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Abstract 
Background: Ceramics have long been amongst the most biocompatible 
materials known but their mechanical properties have limited their use. 
During the past few decades zirconia has aroused particular interest as a 
biomaterial because of its greater flexural strength, fracture resistance and 
toughness compared to other bioceramics. Technological inventions and 
developments have made the processing of zirconia-based ceramics possible 
and thus also the successful processing of dental restorations constructed 
from this type of material. The properties of zirconia-based ceramics can, 
however, be affected by, for example, shape, composition, manufacturing 
processes and subsequent handling. It was, therefore, of particular interest to 
study in what way recently introduced zirconia-based ceramics intended for 
odontological applications could be affected by the shape, manufacturing 
process, composition, grinding and veneering. 
Methods: By means of newly invented and developed CAM-Software 
systems with improvements in grinding technology and strategy and 
hardware technology, cores for single crowns, fixed partial denture (FPD) 
frameworks and implant-supported abutments and copies were 
manufactured from a hot isostatic-pressed (HIPed) yttria-stabilized 
tetragonal zirconia polycrystal (Y-TZP) ceramic. In addition, zirconia-based 
ceramics intended for odontological applications but made from other 
compositions and/or using different manufacturing techniques were studied. 
The effects were determined of shape, composition, manufacturing process, 
heat treatment and veneering of the cores/frameworks on the fracture or 
bending resistance of various types of ceramic single crowns, FPD 
frameworks and implant-supported abutments and copies. 
Results: Different thicknesses in different parts of HIPed Y-TZP cores 
improved the fracture resistance compared with cores of a uniform thickness 
resulting in a thicker veneer layer. Machining, heat treatment and veneering 
affected the fracture resistance of the zirconia-based ceramics studied. In 
addition, the quality of sintering and composition and type of veneering 
porcelain used influenced the fracture resistance of zirconia-based ceramics. 
Conclusion: The results obtained indicate that zirconia-based ceramics 
have the potential for use as a material in odontological applications. The 
mechanical properties of zirconia ceramics are, however, affected by, among 
other things, the shape, composition, manufacturing processes and 
subsequent handling of the material. These findings have to be taken in 
consideration in the production processes of zirconia-based ceramic 
restorations. To further improve their function more studies are needed to 
elucidate the effects of various manufacturing and handling techniques on 
the properties of zirconia-based ceramics.  

Keywords: CAD/CAM,  ceramics,  HIPing,  Mg-PSZ,  veneering, Y-TZP,  
 zirconia. 
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Abbreviations  

Al2O3 alumina 

CAD computer aided design 

CAM computer aided manufacturing 

FPDs fixed partial dentures 

HIPed hot isostatic pressed 

LTD low-temperature aging 

MgO  magnesia 

Mg-PSZ magnesia partially-stabilized zirconia  

PFM porcelain fused to metal 

PSZ partially-stabilized zirconia 

THR total hip replacement 

TZP tetragonal zirconia polycrystal 

Zr zirconium 

ZrO2 zirconia 

Y yttrium 

Y2O3 yttria 

Y-TZP yttria-stabilized tetragonal zirconia polycrystal 
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Introduction 
The name of the element zirconium (Zr) comes from the Arabic “zargon” 

(golden in colour), which in turn comes from the two Persian words “zar” 
(gold) and “gun” (colour). (Piconi and Maccauro, 1999). Zirconia, i.e. 
zirconium dioxide (ZrO2), was identified in 1789 by a German chemist, 
Martin Heinrich Klaproth, and was mainly used in combination with various 
earth oxides as a pigment for ceramics (Piconi and Maccauro, 1999). The 
first paper on zirconia as a biomaterial was published in 1969 and in 1988 the 
first article addressing the use of zirconia in hip-ball heads, often called Total 
Hip Replacement (THR), was presented (Helmer and Driskell, 1969; Christel 
et al., 1988; Piconi and Maccauro, 1999). 

During recent years the favourable mechanical properties of oxide 
ceramics, such as zirconia-based ceramics, have made available treatments 
with more extensive all-ceramic fixed partial dentures (FPDs) (Sailer et al., 
2006; 2007; Molin & Karlsson, 2008; Schmitt et al., 2009; Al-Amleh et al., 
2010; Roediger et al., 2010). In 2000 it was shown that ZrO2-based ceramics 
were the strongest and toughest oxide ceramics yet produced (Hannik et al., 
2000) and the higher flexural strength, fracture resistance and toughness of 
zirconia-based ceramics compared with alumina and other dental ceramics 
(Christel et al., 1989, Hannik et al., 2000) have made them particularly 
interesting and a favored material for dental cores (Sailer et al., 2007; Molin 
& Karlsson, 2008; Schmitt et al., 2009; Al-Amleh et al., 2010; Roediger et 
al., 2010).  

