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ABSTRACTABSTRACTABSTRACTABSTRACT    
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Department of Prosthetic Dentistry/Dental Materials Science, Institute of 
Odontology, Sahlgrenska Academy at University of Gothenburg, Göteborg, Sweden 
 
Zirconia has been widely used in dentistry to improve the strength of ceramic 
restorations maintaining aesthetics. In addition, zirconia is increasingly being 
used for monolithic crowns without veneering porcelain. However, there is a 
lack of scientific information regarding whether or not monolithic zirconia 
crowns can function with sufficient durability, especially in the molar regions. 
The overall aim of this thesis was to analyze factors that would affect 
mechanical and microstructural properties of monolithic zirconia crowns. 

Material testing was performed to evaluate the influence of sintering 
temperature, additional heat treatment, coloring procedure and autoclaving-
induced low-temperature degradation (LTD) on the biaxial flexural strength of 
zirconia. Additional heat treatment did not reduce the strength, but the strength 
was found to decrease as the sintering temperature increased. The tooth-
colored zirconia possessed equivalent strength to the non-colored zirconia. In 
addition, X-ray diffraction analysis and scanning electron microscopy showed 
that the tooth-colored zirconia had higher resistance to LTD. 

Crown fracture testing showed that the fracture resistance of the 
monolithic zirconia crowns with an occlusal thickness of 0.5 mm was 
significantly higher than that of lithium disilicate crowns with an occlusal 
thickness of 1.5 mm. The types of cements did not significantly affect the 
fracture resistance of monolithic zirconia crowns. When subjected to 
autoclaving-induced LTD, the fracture resistance of the monolithic zirconia 
crowns significantly decreased. By contrast, cyclic loading with a load of 300 
N for 240,000 cycles did not significantly affect the fracture resistance of the 
crowns. 

The knowledge obtained by the laboratory studies performed suggests 
that monolithic zirconia crowns with a minimal thickness of 0.5 mm will have 
the capability of being applied to the molar region with sufficient durability, 
providing there is a properly controlled fabrication process to avoid 
unexpected degradation of the material. 

 
Keywords: zirconia, flexural strength, microstructure, fracture resistance, 
monolithic crown, low-temperature degradation, phase transformation 
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1111 INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

All-ceramic restorations have been widely applied in dentistry to obtain 

improved aesthetics compared with metal-ceramic restorations (Pjetursson et 

al., 2007; Sailer et al., 2007b; Pieger et al., 2014). The optical properties of 

ceramics, especially porcelain (feldspathic ceramic), make it possible to 

replicate natural tooth color (Giordano, 2006; Vult von Steyern, 2013). In 

addition to aesthetic perspective, all-ceramic restorations are thought to be 

preferable to restorations containing metal structure to avoid adverse reactions, 

such as toxicity and hypersensitivity (Vamnes et al., 2004; van Noort et al., 

2004; Hensten and Gjerdet, 2013). Although the risk of allergy caused by 

metal-ceramic restorations may be relatively low, chemical inertness of 

ceramics are still beneficial (Anusavice, 2013b). However, ceramics are 

generally inferior to metal in terms of strength, and are mechanically brittle, 

which limited the application of all-ceramic restorations (Vult von Steyern, 

2013).  

 

In this context, oxide ceramics with higher strength than other types of dental 

ceramics have been introduced. Although the optical property of oxide 

ceramics are inferior to porcelain, they are still aesthetic material compared to 

metals. In the early 1990s, alumina (aluminum oxide, Al2O3) that possesses 

flexural strength of about 650 MPa (Zeng et al., 1996; Itinoche et al., 2006) 

found use in dentistry (Andersson and Oden, 1993; Prestipino and Ingber, 

1993a; b). Alumina was mainly applied to framework of single crowns and 

dental implant abutments (Odman and Andersson, 2001; Andersson et al., 

2003; Zitzmann et al., 2007). However, alumina still had a risk of fracture both 

during laboratory work and in clinical use (Andersson et al., 2001; Walter et 

al., 2006) though alumina prostheses functioned biologically as well as 

aesthetically. Thus, zirconia (zirconium dioxide, ZrO2) with higher strength 

(900-1200 MPa) (Christel et al., 1989; Kosmac et al., 1999; Guazzato et al., 

2005) has been applied as an alternative material. The development of 

computer aided design/computer aided manufacturing (CAD/CAM) 

technology (Manicone et al., 2007; Denry and Kelly, 2008) has made zirconia 
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popular in dentistry. Currently, zirconia has overtaken alumina as the preferred 

dental ceramic material. Furthermore, because of the development of 

translucent tooth-colored zirconia ceramics, zirconia has found increased use 

for monolithic restorations without veneering material, also called full-contour 

zirconia (Christensen, 2011). However, there is a lack of scientific information 

if newly developed monolithic zirconia restorations can function with 

sufficient durability, especially in the molar regions. Therefore, this thesis was 

designed to obtain scientific information on dental monolithic zirconia crowns. 

 

1.11.11.11.1 Zirconia ceramicsZirconia ceramicsZirconia ceramicsZirconia ceramics    

1.1.11.1.11.1.11.1.1 MicroMicroMicroMicrostructure structure structure structure     

Crystalline structureCrystalline structureCrystalline structureCrystalline structure    

Zirconia has a polymorph form which consists of monoclinic, tetragonal and 

cubic phase (Figure 1). At room temperature, zirconia adopts a monoclinic 

structure and transforms into tetragonal phase at 1170°C, followed by a cubic 

phase at 2370°C (Scott, 1975; Chevalier et al., 2009). When pure zirconia 

without stabilizers is sintered at a temperature of above 1170°C, tetragonal 

phase is generated. During subsequent cooling, the phase transformation from 

tetragonal to monoclinic occurs. This phase transformation is accompanied by 

3-5% volume expansion of the crystalline phase, which generates stress in the 

sintered material. Since the stress induces severe cracking in the material upon 

cooling, pure zirconia cannot be used as a bulk material.  
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Figure 1. Schematic of temperature-dependent crystalline structure of zirconia. 

Red spheres = Zr, Blue spheres = O. The figure is modified from (Hannink et al., 

2000; Anusavice, 2013b). 

 

The instability of tetragonal and cubic phase in zirconia at room temperature 

is attributed to smaller ionic radius of Zr4+ (0.84 Å) in comparison with O2- 

(1.38 Å), which results in oxygen overcrowding and displacement of oxygen 

atoms due to repulsive forces of the anions (Estell and Flengas, 1970; Shannon, 

1976; Chevalier et al., 2009). The oxygen overcrowding can be relieved by 

introducing oxygen vacancies in the crystalline structure and/or by expanding 

the lattice size (Fabris et al., 2002; Chevalier et al., 2009). For instance, oxygen 

vacancies can be created by doping with a lower valence cation (e.g. Ca2+, 

Mg2+ and Y3+), and the lattice can be expanded by doping with an oversized 

cation, such as Ce4+ (0.97 Å) and Y3+ (1.019 Å) (Shannon, 1976). Thus, the 

addition of metal oxides, such as CaO, MgO, CeO2, and Y2O3, to pure zirconia 

can stabilize tetragonal and/or cubic phase at room temperature (Garvie and 

Nicholson, 1972; Garvie et al., 1984; Piconi et al., 1998; Ban et al., 2008). Of 

these stabilizers, yttria (Y2O3) is the most frequently used for dental 

applications (Denry and Kelly, 2008). When stabilized with 3 mol.% yttria, 

zirconia is composed of metastable tetragonal phase. This type of material is 

referred to as yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP). The 

stabilized zirconia (hereafter referred to as “zirconia”) can be used as a bulk 

material. 
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StressStressStressStress----induced transformation tougheninginduced transformation tougheninginduced transformation tougheninginduced transformation toughening    

The metastable tetragonal phase in zirconia contributes not only to the 

application of the material as a bulk at room temperature but also to the 

resistance against crack propagation. When exposed to mechanical stress, the 

metastable tetragonal phase transforms to monoclinic phase (Hannink et al., 

2000). Since the phase transformation is accompanied by the volume 

expansion of grains, compressive stress is generated in localized areas around 

micro-cracks (Kelly and Ball, 1986), resulting in arrested crack propagation 

(Figure 2). This phenomenon is known as stress-induced transformation 

toughening, which was first reported by Garvie et al. (1975). Thus, zirconia 

ceramics can exhibit flexural strength of ≥ 900 MPa and fracture toughness of 

approximately 5-10 MPa·m1/2 that is higher than that of alumina (3.5-4 

MPa·m1/2) (Piconi and Maccauro, 1999; Anusavice, 2013b).  

 

Figure 2. Schematic of stress-induced transformation toughening in zirconia. 

Compressive stress generated by volume expansion as a result of phase 

transformation arrests crack propagation. The figure is modified from (Piconi 

and Maccauro, 1999; Anusavice, 2013b). 

 

Surface conditionSurface conditionSurface conditionSurface condition----related strengthrelated strengthrelated strengthrelated strength    

It has been demonstrated that flexural strength of zirconia can be 

additionally augmented by surface grinding and sandblasting (Kosmac et 

al., 1999; 2000; Guazzato et al., 2005). Such treatments generate 

compressive stress only on the surface of material as a result of the phase 

transformation from metastable tetragonal to stable monoclinic phase, 
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which can counteract against crack propagation. The improvement in 

flexural strength depends on the severity of the surface treatment. 

Exsessive surface treatement, expecially grinding, decreases the flexural 

strength as well as reliability of the material (Kosmac et al., 2000; Curtis 

et al., 2006), suggesting that the flaws created by the treatment may prevail 

against the positive effect of compressive stress generated. In addition, it 

has been demonstrated that reverse transformation from monoclinic to 

tetragonal can occur in sandblasted or ground material when subjected to 

annealing, resulting in the decrease of flexural stregnth (Kosmac et al., 

2000; Guazzato et al., 2005). Although grinding and sandblasting increase 

the initial strength, they are not used for that purpose, at least in dentistry, 

because they may deteriorate durability of the material. However, these 

evidences clearly show that the mechanical property of zirconia depends 

in large part on its unique crystalline phase transformation.  

 

1.1.21.1.21.1.21.1.2 LowLowLowLow----temperature degradationtemperature degradationtemperature degradationtemperature degradation    (LTD)(LTD)(LTD)(LTD)    

Mechanism of LTDMechanism of LTDMechanism of LTDMechanism of LTD    

The metastable tetragonal phase spontaneously transforms into the monoclinic 

phase in a humid atmosphere even without mechanical stress, which begins at 

the surface and enters the bulk of the material. This process is often referred to 

as low-temperature degradation (LTD) or aging (Chevalier et al., 2007). As 

shown in Figure 3, nucleus is first formed at a specific grain that is more 

susceptible to the phase transformation because of a disequilibrium state, such 

as large grain size, lower content of stabilizer and the presence of residual 

stresses (Chevalier, 2006). Although the mechanism of the phase 

transformation caused by water molecules has not been fully elucidated (Lughi 

and Sergo, 2010), following steps are proposed (Yoshimura et al., 1987; 

Lawson, 1995; Chevalier et al., 2009): 
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1) Chemical adsorption of H2O on ZrO2 surfaces 

2) Formation of Zr-OH bond disrupting Zr-O-Zr bond 

3) Penetration of OH- and/or O2- into the inner part by grain boundary diffusion 

4) Filling of oxygen vacancies by OH- and/or O2- 

5) Reduction of the oxygen vacancies destabilizing tetragonal phase 

 

Since the transformation is accompanied with volume expansion of the 

crystalline structure, surface uplift and micro-cracks are introduced. The 

micro-cracks then allow water to penetrate into the bulk causing the cascade 

of events where further phase transformation occurs one after another. Finally, 

major cracks are generated leading to a catastrophic failure of the material.  

 

Figure 3. Schematic of progress of LTD. Nucleus is formed where water 

destabilizes the tetragonal phase by filling the oxygen vacancy with OH- and/or 

O2-. The transformed zone grows with the water penetration resulting in the 

generation of micro-cracks. The figure is modified from (Chevalier, 2006; 

Chevalier et al., 2009)  

 

LTDLTDLTDLTD----related prelated prelated prelated problems roblems roblems roblems in in in in orthopedicsorthopedicsorthopedicsorthopedics        

LTD in zirconia was firstly reported in an in vitro study performed by 

Kobayashi et al. (1981). Since then, substantial studies on this issue have been 

conducted, and it was found that LTD progresses most rapidly at temperatures 
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of 200-300°C (Yoshimura, 1988; Lawson, 1995). Thus, it was considered that 

the influence of LTD on biomaterial of zirconia at 37°C would be limited or 

negligible until 2001, when several hundreds of zirconia ball used for 

orthopedic femoral heads in certain batches failed as a result of LTD. Chevalier 

et al. (2007) described the incidence and discussed that LTD might be 

accelerated by a combination of lower density and residual stresses that were 

generated as a result of sintering in a tunnel furnace and drilling of the zirconia 

balls after sintering. Besides those dramatic failures, the influence of LTD on 

zirconia heads was also reported in other studies. Haraguchi et al. (2001) 

reported that zirconia heads retrieved from patients were suffered from surface 

roughening, and showed an increase of monoclinic phase after only 3- and 6-

year use. Clarke et al. (2003) also reported that an increase of monoclinic phase 

was observed in a retrieved zirconia head after 8-year use whereas another 

retrieved zirconia heads after 10-year use showed minimum phase 

transformation. These findings suggest that LTD of zirconia can also occur at 

body temperature, and the susceptibility to LTD will vary with products 

produced by different processes and/or the service conditions. 

 

RequirementRequirementRequirementRequirementssss    for zirconia implantfor zirconia implantfor zirconia implantfor zirconia implantssss    to avoid LTDto avoid LTDto avoid LTDto avoid LTD    

It has been established that the stability of tetragonal phase, and in turn 

susceptibility to LTD, depends on several material properties, such as density, 

purity, grain size, and type and content of stabilizer (Clarke et al., 2003; 

Chevalier et al., 2007; Lughi and Sergo, 2010). Therefore, requirements for the 

physical and chemical properties of Y-TZP used for surgical implants have 

been established and are given in ISO 13356:2008 “Implants for surgery – 

Ceramic materials based on yttria-stabilized tetragonal zirconia (Y-TZP)” 

(Table 1). 
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Table 1. Requirements for zirconia ceramic used for surgical implants given 
in ISO 13356:2008 

 

    

    

    

    

    

    

    
 

DDDDensityensityensityensity    

If density of Y-TZP is low (i.e. presence of open porosity in the material), 

water can more easily penetrates resulting in acceleration of LTD (Chevalier 

et al., 2007). Density of the final product is affected by manufacturing process, 

such as forming, sintering and pressing. At the first step of forming, zirconia 

power is compacted to form a green body by cold isostatic pressing (CIP), 

which achieves greater uniformity of compact by application of pressure from 

multiple directions. CIP increases density of the green body that will affect the 

density of final product. After forming and milling (if applicable), the green 

body is sintered to densify and solidify the material. Sintering is essentially a 

removal of the pores, and as such, is accompanied with shrinkage of the 

material (Richerson, 2006a). Heat is the primary source for the movement of 

the atoms, and commonly used sintering temperature for zirconia is 1350-

1550°C with dwell times between 2 and 5 h (Denry and Kelly, 2008). In 

general, sintered zirconia is additionally subjected to hot isostatic pressing 

(HIP) (Clarke et al., 2003; Munoz-Saldana et al., 2003). HIP is performed in a 

special furnace applying heat and pressure simultaneously to further densify 

the material (Richerson, 2006a). By controlling these processes, density of 

6.00 g/cm3 that is > 98% of theoretical density calculated to be 6.10 g/cm3 can 

be achieved. 

