluble B-TCp and a- TCp phases.
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SBS was tested in this study as one of the usual methods for assessing the adhesion
of dental materials. Shear was selected over tensile bond strength testing because of its
easy performance, avoiding pre-test failures and as a general screening method indicating
the adhesion quality between different restorative materials and HAp-based inserts.
Despite HAp-based dental inserts are expected to be utilized as dentin substitutes
enclosed in a restoration, shear loads may happen in multi-surfaced restorations including
proximal tooth surfaces, necessitating such testing in vitro. It should be noted that SBS
of a universal SBU adhesive to all three types of insert was comparable to SBS values of
many different adhesives bonded to human dentin[213,211]. Maxcem cement was shown
to be on the low end of the SBS spectrum in this investigation, similar to a prior study by
Sarr et al. [214], in which microtensile bonding to dentin of a series of luting cements was
examined. In spite of the fact that various bonding methods and substrates were utilized,
Maxcem showed bond strength values less than 5 MPa in both experiments. When bonded
to dentin, the current SBS findings for glass-ionomer Fuji V111 (c. 3.0 MPa) were slightly
lower than those published in the literature for a comparable material (Fuji II), which
ranged from 4.8 to 7.3 MPa [215,211]. Similarities in SBS to HAp-based inserts with
formerly reported results on dentin for a variety of restorative materials indicate that HAp-
based inserts have acceptable surface characteristics for clinical bonding.

In spite of the fact that Maxcem is self-adhesive resin cement, before application of
cement, phosphoric acid etching of dental inserts was examined as a potential way to
improve bond strength. The insert microstructure varies from that of dentin as there are
no collagen fibrils exist in inserts. Exposure of collagen fibrils in dentin during
phosphoric acid etching is followed by adhesive monomers penetrating into the collagen
fibrillar network [216]. Acid-etching of dentin is not recommended for luting cement
because the increased viscosity of cements prevents them from penetrating the collagen
network, leaving collagen fibrils uncovered but not encapsulated. With HAp-based
inserts, there is no such problem. Acid pretreatment of HAp-based inserts also with
phosphoric acid, which is weaker than e.g. hydrofluoric acid indicated for indirect
restoration, indicates bonding improvements for Maxcem luting cement, probably due to

increased surface roughness and open pores.
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Lower SBS ofto HAP/TSZ inserts compared to another two types of insert may be
related to the presence of zirconia which is recognized to be an exceedingly difficult
bonding substrate. Stronger acidic pretreatments or other types of pretreatment, such as
selective infiltration etching or air-abrasion [217], may be more suited for enhanced

binding to inserts containing YSZ and deserve further investigation.

Even after pre-treatment with phosphoric acid, the denser and more compact surface of
TSSHAp inserts suggests that additional bonding mechanisms may be at play particularly
in the SBU_SE groups. Chemical bonding and surface free energy of these inserts should
be more thoroughly investigated as possible contributors factors to improved bonding in
the SBU_SE groups. Chemical bonding between 10-MDP monomer utilized in HAp and
SBU was formerly confirmed [218]. Dentin etching with phosphoric acid has been found
to increase contact angles of universal adhesives, including SBU, thus creating the surface
less susceptible for adhesive distribution compared to the SE procedure in which does not
include acid etching [219]. Because HAp is the prime component of hard dental tissues,
this might also be the case with synthetic HAp inserts, resulting in a slightly higher SBS
when using the SE adhesive application technique rather than the TE adhesive application

protocol.
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8. Conclusion

In this work, starting from stoichiometric hydroxyapatite (HAp) powder synthesized by
modified precipitation method and yttrium-stabilized zirconia (YSZ) powder synthesized
by plasma method, HAp/YSZ bioceramic inserts were successfully processed. The
addition of YSZ particles influenced the simultaneous increase of HAp's hardness and
fracture toughness, although the dilatometric analysis indicated a decrease in shrinkage
of HAp matrix in the presence of YSZ particles. Fracture toughness of HAp/YSZ inserts
above 1.80 MPam? indicated the significant positive effect of incorporating stabilized
tetragonal ZrO> particles on HAp matrix reinforcement. The fracture toughness values of
the sintered inserts in this study are nearby to the human dentine's upper limit. Addition
of YSZ has greater effect on hardness and fracture toughness of the inserts compared to

the temperature of the final sintering step.

SBS values between HAp/YSZ inserts and commercial adhesive and composite
showed that the etching with phosphoric acid has no influence on the bond strength.
Resin-based composites might be satisfactorily bonded to HAp/YSZ inserts using the
"self-etch” adhesive application protocol, as a clinically simpler method compared to
"total-etch™, yet with a similar result. The inserts ' values of fracture toughness and

hardness indicated the possibility of their utility as dentin substitutes.