Today zirconia for odontological applications can be industrially sintered, 
resulting in prefabricated blanks which should be almost without porosities. 
The transfer of modern computer aided design/computer aided manucturing 
(CAD/CAM) technology into dentistry has made possible both the processing 
of these very hard materials and the successful processing of cores for crowns 
and FPD frameworks (Sjölin et al., 1999). The majority of the available dental 
CAD/CAM systems employ partly-sintered yttria-stabilized tetragonal 
zirconia polycrystal (Y-TZP) blanks, also referred to as “green” state of the Y-
TZP ceramic, making milling processes faster and resulting in less wear on 
the hardware, compared with systems employing densely sintered blanks, 
which have gone through a process called hot isostatic pressing (HIPing) (Al-
Amleh et al., 2010). The former process, however, needs to compensate for 
the final sintering shrinkage by enlarging the original form before milling 
(∼20-25%), whereas this is not necessary with the HIPed Y-TZP blanks, 
which can be ground to the desired size directly (Att et al., 2007a, Al-Amleh 
et al., 2010).  

Zirconia materials 

Zirconia is a well-known polymorph that occurs in three different forms: 
at room temperature and up to 1170 OC pure zirconia is monoclinicic (m), 
above 1170 OC up to 2370 OC it is tetragonal (t), and above 2370 OC it is cubic 
(c) (Richerson, 1992; Cawley et al., 1994; Piconi and Maccauro, 1999). 
During cooling, t transforms into m at ∼100 OC below 1070 OC and at the 
same time a volume expansion of approx. 3-4% occurs (Cawley et al., 1994; 
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Piconi and Maccauro, 1999; Hannik et al., 2000). In pure zirconia that has 
been sintered at 1500-1700 OC this expansion generates stress, which creates 
cracks that could lead to the material totally breaking into pieces (Piconi and 
Maccauro, 1999; Hannik et al., 2000; Kelly and Denry, 2008). 

The addition of stabilizing oxides, e.g. MgO, CaO, CeO2, Y2O3, to pure 
zirconia, however, allows the generation of multiphase materials known as 
partially stabilized zirconia (PSZ) (Richerson, 1992; Piconi and Maccauro, 
1999; Hannik et al., 2000) and makes it possible to create zirconia-based 
ceramics that is mainly stabilized in the tetragonal phase at room 
temperature. This type of ceramics were developed in 1972 and described by 
Garvie at al. (1975) as “Ceramic Steel” (Garvie at al., 1975). However, the 
type and amount of stabilizing oxides added result in the zirconia-based 
ceramics having different properties (Richerson, 1992).  

The zirconia-based ceramics designed as a biomaterial and stabilized 
with yttria contains approximately 2-3%-mol Y2O3 and at room temperature 
mainly consists of tetragonal grains; it is named yttria-stabilized tetragonal 
zirconia polycrystal (Y-TZP) (Hannik et al., 2000) and is well defined in the 
requirements for hip-ball head implants (THR) and described in the ISO 
Standard 13356 (ISO Standard 13356:2008). 

Another zirconia-based ceramic used as a biomaterial is magnesia 
partially-stabilized zirconia (Mg-PSZ), which is said to be one of the toughest 
zirconia-based ceramics available (Hannink et al., 1994) and among the most 
commonly used engineering ceramics based on zirconia (Liu and Spargo, 
2001). Usually the Mg-PSZ ceramics are sintered at ∼1800 OC compared with 
Y-TZP ceramics, which is sintered at ∼1400 OC and the grain size of Mg-PSZ 
is reported to be between 30-40 µm compared to <1 µm for Y-TZP (Piconi 
and Maccauro, 1999; Chawley et al., 1994). Fig. 1 showes a scanning 
electron microscopy (SEM) image of the microstructure of a fractured surface 
of a HIPed Y-TZP core material. 