 Unit Requirement 

Density 

Grain size 
 (linear intersection distance) 

Chemical composition: 

ZrO2 + HfO2 + Y2O3 

Y2O3 

HfO2 

Al2O3 

Other oxides 

g/cm3 

µm 
 

mass % 

 

 

 

 

 

≥ 6.00 

≤ 0.4 

 
 

≥ 99.0 

4.5-6.0 

≤ 5 

≤ 0.5 

≤ 0.5 
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GGGGrain sizerain sizerain sizerain size    

With increased grain size, tetragonal phase in Y-TZP becomes less stable and 

more susceptible to LTD (Tsukuma et al., 1984; Munoz-Saldana et al., 2003; 

Chevalier et al., 2004). Thus, a reduction of the grain size improves the phase 

stability of the tetragonal phase. However, this will also reduce the stress-

induced transformation resulting in lower fracture toughness (Swain, 1986; 

Cottom and Mayo, 1996). The grain size in a zirconia material depends on both 

raw material and manufacturing process (Scott, 1975; Chevalier et al., 2004). 

The finer the powders and the lower the sintering temperature, the smaller the 

grain size becomes (Lawson, 1995). However, when sintering temperature is 

too low, zirconia is not densified sufficiently (Munoz-Saldana et al., 2003). 

Therefore, the raw materials and the sintering process used should be selected 

in a suitable way to avoid grain coarsening. 

 

SSSStabilizertabilizertabilizertabilizer    

The susceptibility of zirconia to LTD is influenced by the concentration of 

stabilizer. In the case of yttria-stabilized zirconia, the susceptibility decreases 

with the increase of yttria (Masaki, 1986; Chevalier et al., 2009). However, the 

increased phase stability also restricts the stress-induced transformation 

decreasing fracture toughness and strength (Lange, 1982; Kondoh et al., 2004; 

Chevalier et al., 2009). Thus, biomedical grade zirconia, especially used in the 

field of orthopedics, is stabilized with 3 mol.% yttria (≈ 5 wt.%) where 

sufficient resistance to LTD is obtained while maintaining the high mechanical 

properties (Chevalier et al., 2009). Still, 3Y-TZP is susceptible to LTD when 

density and grain size are not controlled properly. In this context, ceria (CeO2) 

has attracted an interest because ceria-stabilized zirconia possesses much 

higher resistance to LTD than 3Y-TZP (Chevalier et al., 2009). Since Ce4+ is a 

tetravalent cation, and stabilizes zirconia by relieving oxygen crowding 

through dilatation of the cation network, doping with Ce4+ does not generate 

oxygen vacancies that will destabilize tetragonal phases when filled with OH- 

and/or O2- in the process of LTD. Recently, an improved material based on 

ceria-stabilized zirconia (ceria-stabilized tetragonal zirconia polycrystals 
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/alumina nanocomposites; Ce-TZP/Al2O3) that possess compatible strength 

and higher fracture toughness compared to 3Y-TZP has been introduced in the 

field of dentistry (Miyazaki et al., 2013). Another stabilizer used for dental 

application is magnesia (MgO). Magnesia-stabilized zirconia consists of 

tetragonal precipitates in a cubic matrix, which is so-called partially stabilized 

zirconia (PSZ). Since water molecule diffusion is slow in the cubic matrix, the 

tetragonal precipitates experience less contact with water molecules. Thus, the 

progression rate of LTD is also slow (Chevalier et al., 2009). However, the 

application of magnesia-stabilized zirconia as a dental material is limited 

because of the lower strength and the need of higher sintering temperature 

(Denry and Kelly, 2008).  

 

1.1.31.1.31.1.31.1.3 Biological propertyBiological propertyBiological propertyBiological property    
Biomaterials including zirconia should not be responsible for inflammatory,  

allergic, mutagenic and carcinogenic reactions. The first attempt to use 

zirconia as a biomaterial was made in 1969 in the field of orthopedics (Piconi 

and Maccauro, 1999). Since then, the biocompatibility of zirconia has been 

studied with both in vitro and in vivo tests.  

 

In vitro biocompatibility testIn vitro biocompatibility testIn vitro biocompatibility testIn vitro biocompatibility test    

In vitro tests using various types of cells indicated that powders and solid 

samples of zirconia are not cytotoxic (Dion et al., 1994; Torricelli et al., 2001; 

Lohmann et al., 2002; Bachle et al., 2007). It has also been reported that 

zirconia does not induce inflammatory cytokine release (TNF-α, IL-1 and IL-

6) from monocytes and fibroblast-like cells (Hisbergues et al., 2009). Although 

some studies showed that zirconia powders induced apoptotic cell death in 

macrophage, the cytotoxicity of zirconia is less than or equal to those of 

alumina and titanium (Catelas et al., 1999; Piconi and Maccauro, 1999; 

Nkamgueu et al., 2000; Hisbergues et al., 2009), suggesting that the 

cytotoxicity is negligible. Furthermore, it has been demonstrated that zirconia 

are not mutagenic or carcinogenic (Covacci et al., 1999; Silva et al., 2002). 
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In vivo biocompatibilityIn vivo biocompatibilityIn vivo biocompatibilityIn vivo biocompatibility    testtesttesttest    

In vivo tests on biocompatibility of zirconia have been performed with various 

animal models and various forms of the material (Hisbergues et al., 2009). It 

has been reported that zirconia is encapsulated with thin fibrous tissue when 

implanted in soft tissue, such as muscles and subcutaneous, suggesting that 

foreign body reaction is not severe and the material is biocompatible. (Garvie 

et al., 1984; Christel et al., 1989; Ichikawa et al., 1992). In addition, zirconia 

dental implants can establish direct bone implant interface (Akagawa et al., 

1993; Akagawa et al., 1998; Kohal et al., 2004; Depprich et al., 2008) as can 

titanium, which is known as osseointegration firstly reported by Brånemark 

(1969). Furthermore, the soft tissue integration established around dental 

zirconia implants/abutments are similar to that around titanium 

implants/abutments (Kohal et al., 2004; Welander et al., 2008; Tete et al., 

2009). A human histologic study also demonstrated that inflammatory 

infiltrate around zirconia healing caps was smaller than that around titanium 

healing caps (Degidi et al., 2006). Thus, zirconia is regarded as a bioinert 

ceramic with a high chemical stability in vivo (Yamamuro, 2004), and there is 

a general agreement on the absence of local or systemic toxic effects after the 

implantation of zirconia (Piconi and Maccauro, 1999).  

 

Bacterial adhesionBacterial adhesionBacterial adhesionBacterial adhesion    

It was indicated that zirconia might accumulate less plaque than titanium based 

on the studies performed before 2010 (Nakamura et al., 2010). For instance, 

Scarano et al. (2004) demonstrated that the percentage of the zirconia disk 

surface covered with bacteria after exposure to the oral environment for 24 h 

was significantly lower than that of titanium despite that the both disks had 

similar surface roughness. This finding was supported by Rimondini et al 

(2002). Since infection is one of the major causes of dental lesions, this 

property of zirconia restorations was considered beneficial to avoid secondary 

problems. However, according to recent in vitro and in vivo studies that were 

well designed, there seems to be only small or no difference in bacterial 

adhesion and colonization between zirconia and titanium (Salihoglu et al., 

2011; Egawa et al., 2013; Hahnel et al., 2014; Nascimento et al., 2014). There 
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also seems to be only little difference between zirconia and other dental 

ceramics, such as alumina, porcelain and glass ceramics (Rosentritt et al., 

2009; Bremer et al., 2011; Yamane et al., 2013). Although additional benefits 

may not be expected in terms of plaque accumulation, zirconia can be applied 

to dental restorations as can other dental ceramic materials.  

 

1.21.21.21.2 Dental application of zirconiaDental application of zirconiaDental application of zirconiaDental application of zirconia    

1.2.11.2.11.2.11.2.1 Fabrication of zirconia dental prosthesesFabrication of zirconia dental prosthesesFabrication of zirconia dental prosthesesFabrication of zirconia dental prostheses    
Of zirconia-containing ceramics, Y-TZP is the most widely used in dentistry 

though other types are also available; Mg-PSZ (e.g. Denzir-M, Dentronic AB, 

Sweden), Ce-TZP/Al2O3 (e.g. NanoZir, Panasonic, Japan) and zirconia-

toughened alumina (e.g. In-Ceram Zirconia, VITA Zahnfabrik, Germany) 

(Denry and Kelly, 2008; Anusavice, 2013b). Y-TZP has been used for 

orthodontic brackets, endodontic posts, implant fixtures, implant abutments, 

crowns and fixed dental prostheses (FDP) (Springate and Winchester, 1991; 

Nothdurft and Pospiech, 2006; Manicone et al., 2007; Wenz et al., 2008; 

Nakamura et al., 2010). Custom-made Y-TZP prostheses, such as implant 

abutments, crowns and FDPs, can be fabricated using dental CAD/CAM 

system in which machining of Y-TZP block is performed according to digital 

data created by a computer software (Beuer et al., 2008; Miyazaki et al., 2009; 

Li et al., 2014). Currently, two different machining processes are available; 1) 

hard machining of fully sintered blocks and 2) soft machining of pre-sintered 

blocks followed by final sintering (Denry and Kelly, 2008). The blocks used 

in hard machining are fully sintered at 1400-1500°C followed by HIP. The 

advantage of hard machining is that HIPed Y-TZP with higher density can be 

used, and the prostheses do not show dimensional change throughout the 

process (i.e. no shrinkage) because sintering has already been performed. 

However, it has been demonstrated that HIP cannot close subsurface flaws 

generated during processing resulting in no improvement of strength (Scherrer 

et al., 2013). Thus, it is indicated that HIPed and non-HIPed material are 

equivalent from a clinical point of view (Vult von Steyern, 2013). In addition, 

the hard machining takes longer milling time, and causes higher wear of cutting 
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tools than soft machining because of the hardness of the blocks. Thus, hard 

machining is not widely used but there are several systems adopting hard 

machining (e.g. Denzir, Cadesthetics AB, Sweden; KaVo Everest BIO ZH-

Blank, KaVo Dental, Germany). The blocks for the soft machining are usually 

compacted by CIP followed by pre-sintering at around 900°C to obtain 

adequate hardness for handling as well as to retain sufficient machinability. 

Since final sintering at 1350-1550°C is performed after machining process, 

enlarged restoration is milled to compensate the shrinkage of 20-25%. The 

development of CAD/CAM technology enables to precisely compensate the 

shrinkage and to fabricate restorations with clinically acceptable fit (Bindl and 

Mormann, 2007; Att et al., 2009; Biscaro et al., 2013). Examples of systems 

adopting soft machining are Lava Zirconia (3M/ESPE, USA), Cercon 

(Dentsply, USA), Procera Zirconia (NobelBiocare, Sweden), and IPS e.max 

ZirCAD (Ivoclar/Vivadent, Schaan, Liechtenstein).  

 

1.2.21.2.21.2.21.2.2 Implant abutmentsImplant abutmentsImplant abutmentsImplant abutments    
Titanium has a dominant position as an abutment material as well as a fixture 

material in implant therapy (Lindhe and Berglundh, 1998; Linkevicius and 

Apse, 2008). Today, however, requirements for high aesthetic treatments are 

very common. In this context, zirconia has been considered as an alternative 

material for implant abutments. Several in vitro studies showed that zirconia 

abutments could be applicable at least in the anterior region, where the 

physiological maximal biting forces are 300 N (Yildirim et al., 2003; Butz et 

al., 2005; Att et al., 2006b; a; Gehrke et al., 2006). Animal studies and a human 

histologic study suggest that soft tissue integration is formed around zirconia 

as well as titanium, and as such, zirconia is applicable for dental implant 

abutment material (Kohal et al., 2004; Degidi et al., 2006; Welander et al., 

2008). Systematic reviews revealed that zirconia abutments applied for both 

anterior and posterior region could function without fracture, at least in mid-

term (3-5 years) (Nakamura et al., 2010; Zembic et al., 2014a). In addition, 

Zembic et al. (Zembic et al., 2014b) has recently reported that none of the 

zirconia abutments supporting single restorations were fractured after 11 years 

of use. However, another recent clinical study reported that 2 out of 12 zirconia 
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abutments fractured when tightening, suggesting the necessity of careful 

handling procedures (Carrillo de Albornoz et al., 2014). Furthermore, it should 

be noted that there are only limited numbers of clinical studies (Nakamura et 

al., 2010; Zembic et al., 2014a). Due to the risk of fracture and the limited 

number of well-performed scientific studies, the indication of zirconia 

abutments may be restricted to single-implant supported restoration in the 

aesthetic zone. Controlled clinical trials with long-term follow-up periods are 

needed to expand the indications of zirconia abutments in the future.  

 

1.2.31.2.31.2.31.2.3 ZirconiaZirconiaZirconiaZirconia----based prosthesesbased prosthesesbased prosthesesbased prostheses    
Laboratory studies suggest that zirconia-based crowns and FDPs are applicable 

in the molar regions in terms of fracture resistance. Sundh and Sjögren (2004) 

demonstrated that zirconia-based crowns with cores that were designed to be 

anatomic shape showed higher fracture resistance than those with cores with a 

uniform thickness of 0.5 mm. Still, even the crowns with a 0.5 mm core showed 

a mean fracture load of 2200 N, which is higher than maximal bite force in the 

molar regions (Waltimo and Kononen, 1994; Waltimo et al., 1994). High 

fracture resistance of zirconia-based crowns have also been reported by other 

researchers (Akesson et al., 2009; Beuer et al., 2009). Concerning zirconia-

based FDPs, it is suggested that 3- and 4-unit zirconia-based FDPs possess 

load-bearing capacity to be applied in the molar regions (Tinschert et al., 2001; 

Kohorst et al., 2007). However, the increase in the number of pontics seems to 

decrease the load bearing capacity (Mahmood et al., 2013). Thus, it may be 

necessary to augment the load bearing capacity by increasing the diameter of 

the connector, which has been reported to influence the fracture resistance 

more than the core thickness (Ambre et al., 2013). 

 

Clinical performance of zirconia-based crowns and FDPs has been studied. 

According to the latest systematic reviews (Larsson and Wennerberg, 2014; Le 

et al., 2015), cumulative 5-year survival rates for tooth-supported zirconia-

based crowns and FDPs were 95.9% and 93.5%, respectively, which are 

comparable to metal-ceramic restorations. Furthermore, slightly higher 

cumulative 5-year survival rates for implant-supported zirconia-based crowns 
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(97.1%) and FDPs (100%) were reported. Bulk fracture of the crowns appears 

to be quite uncommon. In total, only three catastrophic failures of the crowns 

were reported in the reviewed studies. In the case of the FDPs, zirconia 

framework fracture occurred but was not so frequent. However, the risk for 

fracture of the veneering porcelain (e.g. chipping) seems to higher for zirconia-

based prosthesis compared to metal-ceramic restorations (Sailer et al., 2007a; 

Larsson et al., 2010; Vigolo and Mutinelli, 2012; Larsson and Vult Von 

Steyern, 2013).  
 