HAp/YSZ insert obtained by isostatic pressing and sintering at 1300 °C for 2 h was
compared with monophasic two-step sintered dense HAp inserts (TSSHAp) and biphasic
single-step sintered controlled porous inserts based on HAp and TCp (HAp/TCp). Before
the application of 'total-etch' protocol, a more articulated impact of etching with 37%
phosphoric acid was appeared within the case of HAp/TCp compared to TSSHAp inserts,
as a result of the nearness of more soluble a- and B-TCp phases and controlled porous
microstructure. Fracture toughness of three types of inserts ranged between 1.02 - 1.85
MPam?? (greatest value within the case of HAp/Y SZ), while hardness values were within
the range of 3.71 to 5.22 GPa (greatest value in the case of TSSHAp). Phosphoric acid
etching before application of SBU had no effect on subsequent SBS, but acid pre-
treatment improved SBS between inserts and Maxcem compared to direct application of

cement. No statistical significance was identified between TSSHAp and HAp/TCp inserts

75



adhesively bonded following the TE or SE protocols, TSSHAp and HAp/TCp inserts
showed comparable and relatively high SBS values, certainly higher than HAp/YSZ
inserts. In the case of TSSHAp inserts, slightly higher mean SBS values were measured
and the maximum mean SBS value of 18.51 MPa was determined between TSSHAp
inserts and Filtek Z250_SBU following the 'self-etch’ protocol. The mechanical properties
of used inserts and SBS values demonstrated the potential for their use as dentin substitute
material and enable restore of teeth using calcium phosphate-based dental inserts in

combination with composites and adhesives following current application protocols.
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Mpunor 1.

U3jaBa o ayTOpCTBY

Motnucann-a __Giuma Khalifa Giuma Ayoub___

6poj ynuca 4046/2014

UzjaBrbyjeM
[a je AOKTopCcKa JavcepTauuja nog HacroBoMm
,MpoLiecupatse, CBOjCTBa 1 NpUMeHa AEHTanH1X nHcepata Ha 6asu Kanuujym-

doccarta 1 umpkoHujym(lV)-okeuaa (The processing, properties and application of
dental inserts based on calcium phosphates and zirconia )*

e pesynTaT COncTBEHOr UcTpaxusadkor paaa,

e [a MpearioxeHa guceprauuja y LennHn H1 y Aernosnumva Huje Buna npeanoxexa
3a pobujame Guno koje Aunnome npema CTYAMjCKMM mporpamuma apyrux
BMCOKOLLIKOJICKMX YCTaHOBa,

e [Ja cy pe3yntaTyi KOPEKTHO HaBeaeHUu U

e [Ja HMCAM Kplino/na ayTopcka npasa U KOPUCTMO MHTENeKTyanHy CBOjUHY
LpYrvx nuua. 3

MoTnuc goKTopaHaa
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Mpwunor 2.

UsjaBa 0 UICTOBETHOCTU LITaMMaHe U eNIEKTPOHCKEe
Bep3uje 4OKTOPCKOr paga

Wwme n npesnme aytopa  Giuma Khalifa Giuma Ayoub

Bpoj ynuca 4046/2014

Cryawujcku nporpam WHxerwepcTBo Matepujana

Hacnoe paga ,,lpoLecupatse, CBojCTBa U NPUMEHa LEHTanHUX MHcepaTa Ha 6asu
kanuujym-cpocdata n umpkoHujym(lV)-okenga (The processing, properties and
application of dental inserts based on calcium phosphates and zirconia)*

MeHTop _npodh. [p hophe JaHahkosuh

usjaBrbyjeM Aa je WTamnaHa Bepauja Mor SOKTOPCKOr pafa MCTOBETHA ENeKTPOHCKO]
Bep3nju Kojy cam npepao/ma 3a objaBrbuBake Ha noptany [OurutanHor
peno3sutopujyma YHuBep3uTeTa y Beorpagy.

[osBorbaBam fda ce objaBe Moju NMUYHU nofauu BesaHu 3a gobujare akagemckor
3Baka [OKTOpa Hayka, Kao LUTO Cy UMe U npesume, rognHa n Mecto pofewa u gatym

onbpaHe paga.

OBM nu4yHM nofdaum Mory ce o06jaBuTM Ha MpPEeXHVMM CTpaHuuama [urutanHe
6ubnuoTeke, y ereKTPOHCKOM KaTanory vy nybnukauvjama YHusepauteTa y beorpaay.
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Mpunor 3.

UsjaBa o kopuwherwy

Osnawhyjem YHuBep3auteTcky 6ubnuoteky ,Ceetosap Mapkosuh* ga y [urutanHu
penosuTopujym YHusepsuTeTa y Beorpagy yHece Mojy AOKTOPCKYy AMcepTauuvjy Mof
HacrnoBoM:

»llpoLecupatrse, CBOjCTBa U NPMMEHa [LEHTanHuX KHcepaTa Ha 6asu Kanuwjym-
cocdaTa v umpkonmjym(IV)-okenaa (The processing, properties and application of
dental inserts based on calcium phosphates and zirconia )*

Koja je Moje ayTopcKo Aero.

OvcepTauujy ca cBUM Mnpunosuma npefao/na cam y enekTpoHcKoM dopmaty norogHom
3a TpajHO apXuBMpaH-e.

Mojy foKTOpcKy AucepTauujy noxpaweHy y [JurutanHu penosutopujym YHusepsuteTa
y Beorpagy mory fa KopucTe CBM Koju NoLuTyjy ogpenbe cappxaHe y ogabpaHom Tuny
nuueHue KpeatusHe 3ajegnuLe (Creative Commons) 3a kojy cam ce oanyuyuo/na.
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4. AyTOpCTBO — HEKOMEpLMjarHO — AeNUTU NOA UCTUM YCIoBUMA
5. AytopcTBo — 6e3 npepage

6. AyTOpCTBO — [enuTu Noj UCTUM ycrioBrma

(Monumo [fOa 3aoKpyXuTe camo jefHy of LWeCT MOHyReHuX nuueHuW, Kpatak onue
NULeHUM AaT je Ha nonefuHy nucra).
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