 

 

Figure 1. Scanning electron microscopy (SEM) image of the microstructure of a 
fractured surface of a HIPed Y-TZP ceramic at 10 000X magnification. 
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Stress-induced transformation 

Among the interesting properties of zirconia is the so-called stress-
induced transformation (or transformation toughening). This means that 
when a crack occurs, zirconia has an advantage over other dental ceramics 
because in this situation metastable, retained, tetragonal zirconia transforms 
into the stable monoclinic phase around a propagating crack (Basu, 2005). 
This results in the material expanding (∼4-5%), a compressive stress is 
introduced around the crack tip, and the crack propagation stops and the 
material is said to be self-healing (Basu, 2005). In Fig 2 a schematic 
illustration of this phenomenon is shown.  

 

 
Figure 2. Schematic illustration of crack propagation in an Y-TZP ceramic. 

 
However, there are some concerns about zirconia-based ceramics 

because, among other things, the manufacturing processes, quality of 
sintering and composition can significantly affect its properties through, for 
example, low-temperature degradation (LTD) and phase transformation, 
often referred to as aging (Piconi and Maccauro, 1999; Kelly and Denry, 
2008; Tholey et al., 2010; Lughi and Sergo, 2010) and grinding, heat 
treatment and veneering may influence the crystal structure, which could 
then affect the strength (Kosmač et al., 1999; Piconi and Maccauro, 1999; 
Guazzato et al., 2005; Kelly and Denry, 2008).  
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Low-temperature degradation (LTD)  

Low-temperature degradation (LTD), that is the spontaneous 
transformation of the tetragonal (t) phase → monoclinic (m) phase, often 
called “aging”, could cause mechanical property degradation of zirconia-
based ceramics (Piconi and Maccauro, 1999; Kelly and Denry, 2008). In 
addition, the LTD aging-induced phase transformation of zirconia ceramics 
can result in spalling (Lawson, 1993) and volume variations (Piconi and 
Maccauro, 1999), which may affect the bond strength to the veneer. LTD is 
common in the temperature range between 200–400 OC in the presence of 
vapor (Piconi and Maccauro, 1999; Kelly and Denry, 2008). LTD starts on 
the surface and later moves toward the bulk of the ceramic and the 
transformation of one of the grains causes an increase in volume, inducing 
stresses to the surrounding grains and micro cracking (Kelly and Denry, 
2008). The surface degradation is aggravated by water penetration and the 
transformation propagates from neighboring grain to neighboring grain and 
results in micro cracking, grain pullout, rough surface, and reduced strength 
(Kelly and Denry, 2008). LTD behavior is related to grain size (Lawson, 
1995), concentration and distribution of stabilizing oxide (Hannink et al., 
2000), residual stresses (Deville et al., 2006), and occurrence and 
distribution of flaws in the material (Piconi and Maccauro, 1999).  

Thus, reduction in grain size and/or optimizing the concentration of the 
stabilizing oxide can reduce the transformation rate (Piconi and Maccauro, 
1999). Various oxides are, therefore, added to zirconia to maintain the high-
temperature tetragonal phase and in that way reduce the spontaneous 
transformation into the monoclinic phase at room temperature (Piconi and 
Maccauro, 1999). LTD is reported to be less pronounced in Mg-PSZ than in 
Y-TZP (Masaki, 1986; Roy et al., 2007a; Roy et al. 2007b) and HIPed Y-TZP 
is said to be more resistant to LTD than partly-sintered Y-TZP (Grant et al., 
2001). 

Quality of sintering  

The characteristics of zirconia are partly dependent on the way it is 
processed. Dental Y-TZP zirconia cores/frameworks, implant-supported 
abutments and copies intended for dental implants and fixed partial dentures 
(FPDs) can be made in two ways: by milling enlarged restorations out of 
homogeneous, ceramic partly-sintered blanks of zirconia, which are then re-
sintered and shrunk to the desired shape and size (Filser et al., 2001), or by 
grinding the restorations of densely sintered hot isostatic pressed (HIPed) 
prefabricated zirconia blanks directly to conform to the restorations’ final 
size (Att et al., 2007a; Al-Amleh et al., 2010).  
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Hot isostatic pressing (HIPing) 

Hot isostatic pressing (HIPing) has been used since the middle of the 
1950s to form fully-density products (Fujikawa, 1985). By subjecting 
encapsulated powder, or sintered parts with remaining porosity, to inert gas 
at isostatic pressure at a high temperature increases the density and HIPing 
is said to be an excellent method for making high-density homogenous 
products (Fujikawa, 1985). HIPing makes it possible to apply the pressure 
equally from all directions resulting in greater material uniformity and higher 
strength (Richerson, 1992).  