1.2.41.2.41.2.41.2.4 Monolithic zMonolithic zMonolithic zMonolithic ziiiirconiarconiarconiarconia    
Due to the normal color of Y-TZP (i.e. bright white), its application in 

prosthetic dentistry was limited to implant abutments or frameworks of 

prostheses until recently. The development of translucent tooth-colored 

zirconia, however, enables the fabrication of monolithic zirconia restorations 

without veneering material, also referred to as full-contour zirconia 

restorations (Beuer et al., 2012). Thus, the demand for tooth-colored zirconia 

ceramics is increasing. Tooth-like color can be given to zirconia by adding 

coloring pigments, such as metal oxides (Cales, 1998; Shah et al., 2008). There 

are mainly two techniques to add these coloring pigments to zirconia used in 

dentistry. One is referred to as infiltration technique in which a zirconia 

prosthesis milled from a non-colored and pre-sintered zirconia block is 

immersed in a coloring liquid or a coloring liquid is applied to the material 

using a brush before sintering (Hjerppe et al., 2008; Shah et al., 2008). The 

other is a powder mixing method in which zirconia powder is mixed with 

coloring pigments before zirconia block formation (Cales, 1998; Kaya, 2013). 

 

The drawback of fractures occurring in the veneering porcelain of zirconia-

based restorations, as mentioned earlier, can be overcome through the use of 

monolithic zirconia crowns. Other advantages of monolithic zirconia crowns 

may be limited amounts of defects due to fabrication with CAD/CAM 

technique using a material with high homogeneity. The fabrication with 

CAD/CAM technique may also reduce production time and cost. By contrast, 

there is a concern about the wear of the opposing teeth by monolithic zirconia 
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crowns because zirconia is harder than enamel and other dental ceramics. 

However, recent studies demonstrated that polished zirconia showed lower 

wear rate on enamel and steatite, which is often used as a substitute for human 

enamel, than other dental materials, such as metal alloy, veneering porcelain 

and lithium disilicate (Preis et al., 2011; Miyazaki et al., 2013; Stawarczyk et 

al., 2013). In addition, Stober et al. (2014) demonstrated that the antagonistic 

enamel wear by monolithic zirconia crowns after 6 months of clinical use 

would be acceptable.  

 

Since zirconia has high strength, it is expected that monolithic zirconia molar 

crowns may withstand bite force even if the crown thickness is thinner than 

conventional all-ceramic crowns. This could be beneficial because tooth 

substances can be more preserved. When a tooth is restored with a 

conventional all-ceramic crown, irrespective of the materials used, it is 

recommended that axial and occlusal reduction of the preparation should be 

1.5 and 2.0 mm, respectively (Milleding, 2012). The reason is to obtain 

sufficient strength of the reconstruction and space for veneering. It has been 

demonstrated that monolithic lithium disilicate crowns for posterior teeth with 

reduced occlusal thickness showed more fatigue failures than those with a 

thickness of ≥ 1.5 mm (Dhima et al., 2014). Since zirconia has higher flexural 

strength (> 1000 MPa) (Piconi and Maccauro, 1999) than lithium disilicate 

(about 400 MPa) (Holand et al., 2000; Kang et al., 2013), the fracture resistance 

of monolithic zirconia molar crowns may be acceptable even at a reduced 

thickness. Still, there are few available data regarding the matter.  

 

Even if monolithic zirconia crowns seem to have sufficient fracture resistance, 

the importance of the cement cannot be underestimated. It has been 

demonstrated that the supporting materials, such as abutment materials and 

cement, will influence the fracture resistance of all-ceramic crowns (Mormann 

et al., 1998; Yucel et al., 2012). That is, if the abutment material shows 

increased elastic properties and/or low compressive strength, the fracture 

resistance of all-ceramic crowns becomes lower. As for type of cement used, 

it is suggested that the compressive strength is of importance since it will 

support the reconstruction. Indeed, Bindl et al. (2006) demonstrated that the 
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fracture resistance of monolithic all-ceramic crowns made of feldspar ceramic, 

leucite glass-ceramic and lithium disilicate glass-ceramic increased by using a 

polymer resin-based cement with a compressive strength of 320 MPa 

compared to zinc phosphate cement (121 MPa). In addition to the compressive 

strength, it is suggested that the crown-cement interface plays an important role 

in the fracture resistance of all-ceramic crowns (Scherrer et al., 1994; Behr et 

al., 2003). The weaker the bond the lower the fracture resistance becomes. It 

is, however, difficult to treat zirconia for an optimal micromechanical adhesion 

to polymer resin-based cement because of the structure of this oxide ceramic 

(Papia et al., 2014). Even though adhesion between zirconia and polymer resin-

based cement is not well established, the high compressive strength of the 

polymer resin-based cement may be of importance to give the crown-cement-

tooth complex the ability to withstand forces in the molar region. There is little 

information about the influence of compressive strength of the cement on the 

fracture resistance of monolithic zirconia crowns. 

 

It is known that the durability of all-ceramic restorations is influenced by 

repeated exposure to cycles of stress during normal mastication (Anusavice, 

2013a). Thus, laboratory fatigue tests with mechanical cycling are often 

performed to predict the durability (Attia and Kern, 2004). Furthermore, in the 

case of monolithic zirconia crowns, LTD may affect the durability. However, 

the influence of fatigue and LTD on monolithic zirconia restorations has not 

been studied yet. When the zirconia core is veneered with dental porcelain (i.e. 

zirconia-based restorations), zirconia is not directly exposed to the oral 

environment or to saliva. Thus, the influence of LTD could be limited. 

However, monolithic zirconia crowns will be directly exposed to saliva. 

Therefore, it is reasonable to assume that LTD may occur. In addition, cyclic 

loading and LTD together may reduce the fracture resistance of monolithic 

zirconia crowns though there are few available data regarding this issue. 
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1.31.31.31.3 ChallengesChallengesChallengesChallenges    
Monolithic zirconia restorations have been developed as a new alternative, and 

the demand for monolithic zirconia restorations has rapidly increased 

(Christensen, 2011). However, there seems to be a lack of scientific 

information. Currently, only a few clinical reports with a small sample size and 

short-term outcome are available (Batson et al., 2014; Stober et al., 2014). 

Even the information from laboratory studies seems to be limited. In order to 

evaluate the advantages and disadvantages of monolithic zirconia restorations, 

more laboratory studies should be conducted to obtain more scientific 

knowledge before clinical studies are performed. In particular, the influence of 

LTD in relation to some fabrication processes of monolithic zirconia 

restorations, such as sintering, additional firing process and coloring procedure, 

on the mechanical and microstructural properties of zirconia should be studied 

in detail. Furthermore, there is little information about the appropriate tooth 

preparation and choice of cement for monolithic zirconia crowns, which may 

affect fracture resistance of the crowns. Based on the background, this thesis 

was designed to provide scientific evidence for the use of monolithic zirconia 

restorations. 
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2222 AIMAIMAIMAIM    
 
The overall aim of this thesis was to analyze factors that affect 1) mechanical 
and microstructural properties of 3Y-TZP, and 2) fracture resistance of 
monolithic zirconia crowns.  
 
The specific aims of the studies included in this thesis were: 
 
Study I:  To study the influence of grain size on strength when 3Y-TZP with 

different grain sizes were exposed to an additional heat treatment 
which mimicking the veneering process. 

 
Study II:  To evaluate the effects of LTD induced by autoclaving on 

mechanical and microstructural properties of tooth-colored 3Y-
TZP shaded by infiltration technique and powder mixing method. 

 
Study III:  To analyze the relationship between fracture load of monolithic 

zirconia crowns and axial/occlusal thickness. 
 

To evaluate the fracture resistance of monolithic zirconia crowns 
with reduced thickness in comparison with that of monolithic 
lithium disilicate crowns with regular thickness. 
 

Study IV:  To investigate the effect of the cements on fracture resistance of 
monolithic zirconia crowns in relation to their compressive strength. 

 
Study V: To analyze the kinetics of LTD in zirconia used for monolithic 

crowns. 
 

To evaluate the influence of LTD and cyclic loading on the fracture 
resistance of monolithic zirconia crowns. 
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3333 MATERIALS AND METHODMATERIALS AND METHODMATERIALS AND METHODMATERIALS AND METHODSSSS    
 
The series of laboratory studies was conducted to evaluate mechanical and 
microstructural properties of zirconia in relation to dental applications, 
especially monolithic crowns. The test methods used in Study I-V are 
summarized in Table 2.  
 

Table 2. Summary of the test methods 

    I II III IV V 

Treatment           

  Heat treatment ○         

  Autoclaving-induced LTD ○ ○     ○ 

  Mechanical cycling         ○ 

Mechanical test           

  Biaxial flexural test ○ ○       

  Three-point bending test     ○     

  Compression test     ○  ○   

  Vickers hardness test   ○       

  Crown fracture testing (load-to-failure test)     ○ ○ ○ 

Microstructural analysis           

  SEM*1 ○ ○   ○ ○ 

  XRD*2   ○     ○ 

Other analyses           

  XRF*3   ○       

  Color analysis   ○       

  Surface roughness measurement   ○       

  Micro-CT*4     ○ ○   
*1 scanning electron microscopy, *2 X-ray diffraction analysis, *3 X-ray fluorescence 
analysis and *4 X-ray micro computed tomography  

 

3.13.13.13.1 Sample preparationSample preparationSample preparationSample preparation    

3.1.13.1.13.1.13.1.1 Specimens for material testingSpecimens for material testingSpecimens for material testingSpecimens for material testing    (Study I(Study I(Study I(Study I----VVVV))))    
Disc-shaped specimens of zirconia were prepared for biaxial flexural strength 

test according to ISO 6872:2008 “Dentistry – Ceramic materials” (Study I and 

II). Eighty (n = 10 per group) and 162 (n = 18 per group) specimens were used 

in Study I and II, respectively. Green bodies of 3Y-TZP were prepared by cold 
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isostatic pressing at 200 MPa followed by pre-sintering at 900°C for 2 h. 

Commercial powder (TZ-3YSB-E, Tosoh, Tokyo, Japan) was used for the non-

colored specimens (NC, Study I and II) and the tooth-colored specimens 

shaded by infiltration technique (IF, Study II). Another type of tooth-colored 

specimens shaded by powder mixing method (PM, Study II) was prepared 

from commercial pre-colored and ready-mixed powder (TZ-Yellow-SBE, 

Tosoh) that is designed to contain Fe2O3 as a coloring pigment. The green 

bodies were cut to be disc-shaped specimens. To shade the specimens in IF 

group, the non-colored discs were dipped in commercial coloring liquid with 

a shade of A3.5 (Lava Plus Zirconia Dyeing Liquid, 3M/ESPE, St. Paul, MN) 

for 2 min according to the manufacturer’s instructions. Subsequently, the 

specimens used in Study I were sintered at 1425, 1500 or 1575°C while those 

used in Study II were sintered at 1500°C. One side of the disc-shaped specimen 

was thoroughly polished using 1-µm diamond suspensions whereas the other 

side was used as sintered. The density of the specimens were determined by 

Archimedes method. 

 

Bar-shaped specimens were prepared from composite resin blocks (Lava 

Ultimate, 3M/ESPE), which were used as a die material, for evaluation of 

mechanical property. The composite resin block were cut to be 22.3 × 2.0 × 

2.0 mm for three-point bending test (n = 5) and 15 × 15 × 15 mm for 

measurement of Poisson’s ratio (n = 6). The former specimens were polished 

using #1000 silicon carbide paper. 

 

Cylindrical-shaped specimens of the cements tested were prepared for 

compressive strength test (Study IV). Zinc phosphate cement (ZPC; De Trey 

Zinc, Dentsply, York, PA, USA), glass-ionomer cement (GIC; Fuji I, GC, 

Tokyo, Japan), self-adhesive polymer resin-based cement (SRC; RelyX 

Unicem2, 3M/ESPE) and polymer resin-based cement (RC; Panavia F2.0, 

Kuraray Noritake Dental, Tokyo, Japan) were used. RC was tested in both dual 

cure mode (RC-D) and pure chemical cure mode (RC-C). When light curing 

was needed throughout the study, a light curing unit (Bluephase, 

Ivoclar/Vivadent) was used at an irradiance of 1370 ± 50 mW/cm2 controlled 

using Bluephase meter (Ivoclar/Vivadent) at each occasion. Ten specimens 
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from each cement were produced in a mold of polytetra-fluoroethene (PTFE) 

with the inner dimension of 4 mm in diameter and a height of 6 mm. The 

cements were mixed according to the manufacturers’ instructions and was 

introduced into the PTFE mold placed on a glass-plate covered with a 

polyethylene film. The upper surface was treated as the lower end by coverage 

using the same film with glass plate on top and the cement was left to set. When 

applicable, the cement was light cured through the glass plate from above for 

2 s, after which the plate was removed and continued light curing was 

performed for 40 s. For RC-D and RC-C, a droplet consisting of a mixture of 

ED primer A and B (Kuraray Noritake Dental) was added to the cement to get 

proper chemical cure. After curing, the end surfaces of each specimen were 

polished using #400 silicon carbide paper to remove excess cement and to 

ensure a surface perpendicular to the load direction.  

 

Sixty bar-shaped specimens of zirconia were prepared for kinetic analysis of 

autoclaving-induced LTD (Study V). Specimens with dimensions of 17 × 7 × 

1.8 mm were cut from the zirconia blocks (Lava Plus Zirconia, 3M/ESPE) 

using an Isomet 4000 (Buehler, Lake Bluff, IL, USA). The specimens were 

sintered at 1450°C for 2 h according to the manufacturer’s instructions. After 

sintering, the dimensions of the specimens were 13.5 × 5.5 × 1.5 mm. One side 

of the specimens was polished using 1-µm diamond suspensions. The 

specimens were subjected to autoclaving as mentioned below, and then they 

were cut in the middle vertically in the direction of the long axis. One piece of 

the specimens was used for XRD and the other was used for SEM. 

 

3.1.23.1.23.1.23.1.2 Specimens for Specimens for Specimens for Specimens for crown fracturecrown fracturecrown fracturecrown fracture    testingtestingtestingtesting                                    
(Study III, IV and V)(Study III, IV and V)(Study III, IV and V)(Study III, IV and V)    

Abutment tooth modelAbutment tooth modelAbutment tooth modelAbutment tooth model        

Plastic tooth models of mandibular right first molar (A5A-500, NISSIN, Kyoto, 

Japan) were used to prepare different types of abutments. The tooth model was 

prepared with a chamfer finish line (width: 0.5, 0.7 and 1.0 mm) (Figure 4a). 