It has been stated that HIPing of Y-TZP zirconia enhances the strength, 
eliminates such fracture sources as pores and, as mentioned above, reduces 
the undesirable aging phenomenon, i.e. the so-called low-temperature 
degradation (LTD) caused by phase transformation (Tsukuma and Shimada, 
1985; Grant et al., 2001). Moreover, the HIPing process is said to improve 
the translucence of Y-TZP and, since no sinter shrinkage after grinding is 
necessary (Al-Amleh et al., 2010), no sinter distortion should occur (Beuer et 
al., 2008). The disadvantages of HIPing Y-TZP ceramics are heavy wear on 
cutting tools, longer grinding times, and the necessity for grinding devices 
with high rigidity and stability (Al-Amleh et al., 2010). It has also been 
claimed that grinding can cause damage in the microstructure of the material 
and, therefore, it was suggested that non-grinding forming should be 
developed to improve the strength and reliability of CAD/CAM-fabricated Y-
TZP restorations (Luthard et al., 2004). 

Following the manufacturer’s information, the HIPed Y-TZP ceramic 
used in the present thesis was sintered at a temperature of <1500 OC. To 
increase the density of the particles the material was then heated to between 
1400 OC and 1500 OC under pressure of >1000 bar in an inert atmosphere 
(argon). The material was then heated in air to the point of whitening. This is 
done because HIPing Y-TZP results in a grey-black material that usually 
requires subsequent heat treatment to oxidize and restore the whiteness of 
the material. The density of the HIPed Y-TZP prefabricated blanks pressed in 
the way described above was, according to the manufacturer’s information, 
6,09 g/cm3. Theoretical density (100% dense) reported for Y-TZP is 6.1 g/cm3 
(Chawley et al., 1994; Cales, 2000). 

Partly-sintered prefabricated Y-TZP blanks 

To improve the mechanical properties machined restorations made out 
of partly-sintered blanks must be subjected to re-sintering after milling. The 
manufacturers state that the final sintering temperature should be in the 
ranges of 1350 and 1550 OC for at least 2 to 5 hours which will result in 
densities >99% of the theoretical (100% dense) density (Denry and Kelly, 
2008). There is speculation that the range of the final sintering temperatures 
used for the different materials supplied by the various manufacturers affects 
the grain size differently, according to the types of partly-sintered Y-TZP used 
(Denry and Kelly, 2008) and, consequently, could affect their resistance to 
phase transformation.  
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According to the manufacture’s information (Vita Zahnfabrik, Bad 
Säckingen, Germany) the frameworks of the partly-sintered Y-TZP ceramics 
used in the present thesis were milled to a size of around 20% larger than the 
desired dimension and then re-sintered in a special oven.  

Mg-PSZ prefabricated blanks 

Mg-PSZ sinters at ∼1800 OC, that is, at a higher temperature than for Y-
TZP, which sinters at ∼1400 OC, and both temperature and time have to be 
carefully controlled during the cooling-down cycle for Mg-PSZ (Cawley et al., 
1994; Piconi and Maccauro, 1999; Roy et al., 2007b). The prefabricated Mg-
PSZ blanks used in the present work were not subjected to HIPing, as the 
distribution of pores differs between yttria-stabilized zirconia and magnesia 
partially-stabilized zirconia ceramics (Akimov, 2000). In the former the 
porosity is mainly positioned on the grain boundaries and can therefore be 
removed by HIPing, whereas Mg-PSZ ceramics usually contain a great 
number of intragrain pores (Akimov, 2000) and, thus, is not affected by 
HIPing like yttria-stabilized zirconia. In contrast to the partly-sintered Y-TZP 
(Vita YZ) in the current study, the restorations made from the Mg-PSZ 
(Denzir M) prefabricated blanks were ground directly to meet the final 
desired dimension and were, thus, not re-sintered after milling. 