The total occlusal convergence angle was finally finished using a milling 

machine (F3 ergo, DeguDent GmbH, Hanau-Wolfgang, Germany) to be 10° 
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(Figure 4a). The prepared tooth models were scanned using a digital scanner 

(LavaScan ST, 3M/ESPE) made for a dental CAD/CAM system (Lava System, 

3M/ESPE). The chamfer width was measured at the central part of mesial, 

distal, buccal and lingual surfaces using a CAD software (Lava Design 5.50, 

3M/ESPE). Preparation and measurement were repeated until the defined 

chamfer width with an error range of 50 µm or less was obtained. The occlusal 

surface was prepared to be V-shape to ensure as equal thickness as possible for 

the occlusal ceramic (Figure 4b). The prepared and non-prepared tooth models 

were scanned to evaluate the reduction of occlusal surface using the CAD 

software. The vertical distance was defined as the occlusal reduction, and 

measurements were performed at 10 different points (Figure 4c). The minimal 

reduction of occlusal surface was defined to be 0.6, 1.1 and 1.6 mm resulting 

in a minimal occlusal thickness of the crowns of about 0.5, 1.0 and 1.5 mm 

including the cement space (70 µm). Nine abutments were prepared and coded 

as follows; C0.5/O0.5, C0.5/O1.0, C0.5/O1.5, C0.7/O0.5, C0.7/O1.0, 

C0.7/O1.5, C1.0/O0.5, C1.0/O1.0 and C1.0/O1.5 (Figure 5). The first 2 digits 

express the chamfer width and the last 2 the minimal occlusal thickness. In 

addition, an abutment with facetted occlusal shape (chamfer width of 0.5 

mm/occlusal reduction of 0.6 mm) was prepared (C0.5/O0.5f, Figure 5). All 

abutments were scanned and dies were milled from composite resin blocks 

(Lava Ultimate) using the CAD/CAM system at the 3M Education Center 

(Tokyo, Japan).  

 

 
Figure 4. Schematic illustration of the abutment tooth 46 (a, b) and measurement points 

for occlusal reduction (c). Occlusal reduction was measured as the vertical distance 

between the prepared and non-prepared tooth models at 10 different points (A-J). The 

minimal occlusal thickness was obtained at B, F and I. CEJ: cement enamel junction. 
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Figure 5.  Scanned abutment images of (a) C0.5/O0.5, (b) C0.5/O1.0, (c) C0.5/O1.5, (d) 

C0.7/O0.5, (e) C0.7/O1.0, (f) C0.7/O1.5, (g) C1.0/O0.5, (h) C1.0/O1.0, (i) C1.0/O1.5 and 

(j) C0.5/O0.5f. 

 

Crown fabrication Crown fabrication Crown fabrication Crown fabrication     

The dies were scanned, and crowns were designed by double scan technique 

in which additional scanning of the non-prepared tooth model was performed 

to obtain an identical outer shape for each type of dies. The cement space was 

fixed at 70 µm for all samples according to the default setting of the 

CAD/CAM software (Lava Design 5.50 CAD software, 3M/ESPE). Thus, the 

minimum thickness of the crown at the occlusal surface was expected to be 0.5, 

1.0 and 1.5 mm following subtraction of cement space from occlusal reduction. 

Monolithic zirconia crowns were milled from pre-sintered zirconia blocks 

(Lava Plus Zirconia, 3M/ESPE). Coloring was performed using zirconia 

dyeing liquid (A2, 3M/ESPE) followed by final sintering. The fabrication 

process was performed at the Lava Milling Center (Dental Digital Operation, 

Osaka, Japan). After sintering, margin adjustment was performed manually 

using a dental micromotor (Ultimate 500, Nakanishi, Tochigi, Japan) and 
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grinding point (CeraPro, Edenta, AU/SG, Switzerland). Polishing was done 

using polishing points (StarGloss, Edenta) and wheel brush together with 

polishing agent (Zircon-Brite, Dental Ventures of America, Corona, CA, USA). 

All types of crowns were tested in Study III while only C0.5/O0.5 was used in 

Study IV and V (n = 6/group in all studies). The groups of tested crowns are 

displayed in Table 3. 

 
Table 3. The groups of monolithic crowns tested 

*: C0.5/O0.5f was fabricated on the die with the facetted occlusal surface. 

 

Monolithic lithium disilicate crowns (IPS e.max press, Ivoclar/Vivadent) were 

fabricated on the C1.0/O1.5 die (C1.0/O1.5e.max press) as a control group in 

Study III (n = 6). A mold of the non-prepared tooth was produced using a 

silicone impression material (Exafine, GC, Tokyo, Japan). A spacer 

(Thickness: 70 µm, SureSpacer, GC) and a separator were applied onto the die 

surfaces. The mold was fit to the die and molten wax was poured into the mold 

to obtain the identical outer shape of the non-prepared tooth, i.e. also identical 

to the monolithic zirconia crowns. Subsequent investment, pressing and 

glazing were performed according to the manufacturer’s instructions.  

 

CementationCementationCementationCementation    

In Study III and V, the crowns were cemented to the dies using a polymer resin-

based cement (Panavia F2.0) with chemical cure mode (RC-C) according to 

Code of
the group

Chamfer width
(mm)

Minimal occlusal
thickness (mm)

0505 0.5 0.5
0510 0.5 1.0
0515 0.5 1.5
0705 0.7 0.5
0710 0.7 1.0
0715 0.7 1.5
1005 1.0 0.5
1010 1.0 1.0
1015 1.0 1.5
0505f* 0.5 0.5
1015e.max press 1.0 1.5
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the manufacturer’s instructions. A static load of 20 N was applied for 5 min 

using a universal testing machine (AI-GS, Shimadzu Kyoto, Japan). Excessive 

cement was removed immediately after loading and Oxyguard (Kuraray 

Noritake Dental) was applied around the margin. In Study IV, the crowns were 

cemented to the dies using ZPC, GIC, SRC, RC-D and RC-C. The cements 

were prepared and mixed according to the manufacturers’ instructions as 

described above. A static load of 20 N was applied until the cement had set in 

a universal testing machine (Zwick/Roell, Ulm, Germany). For ZPC, GIC and 

RC-C, the crowns were subjected to the static load for 15 min. For the crowns 

cemented with SRC and RC-D, the static load was held for 4 min while the 

cement was light cured from five different directions for 40 s (total: 200 s). 

 

3.1.33.1.33.1.33.1.3 Heat treatment (Study I)Heat treatment (Study I)Heat treatment (Study I)Heat treatment (Study I)    
To evaluate the influence of veneer firing process on the strength of zirconia, 

the specimens were subjected to additional heat treatment before performing 

the strength test. Ten disc-shaped specimens sintered at different temperatures 

were heat-treated five times in a porcelain furnace (Multimat C; Dentsply, 

Konstanz, Germany) mimicking the standard veneering process (liner firing: 

930°C, dentin firing 1: 910°C, dentin firing 2: 900°C, glaze firing: 890°C, and 

corrections: 850°C). Additional ten specimens sintered at 1500°C were also 

subjected to the heat treatment followed by autoclaving. 

 

3.1.43.1.43.1.43.1.4 AAAAutoclavingutoclavingutoclavingutoclaving----induced LTDinduced LTDinduced LTDinduced LTD    (Study I, II and V)(Study I, II and V)(Study I, II and V)(Study I, II and V)    
Accelerated aging test was performed with autoclaving at 134°C under 0.2 

MPa, which induces LTD in zirconia (Chevalier, 2006). In Study I, the 

specimens sintered at 1500°C with or without the heat treatment were 

subjected to autoclaving for 10 h (n = 10/group). In Study II, the specimens 

from each group (NC, IF and PM) were subjected to autoclaving for 10 and 

100 h (n = 18/group). In Study V, bar-shaped specimens were autoclaved for 

10, 20, 30, 40, 50, 100, 150 and 200 h for kinetic analysis on LTD (n = 6/group), 

and the monolithic zirconia crowns (C0.5/O0.5) were subjected to autoclaving 

for 10, 50 and 100 h (n = 6/group) before cementation. In addition, to evaluate 
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the effect of autoclaving followed by mechanical cyclic loading on fracture 

resistance of the crown, six monolithic zirconia crowns were autoclaved for 

100 h before cementation. 

 

3.1.53.1.53.1.53.1.5 Mechanical cycling (Study V)Mechanical cycling (Study V)Mechanical cycling (Study V)Mechanical cycling (Study V)    
The monolithic zirconia crowns with or without autoclaving were cemented to 

the dies (n = 6/group). Subsequently, they were subjected to mechanical cyclic 

loading using a servo-hydraulic testing machine (FastTrack 8800, Instron, 

Norwood, MA, USA). A 2-mm-thick urethane rubber sheet (Kokugo, Tokyo, 

Japan) was interspersed between the indenter and the occlusal surface to avoid 

contact damage. The load was vertically applied on the occlusal surface of the 

crown-die sample via the indenter with a diameter of 10 mm between 50 and 

300 N for 240,000 cycles at a frequency of 10 Hz in distilled water. After cyclic 

loading, the crowns were examined using a stereomicroscope (A60 S, Leica 

Microsystems GmbH, Wetzlar, Germany) to inspect whether the crowns 

fractured during cyclic loading.  

 

3.23.23.23.2 MaterialMaterialMaterialMaterial    testingtestingtestingtesting    

3.2.13.2.13.2.13.2.1 Biaxial flexural strength Biaxial flexural strength Biaxial flexural strength Biaxial flexural strength testtesttesttest    (Study I and II)(Study I and II)(Study I and II)(Study I and II)    
Biaxial flexural strength was measured in a piston-on-three-ball test according 

to ISO 6872:2008 “Dentistry – Ceramic materials”. In Study I, the test was 

performed using Lloyd LRX (Lloyd Instruments, Fareham, UK) while the test 

in Study II was performed using AG-IS (Shimadzu). The disc-shaped specimen 

was positioned centrally on three steel balls with diameter of 3 mm, positioned 

120° apart on a support circle. The polished surface of the specimen was 

positioned in the tensile stress zone while the unpolished surface was loaded 

with a flat punch with a diameter of 1.4 mm, at a cross-head speed of 1 mm/min 

until fracture. The maximum load (N) was recorded and the biaxial flexural 

strength (MPa) was calculated according the following equations: 

σ = -0.2387P(X - Y)/b2 
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where σ is biaxial flexural strength (MPa), P is maximum load (N), L is length 

of support span (mm), and b is specimen thickness (mm). X and Y are 

determined as follows: 

X = (1 + ν)ln(r2/r3)
2 + [(1 - ν)/2](r2/r3)

2 

Y = (1 + ν)[1 + ln(r1/r3)
2] + (1 - ν)(r1/r3)

2 

in which ν is Poisson’s ration (0.25), r1 is the radius of support circle (mm), r2 

is the radius of loaded area (mm) and r3 is the radius of specimen (mm). 

 

3.2.23.2.23.2.23.2.2 ThreeThreeThreeThree----point bending test (Study III)point bending test (Study III)point bending test (Study III)point bending test (Study III)    
Flexural strength and modulus of elasticity of die material (Lava Ultimate) was 

measured in a three-point bending test according to ISO 4049:2009 “Dentistry 

– Polymer based restorative materials”. The specimens were loaded at a 

crosshead speed of 0.5 mm/min and with a 15-mm support span in a universal 

testing machine (AG-IS). Flexural strength and modulus of elasticity were 

calculated using the following equations: 

σ = 3FL/2bh2 

where σ is flexural strength (MPa), F is maximum load (N), L is length of 

support span (mm), b is specimen width (mm), and h is specimen thickness 

(mm). 

E = [F1/d] × [L3/4bh3] 

where E is modulus of elasticity (MPa), F1/d (N/mm) is the slope of the linear 

portion of load-deflection line, L is the length of support span (mm), b is 

specimen width (mm), and h is specimen thickness (mm).  

 

3.2.33.2.33.2.33.2.3 CompressionCompressionCompressionCompression    test (Study IIItest (Study IIItest (Study IIItest (Study III    and IVand IVand IVand IV))))    
Poisson’s ratio of die material (Lava Ultimate) was evaluated using a universal 

testing machine with video extensiometer (Zwick/Roell). The specimens were 

loaded at a crosshead speed of 0.5 mm/min. Poisson’s ratio was calculated as 

follows: 

ν = ε1/ ε2 

where ν is Poisson’s ratio, ε1 is horizontal deformation ratio (%) and  ε2 is 

vertical deformation ratio (%). 
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Compressive strength of the cements was tested according to ISO 9917:2004 

“Dentistry – Water-based cements”. The specimens were loaded at a crosshead 

speed of 0.75 mm/min using a universal testing machine (Zwick/Roell). The 

compressive strength was calculated according to the following equation: 

Fc = P/π(d/2)2 

where Fc is compressive strength (MPa), P is maximum load (N), π is circle 

ratio and d is the diameter of the specimen. 

 

3.2.43.2.43.2.43.2.4 Vickers hardness test (Study II)Vickers hardness test (Study II)Vickers hardness test (Study II)Vickers hardness test (Study II)    
The specimens for hardness measurement were randomly selected from those 

used in the biaxial flexural strength test. Nine specimens from each group were 

subjected to the micro-Vickers hardness test. Indentation was produced on the 

polished surface under a load of 9.8 N for 15 s in a digital micro-hardness tester 

(MVK-H2, Mitutoyo/Akashi, Kawasaki, Japan). 

 

3.2.53.2.53.2.53.2.5 SEM analysisSEM analysisSEM analysisSEM analysis    (Study I, II and V)(Study I, II and V)(Study I, II and V)(Study I, II and V)    
The average grain size were determined by linear intercept method using a 

scanning electron microscope (SEM, EM-3000, Topcon, Tokyo, Japan) 

according to ASTM E112-13 “Standard test methods for determining average 

grain size”. In Study I and II, six specimens for SEM analysis were randomly 

selected from those used in the biaxial flexural strength test. In Study V, six 

specimens were prepared and used for the grain size analysis. The specimens 

were thermally etched at a temperature 50°C below the sintering temperature 

for 30 min. The polished surface was coated with a gold layer and imaged. 

 

The penetration depth of the monoclinic phase as a result of LTD was 

measured in a cross section of the specimens. In Study II, fifteen specimens 

were randomly selected from those used in the biaxial flexural test were used 

while specimens prepared for the kinetic analysis of LTD were used (n = 

6/group). The specimens were embedded in an epoxy resin and the cross-

sectional surface was polished. The specimens were then coated with a 15-nm 
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gold layer and imaged. Three micrographs were taken for each specimen at 

randomly selected areas. The deepest distance of the transformed zone in each 

image was measured using the image processing program (ImageJ, The 

Research Services Branch of the NIH). The mean value of penetration depth 

of the monoclinic phase was regarded as the representative value of the 

specimen. 

 

3.2.63.2.63.2.63.2.6 XRD analysis (Study II and V)XRD analysis (Study II and V)XRD analysis (Study II and V)XRD analysis (Study II and V)    
Crystalline phase on the surface of the specimens was analyzed with XRD. In 

Study II, six specimens were randomly selected for the analysis from those 

used in the biaxial flexural test. In Study V, specimens subjected to autoclaving 

with different treatment time were analyzed (n = 6/group). XRD data were 

collected with a θ-2θ diffractometer (X’Pert MPD, PANalytical) using Cu-Kα 

radiation. Diffractograms were obtained from 27° to 33°, at scan speed of 

0.3°/min and a step size of 0.02°. The monoclinic phase fraction, Xm, was 

calculated using the Garvie and Nicholson method (1972), 

Xm = [Im(-111) + Im(111)]/[Im(-111) + Im(111) + It(101)] 

where It and Im represent the integrated intensity of the tetragonal (101), and 

monoclinic (111) and (−111) peaks. 

 

The integrated intensity of each peak was calculated using HighScore Plus 

software (PANalytical). The monoclinic phase fraction is expressed as the 

percentage of tetragonal phase that was transformed to the monoclinic phase. 