 
Composition 

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) 

The properties of zirconia-based ceramics are depended on the 
composition and the type of stabilizing oxide added (Richerson, 1992; Piconi 
and Maccauro, 1999; Liu and Spargo, 2001). According to the 
manufacturer’s information 5.15 wt-% (corresponding to 3 mol-%) of yttria 
was added to the Y-TZP ceramics evaluated in the present thesis. Tetragonal 
zirconia polycrystal (TZP) materials, which contain about 2-3 mol-% yttria, 
are said to be composed of tetragonal grains and the portion of tetragonal 
phase retained at room temperature in this system is dependent on the grain 
size (Lawson, 1995), the yttria content (Hannink et al., 2000), and the 
influence of the surrounding matrix (Deville et al., 2006). The composition of 
the Y-TZP ceramics studied in the present thesis consists, according to the 
manufacturer’s information, of >99% ZrO2 + Y2O3 + HfO2. 

Magnesia partially-stabilized zirconia (Mg-PSZ) 

To affect various properties of zirconia stabilizing oxides other than yttria 
can be added (Richerson, 1992; Chawley et al., 1994; Piconi and Maccauro, 
1999; Liu and Spargo, 2001). Among the stabilizing oxides used in zirconia 
is magnesia (MgO), and it has been stated that the addition of approximately 
8 mol-% magnesia to zirconia is a feasible way of creating partially-stabilized 
zirconia (Mg-PSZ) with favorable properties (Chawley et al., 1994; Piconi 
and Maccauro, 1999). Mg-PSZ is one of the most commonly used 
engineering ceramics based on zirconia (Liu and Spargo, 2001) and has been 
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used, among other applications, for hip-joint prostheses (Piconi and 
Maccauro, 1999; Roy et al., 2007a). In the 1990s, however, its use in this 
context was reported to have slowed down (Piconi and Maccauro, 1999). 

Among the reasons for using Mg-PSZ, as mentioned earlier, is that this 
ceramic is one of the toughest zirconia-based ceramics available (Hannink et 
al. 1994) and has greater fracture toughness than the Y-TZP ceramics used in 
dentistry (Piconi and Maccauro, 1999). From a manufacturing point of view, 
high fracture toughness should facilitate the grinding of dental ceramic cores. 
In addition, the hardness differs between the Mg-PSZ and Y-TZP ceramics 
(Table 1). Another interesting property of Mg-PSZ is that it is said to be more 
resistant to low-temperature degradation (LTD) than Y-TZP (Masaki, 1986).  

According to the manufacturer’s (Cad.esthetics AB, Skellefteå, Sweden) 
information the Mg-PSZ ceramic studied in the present thesis consists of 
>99.95% ZrO2 + MgO. 

Table 1. Fracture toughness, determined by the indentation technique, and Vickers 
hardness of the zirconia ceramics studied in the present work, according to the 
manufacturers’ information. 

 
HIPed  

Y-TZP 1 

Partly sintered 

Y-TZP 2 

Mg-PSZ 3 

Fracture toughness 
(MPa • m1/2) 

5 5.9 10 

Vickers hardness 
(GPa) 

13 12 11 

1 Denzir (Cad.esthetics AB, Skellefteå, Sweden). 
2 Vita In-Ceram 2000 YZ Cubes (Vita YZ) (Vita Zahnfabrik, BadSäckingen, Germany). 
3 Denzir M (Cad.esthetics AB). 

 

Effects of surface treatments 

It has been reported that grinding can transform tetragonal (t) zirconia 
into monoclinic (m) zirconia (t → m) and introduce residual compressive 
stresses in the surface region and that this phenomenon can increase the 
flexural strength (Kosmač et al., 1999). However, this strengthening is 
dependent on the depth of the compressive layer created, the amount of 
transformed zirconia and the depth of the surface flaws created by the 
grinding procedure (Kosmač et al., 1999). If the length of the surface flaws 
essentially exceeds the compressive layer created by the grinding process this 
may cause damage to the surface and decrease the strength (Green, 1983). 
Thus, to derive any advantage from the surface phase transition for 
strengthening zirconia-based dental restorations, the grinding procedure has 
to be extensively analyzed in order to develop and optimize this important 
part in the manufacturing process of all-ceramic restorations. 
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Heat treatment and veneering 

Phase transformation of zirconia ceramics can be affected by vapor and 
temperature (Piconi and Maccauro, 1999; Kelly and Denry, 2008) and in a 
study by Guazzato et al. (2005) it was demonstrated that heat treatment 
similar to that for veneering using a feldspar-based porcelain, reduced the 
increased strength that had been obtained by sandblasting and wet-grinding 
(Guazzato et al., 2005). This is of particular interest because in dentistry the 
zirconia-based ceramic cores/frameworks are usually veneered after grinding 
and, consequently, subjected to heat and vapor. More studies on the effects of 
grinding/polishing, heat treatments and veneering of zirconia-based 
ceramics are, therefore, necessary to determine the optimal combinations.  