 

3.2.73.2.73.2.73.2.7 XRF analysis (Study II)XRF analysis (Study II)XRF analysis (Study II)XRF analysis (Study II)    
In Study II, the chemical composition of nine specimens randomly selected 

from each color group (before autoclaving) was analyzed with XRF 

spectroscopy (Axios PW440/40, Panalytical, Tokyo, Japan). The quantitative 

analysis was conducted using UniQuant5 software (Panalytical). 
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3.2.83.2.83.2.83.2.8 Color analysis (Study II)Color analysis (Study II)Color analysis (Study II)Color analysis (Study II)    
The specimens with or without autoclaving were subjected to color analysis 

performed using a portable colorimeter (ShadeEye NCC, Shofu, Kyoto, Japan) 

and the CIE (Commission Internationale de I’Eclairaga) L*a*b* colorimetric 

system in Study II. A color is expressed in the CIE system with three 

parameters, L*, a* and b*, which represent lightness (0 to 100), green-red 

value (-60 to 60) and blue-yellow value (-60 to 60), respectively. The analysis 

was performed in triplicate for each specimen, and the mean value was 

regarded as the representative value of the specimen. Color difference (ΔE) 

between the specimens with or without 100 h of autoclaving was calculated as 

follows: 

ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 

where ΔL*, Δa*, and Δb* represent the differences in L*, a*, and b* between 

the specimens with or without 100 h of autoclaving. 

 

3.2.93.2.93.2.93.2.9 Surface roughness measurement Surface roughness measurement Surface roughness measurement Surface roughness measurement (Study II)(Study II)(Study II)(Study II)    
Surface roughness of randomly selected six specimens per group was 

measured using a surface profilometer (Surfcom 130A, Tokyo Seimitsu, 

Tokyo, Japan). The stylus with a tip diameter of 2.5 µm moved across the 

polished surface for a distance of 2.5 mm, and mean arithmetic roughness (Ra) 

was recorded. Cutoff value and resolution of recorded data were 0.08 mm and 

0.001 µm, respectively. 

 

3.33.33.33.3 Crown fracture testingCrown fracture testingCrown fracture testingCrown fracture testing    

3.3.13.3.13.3.13.3.1 MicroMicroMicroMicro----CT analysis (Study III and IV)CT analysis (Study III and IV)CT analysis (Study III and IV)CT analysis (Study III and IV)    
The evaluation of crown thickness was performed non-destructively with 

micro-CT before cementation. In Study III, all of the monolithic zirconia 

crowns and monolithic lithium disilicate crowns were subjected to micro-CT 

analysis (ScanXmate-D225RSS270, Comscantecno, Kanagawa, Japan). The 

conditions for analysis were as follows: voltage; 200 kV (zirconia) vs. 90 kV 

(lithium disilicate), current; 200 µA (zirconia) vs. 220 µA (lithium disilicate), 
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resolution (voxel size) 14.9 µm. ImageJ (The Research Services Branch of the 

NIH), an image processing program, was used for analysis. The thickness was 

measured at the same points with those used for the evaluation of the abutments 

as shown in Figure 4c.  

 

In Study IV, three crowns and dies were randomly selected, and the crowns 

seated onto the dies without cement were subjected to the analysis under the 

same measuring conditions. Cement space as well as crown thickness was 

evaluated based on the micro-tomographs. The vertical distance between the 

inner surface of crowns and the occlusal surface of the die was regarded as the 

cement space. The cement space was measured at the same points with those 

used for the evaluation of the abutments as shown in Figure 4c.  

 

3.3.23.3.23.3.23.3.2 LoadLoadLoadLoad----totototo----failure test (Study III, IV and V)failure test (Study III, IV and V)failure test (Study III, IV and V)failure test (Study III, IV and V)    
The test was performed in a universal testing machine (Figure 6, AI-GS for 

Study III and V, and Zwick/Roell for Study IV) with a 10 kN load cell. A 

custom-made spherical indenter (Ø = 10 mm) of type 304-stainless steel was 

placed in the central fossa of the occlusal surface. A urethane rubber sheet 

(Kokugo, Tokyo, Japan) (Thickness = 2 mm, Shore A Hardness = 90) was 

interspersed between the indenter and the occlusal surface to avoid contact 

damage (Oilo et al., 2013). A preload of 20 N was applied vertically to the 

crown followed by compressive loading at a crosshead speed of 0.5 mm/min 

until fracture. 

 
Figure 6. Illustration of load-to-failure test 
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In Study IV, fracture analysis was performed with SEM (Sigma, Carl Zeiss 

Microscopy, Jena, Germany) on two randomly selected samples from each 

group after the load-to-failure test. In Study V, fragments of the crowns in each 

group were selected for SEM analysis (EM-3000), and the monoclinic phase 

in the cross-section was observed as previously described. 

 

3.3.33.3.33.3.33.3.3 Statistical analysisStatistical analysisStatistical analysisStatistical analysis    
Statistical analyses were performed using JMP Pro 11.0.0 software (SAS 

Institute, Cary NC, USA). Differences within and between the groups were 

analyzed with analysis of variance (ANOVA) or two-way ANOVA followed 

by Tukey-Kramer HSD multiple comparison test. The influence of the axial 

and occlusal thickness on the fracture resistance of monolithic zirconia crowns 

was assessed by multiple regression analysis (Study III). The representative 

thickness of the axial wall and occlusal surface for each crown, calculated as 

an average of 4 measuring points and as an average of minimal thickness at the 

measuring points of B, F and I (Figure 4c), respectively, were used for the 

multiple regression analysis. In any cases, the level of significance was set at 

5%. In addition, the variability of the biaxial flexural strength (Study I and II) 

was analyzed by Weibull statistics using the following equations;  

Pf(σ) = 1-exp[-(σ/σ0)m] 

where Pf(σ) is probability of failure, σ is fracture strength, σ0 is characteristic 

strength (P1(σ) = 63.2%) that is a representative strength value in Weibull 

distribution, and m is Weibull modulus. The failure probability was calculated 

using the following equation;  

Pf = (i - 0.5)/n, 

where i is ranking and n is number of specimens. 

Accordingly, following equation was derived;  

lnln[1/(1 - Pf)] = mlnσ-mlnσ0, 

Thus, plotting lnln[1/(1 - Pf)] against lnσ provides a slope (m: Weibull 

modulus) and an intercept (σ0: characteristic strength). 
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4444 RESULTSRESULTSRESULTSRESULTS    

4.14.14.14.1 Material testingMaterial testingMaterial testingMaterial testing    

4.1.14.1.14.1.14.1.1 Chemical and physical Chemical and physical Chemical and physical Chemical and physical properties properties properties properties     

Density Density Density Density (Study I, II and V)(Study I, II and V)(Study I, II and V)(Study I, II and V)    

The density of the 3Y-TZP specimens sintered at 1425, 1500 and 1575°C 

(Study I) reached 6.06, 6.07 and 6.07 g/cm3, respectively. The density for NC, 

IF and PM (Study II) were 6.07, 6.08 and 6.08 g/cm3, respectively. The 

specimens milled from commercial blocks (Lava Plus Zirconia) and used for 

kinetic analysis (Study V) also showed a density of 6.08 g/cm3. 

 

Chemical coChemical coChemical coChemical compompompompositionsitionsitionsition    (Study II)(Study II)(Study II)(Study II)    

The chemical composition of each colored zirconia as well as of the non-

colored zirconia analyzed by XRF is shown in Table 4. IF contained Er2O3 and 

Fe2O3, and PM contained Fe2O3 while such metal oxides were not detected in 

NC.  

 
Table 4. Chemical composition of colored and non-colored 3Y-TZP 

N.D: not detected 

 

Ave SD Ave SD Ave SD

ZrO2 92.99 0.28 92.68 0.18 92.98 0.19

Y2O3 4.99 0.02 4.93 0.02 4.97 0.03

HfO2 1.62 0.04 1.61 0.02 1.63 0.03

Al2O3 0.07 0.03 0.06 0.03 0.07 0.03

Er2O3 N.D - 0.46 0.10 N.D -

Fe2O3 N.D - 0.07 0.01 0.14 0.02

Others 0.33 0.19 0.21

wt.%
NC IF PM
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Color Color Color Color (Study II)(Study II)(Study II)(Study II)    

Some parameters were slightly affected by 100 h of autoclaving, depending on 

the group. The ΔE (after 100 h of autoclaving) for NC, IF and PM was 1.40, 

0.78 and 1.35, respectively.  

 

Surface roughnessSurface roughnessSurface roughnessSurface roughness    (Study II)(Study II)(Study II)(Study II)    

The mean Ra of each group was ≤ 0.015 µm regardless of autoclaving or not. 

Two-way ANOVA showed that the coloring techniques and the autoclaving 

did not significantly affect the surface roughness. 

 

Biaxial flexural strength Biaxial flexural strength Biaxial flexural strength Biaxial flexural strength (Study I and II)(Study I and II)(Study I and II)(Study I and II)    

In Study I, biaxial flexural strength of 3Y-TZP showed tendency to decrease 

with the increase of sintering temperature though there was no statistical 

difference between the groups (Figure 7). After the heat treatment simulating 

the veneering process, the biaxial strength obtained was almost the same as 

that obtained for the corresponding specimens not exposed to the thermal 

cycles (Figure 7). The mean value of the biaxial flexural strength of the 

specimens sintered at 1500°C was 1152 MPa. When subjected to the heat 

treatment, 10 h of autoclaving and the combination of the two, the mean value 

of the strength became 1163, 1139 and 1087 MPa, respectively.  

 

Figure 7. Influence of sintering temperature and heat treatment on biaxial flexural 

strength of 3Y-TZP. F: five thermal cycles, No F: no additional heat treatment. 

  

 



 

36 
 

Biaxial flexural strength, characteristic strength and Weibull modulus of the 

non-colored and colored 3Y-TZP (NC, IF and PM tested in Study II) are 

summarized in Table 5. Two-way ANOVA showed that the autoclaving 

significantly affected the biaxial flexural strength but the coloring techniques 

did not. In NC and PM, the mean value of biaxial flexural strength decreased 

with autoclaving time. In the case of IF, the mean value of the strength after 

10 h of autoclaving increased while after 100 h of autoclaving the increased 

value of the strength decreased becoming almost the same with that without 

autoclaving. This tendency was also confirmed with the characteristic strength 

calculated by Weibull statistics (Table 5). When the strengths of the specimens 

were compared between the groups, IF showed significantly higher value than 

NC after 10 h of autoclaving (p < 0.05), and IF and PM showed significantly 

higher value than NC after 100 h of autoclaving (p < 001). Weibull plot for 

each group is shown in Figure 8. Small variations in Weibull modulus (m) was 

recorded when the 0 h and 10 h of autoclaving were compared, while m 

increased to above 30 for all materials exposed to 100 h of autoclaving (Table 

5). 

 

 
Table 5. Biaxial flexural strength and Weibull analytical results 

Characteristic strength: the strength that corresponds to a failure probability of 63.2% 

calculated in Weibull statistics. 
 

Autoclaving time 0 h 10 h 100 h 0 h 10 h 100 h 0 h 10 h 100 h
Mean value of strength
 (MPa)

1121 1030 1012 1081 1153 1077 1150 1113 1058

Characteristic strength
 (MPa)

1195 1094 1030 1139 1198 1095 1220 1171 1074

Weibull modulus 10.8 9.1 30.6 9.3 13.4 33.1 8.3 9.6 35.2

NC IF PM
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Figure 8. Weibull plot for (a) NC, (b) IF and (c) PM with or without 10 and 100 h of 

autoclaving. NC: non-colored zirconia, IF: zirconia shaded by infiltration technique, 

PM: zirconia shaded by powder mixing. 

 

Vickers hardnessVickers hardnessVickers hardnessVickers hardness    (Study II)(Study II)(Study II)(Study II)    

Two-way ANOVA showed that the Vickers hardness was significantly 

affected by coloring, autoclaving and the combination of the two. The post hoc 

test revealed that there was no significant difference between the groups (NC, 

IF and PM) when they were not subjected to autoclaving. After 100 h of 

autoclaving, PM and IF showed significantly higher hardness than NC (p < 

0.01). In addition, PM showed significantly higher hardness than IF (p < 0.05). 
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4.1.24.1.24.1.24.1.2 MicrostrucMicrostrucMicrostrucMicrostructural propertytural propertytural propertytural property    

Grain sizeGrain sizeGrain sizeGrain size    (Study I, II and V)(Study I, II and V)(Study I, II and V)(Study I, II and V)    

The grain size of the 3Y-TZP specimens sintered at 1425, 1500 and 1575°C 

(Study I) were 0.30, 0.42 and 0.63 µm, respectively (Figure 9). There were 

significant differences between each group (p < 0.01). The grain size for NC, 

IF and PM (Study II) were 0.37, 0.43 and 0.44 µm, respectively. There was 

significant difference between NC and IF, and NC and PM (p < 0.01). The 

grain size of Lava Plus Zirconia used for kinetic analysis (Study V) was 0.32 

µm. 

 

 

Figure 9. SEM images of 3Y-TZP after thermal etching. The specimens were sintered at 

(a) 1425°C, (b) 1500°C and (c) 1575°C. Relationship between grain size and sintering 

temperature is displayed in (d). 
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Monoclinic fractionMonoclinic fractionMonoclinic fractionMonoclinic fraction    (Study II and V)(Study II and V)(Study II and V)(Study II and V)    

In Study V, only the It(101) peak was observed by XRD analysis when the 3Y-

TZP specimens (Lava Plus Zirconia) were not autoclaved. However, the 

It(101) peak was attenuated and the peaks of the monoclinic phase [Im(-111) 

and Im(111)] appeared when autoclaved (Figure 10a). Based on the 

calculations, the monoclinic fraction increased with autoclaving time from 0% 

(below the detection limit) at 0 h to approximately 70% after 50 h of 

autoclaving, and then reached a plateau (Figure 10b). 

 

Figure 10. (a) Representative XRD spectra and (b) changes in monoclinic fraction 

with an increase in the autoclaving time. Each value is the mean with SD (n = 6). 

 

In Study II, without autoclaving, the monoclinic phase could not be detected 

by XRD regardless of the color group. When the specimens were subjected to 

autoclaving, the monoclinic phase on the surface was detected by XRD, and 

increased with autoclaving time. The results are summarized in Figure 11. 

Two-way ANOVA showed that the monoclinic fraction on the surface was 

significantly affected by coloring, autoclaving and the combination of the two. 

The post hoc test revealed that IF and PM showed significantly lower 

monoclinic fraction than NC after 10 and 100 h of autoclaving. In addition, IF 

showed significantly lower monoclinic fraction than PM after 100 h of 

autoclaving.  
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Figure 11. Monoclinic fraction on the surface of the zirconia specimens autoclaved 

for 10 and 100 h. Each value represents the mean with SD (n = 6). *: p < 0.05, **: p 

< 0.01. NC: non-colored zirconia, IF: zirconia shaded by infiltration technique, PM: 

zirconia shaded by powder mixing. 

 

Penetration depth of monoclinic phasePenetration depth of monoclinic phasePenetration depth of monoclinic phasePenetration depth of monoclinic phase    (Study II and V)(Study II and V)(Study II and V)(Study II and V)    

In Study V, when the 3Y-TZP specimens (Lava Plus Zirconia) were not 

subjected to autoclaving, there were no clear signs of a phase transformation 

in the SEM images (Figure 12). When autoclaved, a limited region of the 

zirconia changed phase (the transformed zone). In the transformed zone, grains 

that were affected by LTD were pulled out during polishing in contrast to non-

transformed zirconia as shown in the SEM images of the cross-sectional 

surface (Figure 12). The depth of the transformed zone increased with 

autoclaving time and reached 31.4 µm after being autoclaved for 200 h (Figure 

12).  

 

In Study II, the SEM analysis of the cross sections showed that the monoclinic 

spots were detected after 10 h of autoclaving, and a layer of transformed zone 

was observed after 100 h of autoclaving though no monoclinic phase was 

detected in the specimens without autoclaving. The colored 3Y-TZP (IF and 

PM) showed significantly smaller depth of transformed zone than NC after 100 

h of autoclaving (Figure 13). In addition, PM showed significantly smaller 

depth than IF. 
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Figure 12. The depth of the transformed zone with representative SEM images of 

cross section of the zirconia specimens autoclaved for 0-200 h. Each value 

represents the mean with SD (n = 6) 
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Figure 13. The penetration depth of the monoclinic phase in non-colored and colored 

zirconia autoclaved for 100 h. Each value represents the mean with SD (n = 6). **: p 

< 0.01. NC: non-colored zirconia, IF: zirconia shaded by infiltration technique, PM: 

zirconia shaded by powder mixing. 

 

4.24.24.24.2 CCCCrown fracture testingrown fracture testingrown fracture testingrown fracture testing    

4.2.14.2.14.2.14.2.1 Evaluation of die material and cementsEvaluation of die material and cementsEvaluation of die material and cementsEvaluation of die material and cements        
The mean values of the flexural strength, the modulus of elasticity and the 

Poisson’s ratio of the die material evaluated in Study III were 196 MPa, 10.73 

GPa and 0.43, respectively.  

 

The compressive strengths of ZPC (45.4 ± 15.7 MPa) and GIC (81.0 ± 12.4 

MPa) were significantly lower than those of SRC (212.6 ± 27.3 MPa), RC-D 

(161.8 ± 53.3 MPa) and RC-C (183.4 ± 33.2 MPa). In addition, SRC showed 

significantly higher compressive strength than RC-D. 

 

4.2.24.2.24.2.24.2.2 MicroMicroMicroMicro----CT analysisCT analysisCT analysisCT analysis        

Crown thicknessCrown thicknessCrown thicknessCrown thickness    

The axial and occlusal thicknesses of the monolithic crowns tested in Study III 

are summarized in Table 6. The cement space in the occlusal surface of the 

monolithic zirconia crowns tested in Study IV was in the range of 112–144 µm 
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depending on the measuring points though it was designed to be 70 µm in the 

CAD/CAM software. 

 
Table 6. Axial and occlusal thickness of crowns evaluated by micro-CT 
analysis. Each value represents the mean with SD (n = 6) given within the 
parentheses. 

m: mesial, d: distal, b: buccal, l: lingual, A-J correspond to the measuring points shown 

in Figure 4c. 

 

4.2.34.2.34.2.34.2.3 Fracture resistance of monolithic zirconia Fracture resistance of monolithic zirconia Fracture resistance of monolithic zirconia Fracture resistance of monolithic zirconia 
crownscrownscrownscrowns    

In Study III, one out of 6, 4 of 6, and 4 of 6 crowns from the group of C0.5/O1.5, 

C0.7/O1.5, and C1.0/O1.5, respectively, did not fracture even at 10 kN. As 

shown in Figure 14, there were significant differences in the fracture load 

between the crowns of various thickness. Based on the measurement of crown 

thickness (Table 6) and the fracture load, multiple regression analysis was 

performed, and the following statistical prediction formula was calculated. 

That is, F = 3295 + 657 × A + 3465 × O 

where F is the fracture load (N), A is the axial thickness (mm), and O is the 

occlusal thickness (mm).  

m d b l A B C D E F G H I J

C0.5/O0.5
0.84

(0.02)
0.71

(0.02)
0.75

(0.02)
0.70

(0.01)
1.00

(0.01)
0.50

(0.01)
1.03

(0.02)
0.64

(0.02)
0.62

(0.03)
0.50

(0.01)
0.64

(0.01)
1.08

(0.01)
0.57

(0.01)
1.03

(0.02)

C0.5/O1.0
0.81

(0.02)
0.72

(0.02)
0.79

(0.02)
0.72

(0.02)
1.44

(0.01)
1.05

(0.01)
1.50

(0.02)
1.14

(0.01)
1.08

(0.01)
1.06

(0.01)
1.23

(0.01)
1.47

(0.01)
1.07

(0.01)
1.56

(0.01)

C0.5/O1.5
0.78

(0.02)

0.72

(0.01)

0.78

(0.03)

0.69

(0.02)

1.96

(0.01)

1.45

(0.02)

1.97

(0.01)

1.53

(0.03)

1.64

(0.01)

1.52

(0.02)

1.67

(2.02)

2.02

(0.02)

1.49

(0.02)

2.00

(0.03)

C0.7/O0.5
1.02

(0.01)
0.87

(0.02)
0.95

(0.02)
0.91

(0.02)
1.19

(0.01)
0.61

(0.01)
1.17

(0.01)
0.74

(0.01)
0.65

(0.01)
0.59

(0.00)
0.69

(0.02)
1.13

(0.01)
0.06

(0.02)
1.19

(0.01)

C0.7/O1.0
1.13

(0.03)
0.90

(0.02)
0.94

(0.04)
0.94

(0.02)
1.49

(0.01)
0.99

(0.01)
1.57

(0.01)
1.17

(0.02)
1.07

(0.01)
1.11

(0.02)
1.26

(0.02)
1.66

(0.01)
1.11

(0.01)
1.66

(0.01)

C0.7/O1.5
1.04

(0.02)
0.93

(0.02)
1.00

(0.02)
0.94

(0.01)
1.94

(0.01)
1.43

(0.02)
2.01

(0.02)
1.56

(0.02)
1.72

(0.02)
1.51

(0.02)
1.60

(0.02)
2.18

(0.03)
1.59

(0.02)
2.05

(0.02)

C1.0/O0.5
1.33

(0.02)
1.22

(0.02)
1.23

(0.03)
1.12

(0.02)
1.16

(0.02)
0.55

(0.01)
1.03

(0.02)
0.72

(0.02)
0.84

(0.02)
0.56

(0.01)
0.67

(0.01)
1.41

(0.02)
0.65

(0.01)
1.24

(0.01)

C1.0/O1.0
1.35

(0.02)
1.22

(0.02)
1.20

(0.05)
1.15

(0.02)
1.60

(0.03)
0.99

(0.01)
1.49

(0.02)
1.20

 (0.02)
1.25

(0.02)
1.02

(0.02)
1.15

(0.01)
1.74

(0.03)
1.10

(0.01)
1.71

(0.02)

C1.0/O1.5
1.32

(0.03)
1.24

(0.01)
1.23

(0.03)
1.14

(0.03)
2.13

(0.02)
1.51

(0.02)
1.96

(0.02)
1.64

(0.03)
1.66

(0.02)
1.50

(0.02)
1.62

(0.02)
2.32

(0.02)
1.70

(0.02)
2.28

(0.02)

C0.5/O0.5f
0.88

(0.01)
0.66

(0.01)
0.81

(0.02)
0.66

(0.01)
0.46

(0.01)
0.45

(0.01)
0.55

(0.02)
0.48

(0.02)
0.60

(0.01)
0.50

(0.01)
0.56

(0.02)
0.55

(0.03)
0.54

(0.01)
0.57

(0.01)

C1.0/O1.5
e.max press

1.30
(0.05)

1.30
(0.04)

1.39
(0.06)

 1.33
(0.05)

2.51
(0.16)

1.55
(0.14)

1.96
(0.13)

1.70
(0.11)

1.70
(0.18)

1.48
(0.13)

1.57
(0.18)

2.32
(0.16)

1.69
(0.13)

2.18
(0.15)

Axial thickness (mm) Occlusal thickness (mm)
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Adjusted coefficient of determination was 0.711. It was revealed that the 

occlusal thickness significantly affected the fracture load (p < 0.01) whereas 

the axial thickness did not (p = 0.2828).  

 

Figure 14. Fracture load of the monolithic zirconia crowns tested. Each bar 

represents the mean with SD (n = 6). Different letters above the bars show 

significant differences (p < 0.05). 

Although the reduction of occlusal thickness decreased the fracture resistance 

of monolithic zirconia crown, the fracture load of C0.5/O0.5 (5558 ± 522 N) 

and C0.5/O0.5f (4597 ± 532 N) was significantly higher than that of 

C1.0/O1.5e.max press (3147 ± 409 N) (Figure 15). Between the two types of 

monolithic zirconia crowns (V-shape and facetted shape), C0.5/O0.5f showed 

significantly lower fracture load than C0.5/O0.5.  
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Figure 15. Comparison of fracture load of monolithic zirconia crown with reduced 

thickness (C0.5/O0.5 and C0.5/O0.5f) with that of lithium disilicate crown 

(C1.0/O1.5e.max press). Each value represents the mean with SD (n = 6). **: p < 

0.01 

The results of Study IV in which load-to-failure test was performed using the 

monolithic zirconia crowns cemented with various types of cements are shown 

in Figure 16. There were no significant differences in fracture resistance 

between the different cement groups.  

 
Figure 16. Fracture resistance of C0.5/O0.5 monolithic zirconia crowns cemented to 

dies using different cements. ANOVA revealed that there was no statistical difference 

between the groups. ZPC: zinc phosphate cement, GI: glass-ionomer cement, SRC: 

self-adhesive resin-based cement, RC-D: resin-based cement (dual cure mode), RC-

C: resin-based cement (chemical cure mode). 
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Fractographic analysis revealed that there were no signs of Hertzian cone 

cracks at the occlusal surface. In all cases, primary fracture origin was located 

at the occlusal surface (Figure 17). 

 

 
Figure 17. Representative micrograph and SEM image of fractured monolithic 

zirconia crown. The fractographic features (i.e. fracture mirror, mist and hackles) 

indicated that the fracture origin was located at occlusal surface. The dotted lines 

indicate the direction of the fracture wave. 

Study V showed that the fracture load of the monolithic zirconia crowns 

significantly decreased from 5683 N without autoclaving to 3975 N after 

autoclaving for 100 h (Figure 18). After cyclic loading, no signs of fracture 

were observed using stereomicroscopic analysis. Thus, all of the crown-die 
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samples subjected to cyclic loading were subsequently tested in a load-to-

failure test. As shown in Figure 18, cyclic loading did not significantly affect 

the strength of the crowns tested. This was regardless of whether autoclaving 

was performed. The SEM analysis of the cross sections of randomly selected 

fractured crowns showed that autoclaving generated a monoclinic phase (the 

transformed zone) on the outer and inner surfaces whereas cyclic loading 

without autoclaving did not. No quantitative analysis of the transformed zone 

was performed since the fractures did not occur exactly at the same location, 

direction, or angle in each crown, which would affect the measurement. 

 

 
Figure 18. The fracture load of C0.5/O0.5 monolithic zirconia crowns with or 

without autoclaving and mechanical cycling. Each value represents the mean with 

SD (n = 6). The different letters above the bars show significant differences (p < 

0.01). Numbers displayed in the row of Autoclaving represent treatment time (h). 

Mechanical cycling was performed with 240,000 cycles between 30 and 300 N. 
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5555 DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION    

5.15.15.15.1 Discussion of methodDiscussion of methodDiscussion of methodDiscussion of method    

5.1.15.1.15.1.15.1.1 Biaxial flexural strength testBiaxial flexural strength testBiaxial flexural strength testBiaxial flexural strength test    
Flexural strength is considered as one of the most important properties for 

brittle dental materials as they are much weaker in tension than in compression 

(Ban and Anusavice, 1990; Vallittu and Kononen, 2013). In the ISO 6872:2008, 

three flexural strength tests are accepted for dental ceramic materials test; 

three-point bending test, four-point bending test and biaxial flexure test. 

Uniaxial flexural tests (three- and four-point bending test) are, however, 

influenced by the edge flaws and defects in test specimens, known as “edge 

effect”  (Ban and Anusavice, 1990; Wagner and Chu, 1996). Due to the edge 

effect, the strength values obtained in the uniaxial flexural tests are lower than 

those of biaxial flexural test in some cases (Shetty et al., 1981; Ban and 

Anusavice, 1990). In biaxial flexural test, disc specimens are loaded with a flat 

punch at the center, and tensile stress is generated on the opposite sides. 

Consequently, the cracks propagate from the center toward the edges and as 

such, the edge effect can be eliminated (Ban and Anusavice, 1990; Wagner and 

Chu, 1996). Therefore, in Study I and II, biaxial flexural strength test was 

performed with piston-on-three-ball test method given in the ISO 6872:2008. 

As the mechanical evaluation was performed on polished specimens, stresses 

caused by defects related to the sample preparation at the surface exposed to 

tensile stresses were assumed to be limited. 

 

5.1.25.1.25.1.25.1.2 LoadLoadLoadLoad----totototo----failure testfailure testfailure testfailure test    
Laboratory load-to-failure tests often induce contact damage at the loading 

point causing Hertzian cone crack (Webber et al., 2003; Sundh and Sjogren, 

2004; Akesson et al., 2009), which is rarely observed as a primary damage for 

catastrophic failure in a clinical situation (Kelly, 1999; Scherrer et al., 2008; 

Oilo and Gjerdet, 2013). The stress distribution that creates Hertzian cone 

cracks is thought to be different from clinical condition, and as such, the 

fracture resistance of crowns may be overestimated in laboratory tests (Kelly, 
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1999). Several test methods have been proposed in order to simulate clinical 

fracture (Kelly, 1999; Oilo et al., 2013) though standardized test method has 

not been established yet. Firstly, it is necessary to avoid contact damage of the 

steel indenter. For that purpose, it is recommended that a spherical indenter 

with a large diameter (≥ 10 mm) be used (Kelly, 1999). In addition, it has been 

demonstrated that a rubber sheet with a thickness of 2-3 mm interspersed 

between the indenter and crown can further assure a broad even contact 

resulting in clinically relevant fracture (Oilo et al., 2013; Oilo et al., 2014b). 

Secondary, the test samples should be prepared as close to clinical restorations 

as possilbe to reproduce the clinically relevant stress distribution (Kelly, 1999). 

Also, it is recommended that a polymer resin-based material, which has similar 

mechanical properties as dentin, be used as a die material (Kelly, 1999).  

 

In this context, the preparation of materials and load-to-failure test were 

performed according to the proposed recommendations (Kelly, 1999; Oilo et 

al., 2013). Fractographic analysis (Study IV) revealed that no Hertzian cone 

cracks occurred, suggesting that the test conditions could successfully avoid 

the contact damage. Concerning the sample preparation, the crowns with 

anatomic shape were prepared and cemented to the dies mimicking the clinical 

situation as much as possible. Since the monolithic zirconia crowns and dies 

were fabricated with CAD/CAM technique, the samples with the identical 

shape for each group could be obtained. This would contribute to reducing 

errors related to laboratory tests. In addition, the mechanical properties of die 

material (Lava Ultimate) were evaluated in Study III, and confirmed that the 

modulus of elasticity was in the range of those reported for dentin (Kinney et 

al., 2003) as well as those for polymer resin-based materials used in earlier 

studies (Scherrer and de Rijk, 1993; Yucel et al., 2012). It was also 

demonstrated that the Poisson’s ratio of the die material in use (0.43) was found 

to be close to that of wet (i.e. vital) dentin (0.38-0.45) (Kinney et al., 2003; 

Kinney et al., 2004).  