 
The above-mentioned facts indicate that zirconia-based ceramics exhibit 

attractive properties and are, therefore, of special interest in the 
manufacturing of all-ceramic dental restorations. Those properties can, 
however, be affected by, for example, shape, composition, quality of 
sintering, manufacturing processes and subsequent handling. Therefore, it 
was of interest in the present thesis to study in what way the shape and 
design of the core, various compositions, qualities of sintering, 
manufacturing and machining processes, heat treatment and veneering could 
affect the fracture resistance of zirconia-based ceramics. 
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Aims 

The main purpose of the present thesis was to study the effect of different 
compositions, qualities of sintering and manufacturing processes on the 
fracture resistance of zirconia-based ceramics. 

The specific aims were to investigate the effects on the fracture or 
bending resistance of: 

• different shapes of Y-TZP cores and of different veneering ceramics, 

• heat treatments and veneering of Y-TZP FPD frameworks,  

• different compositions and qualities of sintering of zirconia FPD 
 frameworks,  

• machined zirconia ceramic restorations, which were so thin that they 
could be suitable for implant-supported abutments of zirconia-based 
ceramics stabilized using different stabilizing oxides. 
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Materials and methods  

The materials and methods are briefly described in this section, more 
detailed descriptions can be found in respective papers. 

Paper I 

Cores of various shapes and thicknesses manufactured from HIPed Y-
TZP ceramic blocks (Denzir, Decim AB, Skellefteå, Sweden) and veneered 
with either IPS Empress 2 veneer ceramic (Ivoclar AG, Schaan, Lichtenstein) 
or IPS Eris veneer ceramic (Ivoclar AG) were prodcuced. The cores were 
made for a stylized full-crown master model prepared from carbon steel with 
a circumferential chamfer of 120O, Fig. 3. 

 

 

Figure 3. Shape and dimensions of the steel master model used. 

 
The specimens called “adapted Denzir core” in the following text means 

that the core in the stylized specimens was manufactured with different 
thickness in different parts of the specimen with the intention of overlaying a 
uniform thickness of the veneer ceramic. Example of a crown with an 
“adapted Denzir core” intended for clinical use is shown in Fig. 4.  

Twenty “adapted Denzir cores” were produced. Ten of those cores were 
veneered with IPS Empress 2 and 10 with IPS Eris. In addition, 20 Denzir 
cores with a uniform thickness of 0.5 mm were manufactured and veneered; 
10 with IPS Empress 2 and 10 with IPS Eris. Ten press-heated stylized IPS 
Empress 2 crowns were used as reference. The shape of the IPS Empress 2 
crown core was similar to that of the crowns with an “adapted Denzir core”.  



 

 17 

 

Figure 4. Example of a core of a crown with an “adapted Denzir core”. 

For the 5 series of stylized crowns evaluated the overall wall thickness of 
all the completed crown specimens was 1.3-1.5 mm and 2.4-2.5 mm 
occlusally. The stylized crowns were then cemented onto the steel master 
model using a zinc-phosphate cement. The testing of the fracture resistance 
was carried out using a universal testing machine. Using a hardened steel ball 
with a diameter of 5 mm and a crosshead speed of 0.5 mm/min a vertical 
load was applied perpendicular to and on the central part of the plane 
occlusal surface of the stylized crowns until failure occurred.  

 
Papers II and III 

As a base, two stylized full-crown master models were prepared in 
stainless steel with a circumferential chamfer (120O) (Fig. 5). The master 
models were placed in pairs at a distance between the centres of 17.5 mm 
(Fig. 5). This distance approximately corresponds to a three-unit dental 
bridge from a second lower molar to a second lower premolar. Before 
veneering the size of the connector area between the retainers and the pontic 
was 3x3 mm. The wall and occlusal thickness of the cores of all the specimens 
in Paper II was o.5 mm (Fig. 6).  

In Paper II, 30 three-unit FPDs frameworks of a HIPed Y-TZP ceramics 
(Denzir) were produced for the evaluation. The test series evaluated were: i) 
two series as delivered with or without being subjected to dynamic loading in 
water, ii) two series, which were evaluated after heat treatment similar to that 
for two types of veneering porcelain (Vita D and Eris) and subjected to 
dynamic loading in water, iii) two series in which the frameworks were 
veneered with two different types of veneering porcelain (Vita D and Eris) 
and then dynamically loaded in water. Fig. 7 shows the size and shape of the 
veneered specimens. 