 

The difference in the Poisson’s ratio as well as in the modulus of elasticity 

between the monolithic zirconia crown and die material (Poisson’s ratio: 0.33 

for zirconia vs 0.43 for Lava Ultimate, Modulus of elasticity: 220 GPa for 
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zirconia vs 11 GPa for Lava Ultimate) might give rise to stress build-up, 

eventually leading to material fracture. Oilo et al. (Oilo and Gjerdet, 2013; Oilo 

et al., 2013; Oilo et al., 2014a) demonstrated that the fractures of all-ceramic 

crowns seen in the clinical situation and replicated in an in vitro experimental 

study originated from the cervical parts probably as a result of hoop stress due 

to volumetric changes of the abutment material at loading. In the present study 

and contrary to their findings, the fractures in the monolithic zirconia crowns 

initiated from the occlusal surface, verified by fractographic features displayed 

in SEM images of the fracture surfaces. The divergence in results may in 

specific be referred to differences in the crown and abutment materials as well 

as in the test methods used. A thicker interspersed sheet and use of a larger 

diameter of the spherical indenter than were used in the present study would 

cause a greater reduction and leveling out of the loading factor. Lack of 

information on e.g. the mechanical properties of the epoxy material used for 

the abutments and certain loading factors make a direct comparison of results 

difficult.  

 

It should be noted that the load-to-failure test with single loading does not 

necessarily reflect clinical situations since few clinical fractures occur during 

a single-loading (Anusavice, 2013a). Still, load-to-failure test can be used as 

the initial step for evaluation of new materials or concepts (Sornsuwan et al., 

2011) since it will allow a standardization of certain factors that are difficult to 

standardize in the clinic. At least, the fracture load obtained in the single load-

to-failure test should be greater than maximal bite force with safety margin.  

 

To simulate a more realistic clinical situation, fatigue tests with or without 

load-to-failure test may be conducted. Clinically, all-ceramic crowns fail 

through slow crack growth as a result of many cycles of stress, so-called fatigue 

failure (Anusavice, 2013a; Vallittu and Kononen, 2013). Fatigue tests for all-

ceramic crowns have been performed mainly with mechanical cycling, thermal 

cycling and thermo-mechanical cycling. However, no standardized fatigue test 

for crowns and FDPs has been established yet. For instance, mechanical 

cycling was performed under different conditions in terms of size of indenter 

(Ø = 2.5-12 mm), load (50-750 N), frequency (1-20 Hz) and cycles (104-106 
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cycles) (Rosentritt et al., 2006; Zahran et al., 2008; Guess et al., 2010; Preis et 

al., 2012; Johansson et al., 2014). It is reported that average chewing force, 

maximum bite force in molar region and frequency of mastication varies from 

50 to 150 N, from 400 to 890 N and from 0.89 to 1.57 Hz, respectively 

(Youssef et al., 1997; Schindler et al., 1998; Anusavice, 2013a). Kelly et al. 

(2010) reported that the influence of frequency on the results of mechanical 

cycling test was small, and suggested that the test could be performed at 20 Hz. 

Regarding the cycles, it is estimated that cycles of mastication per day is about 

2700 resulting in 106 cycles per year (Wiskott et al., 1995). However, since not 

all chewing cycles are active, this number should be reduced by a factor 

ranging between 5 and 20. If the factor of 5 is used, these become 200,000 

cycles/year (Wiskott et al., 1995). Another research group also estimated that 

1.2 × 106 cycles corresponded to 5 year (240,000 cycles/year) (Rosentritt et al., 

2006). Based on the background, mechanical cycling test was performed 300 

N for 240,000 cycles at a frequency of 10 Hz in water to simulate 1 year of 

clinical service in Study V. 

 

5.1.35.1.35.1.35.1.3 AutoclavingAutoclavingAutoclavingAutoclaving----induced LTDinduced LTDinduced LTDinduced LTD    
An accelerated LTD test by autoclaving has been proposed to estimate the 

phase transformation of zirconia in vivo. The ISO 13356:2008 requires that 

zirconia ceramics used for surgical implants should not show > 20% of 

monoclinic phase after 5 h of autoclaving at a temperature of 134°C and a 

pressure of 0.2 MPa. It was calculated that 1 h of autoclaving at 134 °C 

theoretically corresponded to 3–4 years in vivo (Chevalier et al., 1999; 

Chevalier, 2006). Based on this estimation, the LTD caused by 10–200 h of 

autoclaving in the present study would correspond to 30–600 years at body 

temperature. However, as suggested by Lughi and Sergo (2010), estimations 

of in vivo phase transformation might contain large errors. The estimation was 

based on the assumption that the transformation rate obtained in accelerated 

tests at 100–300 °C follows the same Arrhenius-like trend down to a body 

temperature of 37 °C. Therefore, an extended autoclaving time was adopted so 

that LTD might sufficiently cover the possible lifetime in the oral cavity. 
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5.25.25.25.2 Discussion of resultsDiscussion of resultsDiscussion of resultsDiscussion of results    

5.2.15.2.15.2.15.2.1 Mechanical and microstructural properties of Mechanical and microstructural properties of Mechanical and microstructural properties of Mechanical and microstructural properties of 
3Y3Y3Y3Y----TZP TZP TZP TZP     

IIIInfluence nfluence nfluence nfluence of sintering, veneer firing process and coloringof sintering, veneer firing process and coloringof sintering, veneer firing process and coloringof sintering, veneer firing process and coloring    

Sintering temperature of 3Y-TZP used in dentistry varies between 1350 and 

1550 °C depending on the manufacturers (Denry and Kelly, 2008). When 

veneering is needed, fully sintered material is subjected to additional firing 

processes. Even monolithic zirconia restorations may be subjected to such heat 

treatment for glazing or for veneering when they are used in an FDP composed 

of both monolithic and veneered crowns. Thus, the influence of sintering 

temperature and additional heat treatment on the flexural strength of 3Y-TZP 

was investigated in Study I. It was confirmed that the higher the sintering 

temperature the larger the grain size became as reported previously (Elshazly 

et al., 2011). The biaxial flexural strength showed a tendency to decrease as 

grain size increased while the strength seemed not to be influenced when 

exposed to the veneering firing process. Some previous studies reported that a 

significant reduction of the strength was observed after the first firing 

(Guazzato et al., 2005; Oilo et al., 2008). In the previous studies, the specimens 

were prepared by grinding whilst the specimens used in the present study were 

polished. Polishing is a gentle material removal procedure that can produce an 

almost stress free surface without phase transformation compared to grinding. 

It has been suggested that, as an effect of elevated temperature such as during 

the veneering process, the monoclinic grains at the surface will return to its 

tetragonal phase resulting in removal of the compressive surface stresses 

(Guazzato et al., 2005). This would be a probable explanation why the heat 

treatment used for veneering reduced the strength of the ground zirconia 

ceramics but not that of polished ones. In spite of the fact that the zirconia 

specimens used in the present study included various grain sizes, the heat 

treatment did not affect the mechanical strength of the polished zirconia 

specimens. 
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In Study II, a coloring liquid designed to provide shade A3.5, which is the 

strongest A shade color in the Lava System (3M/ESPE), was used for IF. It is 

expected that a stronger shade, which would require a larger amount of additive, 

would influence the behavior of the zirconia material to a larger extent. The 

ability to detect such a change from the evaluated material properties would 

thus be increased. For the same reason, PM was fabricated without dilution of 

color by adding non-colored zirconia powder to obtain a maximal shade. There 

were no significant difference in density and grain size between the different 

color groups. XRF analysis revealed that IF contained Fe2O3 and Er2O3, while 

PM contained Fe2O3, both of which are well-known coloring pigments 

(Yashima et al., 1995; Guo and Xiao, 2012). Although the chemical 

composition of NC, IF, and PM were similar except for the coloring pigments, 

it should be noted that the zirconia powder used in PM was a different product 

compared to the powder used for NC and IF. Therefore, the difference in 

properties between PM and the others may have arisen because of the 

difference in raw materials and the different coloring techniques used. The 

biaxial flexural strength of the colored and non-colored 3Y-TZP tested in 

Study II was close to those recorded in Study I as well as in other studies 

(Guazzato et al., 2005; Pittayachawan et al., 2007). Comparing the strengths 

of NC and IF, which were made from the same zirconia powder, the IF process 

had a tendency to decrease the specimen strength, although there was no 

statistical difference in the strengths of all materials tested. It was also 

demonstrated that there was no significant difference in Vickers hardness 

between the groups. Thus, it is suggested that the coloring of 3Y-TZP will not 

affect the mechanical and microstructural properties as long as the 

concentration of color pigment used was low. 

 

Influence of LTDInfluence of LTDInfluence of LTDInfluence of LTD    

In Study II, the influence of LTD on the properties of the non-colored and 

colored 3Y-TZP was studied. The color of the non-colored and colored 3Y-

TZP was slightly affected by the LTD. This was likely caused by the phase 

transformation at the surface of the specimens, which would change its optical 

reflection. According to critical marks of color change quantified by the 
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National Bureau of Standards (NBS, USA) (Nimeroff, 1968), the NBS units of 

color difference can be calculated using the following formula: NBS unit = ΔE 

× 0.92. Therefore, the NBS units for NC, IF and PM were calculated to be 1.28, 

0.71, and 1.24, respectively. These NBS units in the range between 0.5 and 1.5 

were classified as ‘slight’, meaning that the observed color changes were not 

severe. Furthermore, Gross and Moser (Gross and Moser, 1977) reported that 

ΔE values in the range of 0–2 represent color differences are imperceptible to 

the human eye. Thus, it is suggested that the color of the colored and non-

colored 3Y-TZP is relatively stable even when affected by LTD. 

 

No change in the surface roughness of the non-colored and colored 3Y-TZP 

was detected even after 100 h of autoclaving, which may have been due to the 

stylus of the profilometer used in the present study. Because the tip diameter 

of the stylus (2.5 µm) used was much larger than the grain size, any change in 

height over a short distance caused by individual grains may not have been 

detected as was done in a previous study where an optical interferometer was 

used to demonstrate LTD-induced surface coarsening (Gremillard et al., 2013). 

Although the results should be interpreted with respect to the limitation in 

methodology, it is suggested that the deterioration of the surface roughness was 

of a level that cannot be detected by a stylus type surface analyzer. However, 

as reported previously (Gremillard et al., 2013), it is assumed that the surface 

affected by LTD might be more worn than a non-affected surface. This issue 

should be studied further in terms of the surface wear of monolithic zirconia 

crowns. 

 

When LTD was induced by autoclaving, the biaxial flexural strength of 3Y-

TZP was significantly affected. The mean strength of IF increased after 10 h 

of autoclaving, but after 100 h of autoclaving, a similar strength to that of the 

untreated material was obtained. In contrast, the strength of NC and PM 

decreased with autoclaving time. This trend was also confirmed by the 

characteristic strength calculated by Weibull statistics, which is the 

representative value of Weibull distribution. When zirconia is subjected to 

autoclaving, the amount of monoclinic phase increases with time (Chevalier et 

al., 1999). At the beginning, superficial phase transformation generates 
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compressive stress in the surface layer, which resists crack propagation (Virkar 

et al., 1987; Kim et al., 2009; Siarampi et al., 2014), resulting in an increase in 

strength. Further generation of monoclinic phase causes micro-cracks, which 

act as defects (Swain and Rose, 1986) causing a decrease in strength. Thus, the 

initial increase in the strength of IF was probably caused by superficial phase 

transformation. One of the possible reasons for the difference in strength 

between IF and NC would be the phase transformation rate, as shown by the 

XRD analysis. Deduced from this, the colored 3Y-TZP had a significantly 

lower monoclinic fraction than the non-colored material after 100 h of 

autoclaving. Similarly, SEM analysis revealed that the penetration depth of the 

monoclinic phase in the colored 3Y-TZP was significantly smaller than that in 

the non-colored material. The reduced phase transformation rate of the colored 

3Y-TZP might be attributed to the presence of Fe3+ and Er3+, which may form 

a solid solution with ZrO2 and thus act as additional dopants (Li et al., 1994; 

Khor and Yang, 1997). The results of the present study suggest that coloring 

pigments such as Fe2O3 and Er2O3 give zirconia a higher resistance to LTD by 

retarding the phase transformation from tetragonal to monoclinic phase. It has 

previously been demonstrated that the stability of the tetragonal phase 

increases with the concentration of trivalent dopants (Yashima et al., 1995; 

Khor and Yang, 1997). In the present study, IF was found to contain Fe2O3 and 

Er2O3 at concentrations of 0.07 wt.% (0.06 mol.%) and 0.46 wt.% (0.15 mol.%), 

respectively, and PM contained Fe2O3 at a concentration of 0.14 wt.% (0.11 

mol.%). Thus, the total amount of trivalent dopants in the colored 3Y-TZP was 

slightly increased (3 mol.% Y2O3 + coloring pigments) compared with that of 

the non-colored 3Y-TZP. This may have caused the higher resistance of the 

colored zirconia to the LTD. As for grain size, IF and PM showed significantly 

larger grain size than NC, as previously reported (Guo and Xiao, 2012). 

However, the average grain sizes of the colored 3Y-TZP were still below 0.5 

µm. Although, in general, zirconia becomes less stable and more susceptible 

to LTD as the grain size increases (Tsukuma et al., 1984; Munoz-Saldana et 

al., 2003; Chevalier et al., 2004), the retarding effect of the coloring pigments 

on the phase transformation upon LTD may have prevailed against the negative 

effect of the increased grain size.  
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The LTD obtained after 100 h of autoclaving also significantly deteriorated the 

hardness. This finding is identical to that of a previous study, which 

demonstrated that the Vickers hardness of 3Y-TZP decreased with autoclaving 

time (Elshazly et al., 2011). Although the non-autoclaved specimens did not 

show any significant differences in hardness between the different color groups, 

the colored 3Y-TZP showed a higher resistance to the deterioration in hardness. 

The depth of the hardness indentations was around 16 µm in the materials 

exposed to 100 h of autoclaving, and the decrease in the Vickers hardness was 

well correlated to the penetration depth of the monoclinic phase. NC, which 

had the largest monoclinic phase penetration depth, showed the lowest 

hardness, while PM with the smallest depth exhibited the highest hardness.  

 

Weibull modulus (m) is used to characterize the distribution of flaws in ceramic 

materials (Afferrante et al., 2006; Richerson, 2006b). Higher values of m 

indicate a narrower defect size distribution. Most ceramics are reported to have 

m in the range of 5–15, whereas metals exhibit values in the range of 30–100 

(Johnson, 1983; Guazzato et al., 2005; Qeblawi et al., 2010). The m for non-

autoclaved 3Y-TZP specimens recorded in the present study was 8.3–10.8, 

which is similar to those reported in previous studies (Guazzato et al., 2005; 

Pittayachawan et al., 2007). The value of m was expected to decrease with the 

extent of autoclaving-induced LTD because LTD generates micro-cracks on 

the material surface. Indeed, Siarampi et al. (2014) demonstrated that a 

zirconia dental product showed lower m accompanied with a reduction of 

strength after 10 h of autoclaving, which was also observed for NC in the 

present study. However, prolonged autoclaving time (100 h) increased m to > 

30 regardless of the specimen color, though the strength of each material 

showed a tendency to decrease. Similar results were reported by Flinn et al. 

(2012), who demonstrated that 200 h of autoclaving significantly decreased the 

flexural strength of zirconia, and the standard deviation of the strength was 

smaller than that for non-autoclaved material. The smaller standard deviation 

can be correlated to an increase in m. According to the Weibull plot, 100 h of 

autoclaving narrowed the strength distribution by not only decreasing the 

higher values but also by increasing the lower values compared with the non-

autoclaved group. LTD may influence the stresses present and introduce 
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micro-cracks at the surface. When the penetration depth of these micro-cracks 

reaches sufficiently deep into the material, either locally or as an evenly 

growing layer, the strength will be reduced. Still, in the case of the materials 

not subjected to autoclaving, a low strength may suggest the presence of 

defects. Pre-existing defects in the material will respond to autoclaving with 

the build-up of a local compressive stress zone. Providing the influence from 

flaws induced by the phase transformation is inferior to that from the pre-

existing defects, the strength will increase. Additionally, remaining non-

hitherto transformed tetragonal phase will be exposed to tensile stress from the 

local monoclinic phase and trigged to undergo further phase transformation, 

an effect referred to as the “autocatalytic effect” (Lughi and Sergo, 2010). Such 

an autocatalytic effect might give rise to a more even stress-induced 

transformation, which may also increase the lowest values. The combination 

of these effects would then result in an increased Weibull modulus.  

 

Regarding the LTD kinetics, Study V demonstrated that the monoclinic 

fraction on the surface of the zirconia increased with autoclaving time and 

reached a plateau below 100% as previously reported (Deville et al., 2005). 

The depth of the monoclinic phase increased with an autoclaving time of up to 

200 h. The depth of the monoclinic phase became > 5 µm after 50 h of 

autoclaving. The results suggest that the monoclinic phase penetrates the bulk 

of the material even though monoclinic generation on the surface is saturated. 

This is possibly an effect of inter-granular trigging. 

 

5.2.25.2.25.2.25.2.2 Fracture resistance of monolithic zirconia Fracture resistance of monolithic zirconia Fracture resistance of monolithic zirconia Fracture resistance of monolithic zirconia 
crownscrownscrownscrowns    

Effect of Effect of Effect of Effect of crowncrowncrowncrown    thicknessthicknessthicknessthickness    

The effect of crown thickness on fracture resistance of monolithic zirconia 

crowns was evaluated in Study III. The micro-CT analysis revealed that there 

were significant differences in the axial and the occlusal thickness between the 

different groups (i.e. C/0.5 vs 0.7 vs 1.0, and O/0.5 vs 1.0 vs 1.5). Since other 

parameters, such as the crown shape and the height of the axial wall, which is 

known to influence the fracture resistance of posterior all-ceramic crowns 
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(Scherrer and de Rijk, 1992), were standardized, it is considered that the 

difference in fracture load for each type of the monolithic zirconia crowns were 

related to the crown thickness.  

 

In the load-to-failure test, some of the monolithic zirconia crowns with 

occlusal thickness of 1.5 mm were not fractured even at 10 kN. This result is 

consistent with a previous report wherein Beuer et al. (2012) demonstrated that 

11 out of 12 monolithic zirconia crowns did not fail at 10.5 kN. Their dies 

imitating tooth 46 with 1.2 mm chamfer preparation and 1.5 mm occlusal 

reduction seemed comparable to C1.0/O1.5 dies used in the present study.  

 

Based on the multiple regression analysis, the occlusal thickness significantly 

affected the fracture resistance. It is known that the occlusal thickness of all-

ceramic crowns is one of the primary factors influencing stress and fracture 

resistance (Rekow et al., 2006; Wolf et al., 2008). For the monolithic zirconia 

crowns tested in the present study, an increase in occlusal thickness with 1 mm 

resulted in an augmented fracture load with 3465 N according to the multiple 

regression analysis. Therefore, even for patients with high loading forces, only 

a small increase in occlusal thickness of a monolithic zirconia crown will 

probably contribute to augment the fracture resistance. Contrary to the occlusal 

thickness, the axial thickness of monolithic zirconia crown did not significantly 

affect the fracture resistance. This finding is in accordance with previous 

studies on leucite-reinforced glass-ceramic crowns (Tsitrou et al., 2010; 

Skouridou et al., 2013). However, when a load is applied at a different angle 

to the tooth axis, the axial thickness might affect the fracture resistance. It was 

demonstrated that lithium disilicate crowns with a wall thickness of 0.5 mm 

showed significantly lower fracture resistance than those with wall thicknesses 

of 1.0 and 1.5 mm when loaded with a tilt of 30° to the tooth axis (Seydler et 

al., 2014). Although further studies are needed to reach conclusion, based on 

the present study it might be recommended that the axial wall should be 

prepared with slight chamfer (e.g. 0.5 mm) when monolithic zirconia is used 

for crowns.  
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Comparison with Comparison with Comparison with Comparison with monolithicmonolithicmonolithicmonolithic    lithium disilicate crownslithium disilicate crownslithium disilicate crownslithium disilicate crowns    

A recent systematic review found high survival rate for lithium disilicate single 

crowns (the 5-year cumulative survival rate: 97.8%) (Pieger et al., 2014). In 

addition, since IPS e.max press could be used in a monolithic form as in the 

case of monolithic zirconia crowns, they were used as a control in Study III. 

Two types of production technique for lithium disilicate restorations are 

commercially available, one for press technique and the other for CAD/CAM 

(e.g. IPS e.max press and IPS e.max CAD). Since IPS e.max press possesses 

higher flexural strength (400 ± 40 MPa) than IPS e.max CAD (360 ± 60 MPa) 

according to the manufacturer’s data, the former was used in the present study. 

Johansson et al. (2014) compared fracture resistance of monolithic zirconia 

and monolithic lithium disilicate (IPS e.max press) after thermal and 

mechanical cycling. They reported higher strength for the zirconia crowns 

compared to lithium disilicate crowns with the same occlusal thickness (≥ 1.8 

mm). Although the crowns tested in Study III were not subjected to thermal 

and mechanical cycling, the fracture load of the monolithic zirconia crowns 

with an occlusal thickness of 0.5 mm were significantly higher than that of the 

lithium disilicate crowns with an occlusal thickness of 1.5 mm. Study V 

additionally demonstrated that mechanical cycling did not affect the fracture 

resistance of the monolithic zirconia crowns with an occlusal thickness of 0.5 

mm. These findings indicate that monolithic zirconia crowns can withstand the 

forces in the molar region even with a minimal thickness of 0.5 mm. Limiting 

the occlusal reduction of the abutment preparation would probably contribute 

not only to the preservation of sound tooth substance but would also ensure 

adequate height of the axial walls of the abutment tooth, promoting retention 

and resistance of the crown. The result displaying that the fracture resistance 

of C0.5/O0.5f crowns was significantly lower than that of C0.5/O0.5 crowns 

may suggest that several stress points were generated during load due to the 

shape of the preparation surface with ridges. This would imply that the facetted 

design is not the most ideal preparation design for the ceramic crown. 
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Effect of cementEffect of cementEffect of cementEffect of cement    

The micro-CT analysis disclosed that the cement space was approximately 

twice (about 130 µm) as large as that set in the CAD/CAM software (70 µm). 

Scherrer et al. (1994) demonstrated that the strength of glass-ceramic plates 

cemented onto composite resin blocks with zinc phosphate cement decreased 

when the cement thickness increased from 30 to 130 µm. However, they also 

suggested that the effect of cement thickness could be negligible as long as the 

polymer resin-based cement was used with a cement thickness of < 300 µm. 

Thus, it might be considered that the increased cement space observed would 

have a stronger influence on the fracture resistance of the crowns cemented 

with zinc phosphate cement than those cemented with polymer resin-based 

cements. Furthermore, the zinc phosphate cement and glass-ionomer cement 

showed significantly lower compressive strength than the polymer resin-based 

cements tested. Nonetheless, there was no significant difference in the fracture 

resistance of the monolithic zirconia crowns between the various cement 

groups.  

 

In the case of monolithic zirconia crowns, cementation with polymer resin-

based cement may not necessarily result in higher fracture resistance. Zesewitz 

et al. (2014) demonstrated that there was no significant difference in the 

fracture load between monolithic zirconia crowns cemented onto metal dies 

with polymer resin-based cement and those cemented with glass ionomer 

cement. In the case of zirconia-based restorations, it is considered that 

conventional cementation is acceptable though polymer resin-based cement 

might be a first choice (Manicone et al., 2007). Indeed, clinical studies in which 

zinc phosphate cement and glass ionomer cement were used for cementation 

of zirconia-based single crowns reported no increased incidence rate of 

fracture related to the cementation (Ortorp et al., 2012; Tartaglia et al., 2014). 

As shown in a finite element analysis (Rekow et al., 2006), contribution of 

cement thickness and cement elastic modulus to maximum principal stress in 

crowns would be much lower than that of the crown material. Thus, the high 

strength of zirconia ceramic might prevail against the effect of certain cement 

properties such as low compressive strength and increased cement film 

thickness on the fracture resistance of the monolithic zirconia crowns. 
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InfluenceInfluenceInfluenceInfluence    of LTD and of LTD and of LTD and of LTD and mechanicalmechanicalmechanicalmechanical    cyclingcyclingcyclingcycling    

Durability of monolithic zirconia crowns were tested in Study V. The LTD 

induced by autoclaving significantly decreased the fracture resistance of the 

crowns. This finding is in agreement with a previous study where Flinn et al. 

(2012) demonstrated that the flexural strength of zirconia bar specimens with 

a thickness of 0.2 mm significantly decreased after being autoclaved for 200 h 

at 134°C. In the present study, the reduction of the fracture load caused by 

being autoclaved for 100 h was about 30% (from 5683 to 3975 N). The crowns 

affected by autoclaving-induced LTD still had a fracture resistance that would 

be sufficiently higher than the average bite force in the molar regions (400 to 

890 N ) (Anusavice, 2013a). Also, LTD was induced at both the outer and inner 

surfaces of the crowns as confirmed by SEM imaging. This may differ from 

LTD induced under clinical situations since the inner surfaces of the crowns 

cemented to the abutments will not be exposed to any substantial humidity. 

Thus, it is reasonable to assume that the crowns in this study were tested under 

more severe conditions than in the clinical situations.  

 

Cyclic loading neither induced the phase transformation nor affected the crown 

strength even when performed after autoclaving. In addition, no signs of phase 

transformation was detected with SEM analysis after cyclic loading. However, 

it is still possible that cyclic loading may have induced the phase 

transformation at localized areas around micro-cracks since the observations 

were limited to one cross-section per crown. Cyclic loading with an increased 

number of cycles might induce the phase transformation and/or generate 

micro-cracks, resulting in decreased strength. Indeed, Cotes et al. (Cotes et al., 

2014) demonstrated that flexural strength decreased as a result of monoclinic 

phase generation, which was caused when zirconia discs were subjected to 

15,000,000 cycles with a load of 200 N. With respect to dental zirconia 

prostheses, Kohorst et al. (Kohorst et al., 2008) demonstrated that cyclic 

loading with 1,000,000 cycles and an upper load limit of 100 N significantly 

decreased the strength of zirconia-based dental bridges. Thus, monolithic 

zirconia crowns may also be affected by cyclic loading with an increased 
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number of cycles though the stress distributions under cyclic loading for 

bridges and crowns will be different. In addition to the number of cycles, in 

the present study, a rubber sheet was inserted between the crown and indenter 

to avoid impact damage. That could be a reason for the discrepancy between 

the earlier reports and the present study. The rubber sheet may suppress the 

effect of cyclic loading. Before a generalized use of monolithic crowns can be 

recommended, the effect of point loading on fracture strength and monoclinic 

phase build-up ought to be evaluated. 
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6666 CONCLUSIONCONCLUSIONCONCLUSIONCONCLUSION    
 

� The biaxial flexural strength was influenced by large grains caused by 

higher sintering temperature (1575°C).  

� Heat treatment mimicking veneering process did not affect the strength 

of 3Y-TZP. 

� Tooth-colored 3Y-TZP containing Fe2O3 and Er2O3 at concentrations of 

0.15 and 0.5 wt.%, respectively, possessed equivalent biaxial flexural 

strength to non-colored zirconia, and displayed higher resistance to LTD. 

� The generation of the monoclinic phase with a fraction of approximately 

70% and with a penetration depth of 10-14 µm after 100 h of autoclaving 

decreased the strength of 3Y-TZP. 

� The monoclinic fraction on the surface of 3Y-TZP increased with 

autoclaving time, and then reached a plateau after 50 h while the depth of 

the monoclinic phase increased without reaching a plateau. 

� The occlusal thickness significantly affected the fracture load of 

monolithic zirconia crowns but the axial thickness did not. 

� The fracture load of the monolithic zirconia crowns with the occlusal 

thickness of 0.5 mm was significantly higher than that of lithium disilicate 

crowns with an occlusal thickness of 1.5 mm. 

� The compressive strength of the cements differed significantly but did not 

significantly affect the fracture resistance of monolithic zirconia crowns. 

� The monoclinic phase generated by autoclaving-induce LTD resulted in 

lower fracture resistance of the monolithic zirconia crowns, whereas 

cyclic loading did not affect the fracture resistance.  

� The monolithic zirconia crowns seem to have sufficient strength even 

when assuming LTD occurs.  

 

The knowledge obtained by the laboratory studies performed suggests that 

monolithic zirconia crowns with a minimal thickness of 0.5 mm will have the 

capability of being applied to the molar region with sufficient durability, 

providing there is a properly controlled fabrication process to avoid 

unexpected degradation of the material. 



 

64 
 

7777 FUTURE PERSPECTIVESFUTURE PERSPECTIVESFUTURE PERSPECTIVESFUTURE PERSPECTIVES    
 

Laboratory studies performed in this thesis show that monolithic zirconia 

crowns will withstand biting force in the molar regions. However, it is still 

uncertain how the value of the knowledge obtained about monolithic zirconia 

can be interpreted clinically. Although there are several recommendations for 

laboratory load-to-failure tests, more clinically relevant methods should be 

established to replicate the fracture of all-ceramic crowns in clinical service. 

More comprehensive fractographic analysis may provide important 

information in that sense. Standardizing the size of indenter, material of sheet 

interspersed between the indenter and crown, cross head speed of loading, and 

requirements for die material will make it possible to compare the results 

between different studies. Furthermore, the testing conditions for mechanical 

cycling should also be standardized. Number of cycles and load will be the 

most important variables. In this thesis, mechanical cycling was performed 

with 240,000 cycles, simulating one year of clinical service. Test with higher 

number of cycles will provide more clinically relevant information in terms of 

durability.  

Besides the mechanical properties, aesthetic qualities of monolithic 

zirconia restorations should be improved. At present, it is difficult to match the 

color of the restorations to natural teeth though several shades are available. 

Thus, the aesthetic of monolithic zirconia restorations are inferior to that of 

other all-ceramic restorations, at least from a dentist perspective.  

Detailed surface analyses including the implications of LTD on surface 

energy, bacterial colonization and wear behavior are at present inadequately 

studied and should be focused in the future. 

The results obtained in laboratory studies should then be verified in 

clinical studies. Particularly needed, are randomized control trials where the 

survival and success rate of monolithic zirconia crowns, as well as patients’ 

perception of aesthetic aspects are compared with those of other types of 

standard restorations, such as metal-ceramic crowns and other types of all-

ceramic crowns. Specifically, long-term clinical results are necessary before a 

generalized use of monolithic zirconia crowns can be recommended.  
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