In each series, 5 specimens were evaluated and all specimens in Paper II, 
except for one group of 5 frameworks, were subjected to dynamic loading in 
water at 37°C, 100.000 cycles, 90 loads min-1 between 0-50 N.  



 18 

In Paper III the FPD frameworks studied were made using two different 
zirconia-basd ceamic materials and two different production processes: i) 
using the Cerec inLab CAD/CAM system (Vita Zahnfabrik) 15 three-unit FPD 
frameworks were manufactured of a prefabricated and partly-sintered Y-TZP 
ceramic (Vita In-Ceram 2000 YZ Cubes, Vita Zahnfabrik), which were 
sintered and shrunk by the manufacturer to the desired final dimensions 
after milling, ii) using the Cad.esthetics CAD/CAM system 15 three-unit FPD 
frameworks were manufactured of prefabricated homogeneous ceramic body 
blanks of Mg-PSZ ceramics (Denzir M, Cad.esthetics).  

 

 

Figure 5. Shape and dimension (mm) of the stylized master models used. 

 

Figure 6. Shape and dimension (mm) of the three-unit frameworks studied. The white 
arrows indicate the measuring points of the occlusal and wall-thickness. Oclusal view 
(A). Lateral view (B). 
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Figure 7. Shape and dimension of the veneered three-unit frameworks evaluated (mm 
± SD) in Paper II. The measuring points are indicated with arrows. BP denotes the 
buccal-palatinal distance. IC denotes the incical-cervical distance. Figures within 
parenthesis represent the Vita D specimens. Figures outside parenthesis represent the 
Eris specimens. 

 
The occlusal and wall thickness of the cores of all the ceramic 

frameworks studied in Paper III was 0.5 mm and the size of the connector 
area between the retainers and the pontic before veneering was 3x3 mm (Fig. 
6). After veneering, the overall wall thickness of the Vita YZ FPDs was 1.7 ± 
0.1 mm and occlusally 1.8 ± 0.1 mm. Corresponding figures for the veneered 
Denzir M FPDs were 1.6 ± 0.1 mm and 1.3 ± 0.3 mm, respectively. The shape 
of the stylized veneered FPDs was similar to those in Fig. 7. 

The 15 units of each type of zirconia ceramics tested were divided into 
three test groups: i) 5 specimens tested as delivered, ii) 5 specimens 
subjected to simulated heat treatment similar to that used when veneering 
using the Vita D veneering porcelain, iii) and 5 specimens veneered with Vita 
D porcelain.  

The FPDs were cemented on to the steel master models using zinc-
phosphate cement. In Paper III all specimens were subjected to dynamic 
loading in water at 37°C, 100.000 cycles, 90 loads min-1 between 0-50 N. 
Using an universal testing machine the specimens were then loaded by 
means of a hardened steel ball with a diameter of 6 mm applied 
perpendicular to and on the central part of the pontic until fracture. 

In both Papers II and III the veneered frameworks were uniformly 
veneered and porcelain was placed around the external area of the 
connectors between the retainers and the pontic (Fig. 7). 
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Paper IV 

Units of threaded titanium screw implant fixtures or stainless steel 
analogs with ceramic abutments and ceramic copies of Mg-PSZ (Denzir M, 
Cad.esthetics AB), HIPed Y-TZP (Denzir, Cad.esthetics AB) and zirconia 
reinforced alumina (In-Ceram Zirconia, Vita Zahnfabrik, BadSäckingen, 
Germany) were studied in various combinations. As controls, units of 
titanium abutments attached to threaded titanium screw implant fixtures 
were used. The Mg-PSZ (Denzir M) abutments and the HIPed Y-TZP 
(Denzir) abutments and copies were manufactured from prefabricated 
ceramic blocks. The zirconia reinforced alumina ceramics was delivered as 
prefabricated blanks, RN synOcta-In-Ceram (In-Ceram Zirconia), which 
were screwed onto their corresponding titanium abutments (RN synOcta) 
and then manually shaped by one dental technician at Cad.esthetics AB. The 
Denzir M and the Denzir specimens were studied either as delivered directly 
from the manufacturer or after the copies and/or abutments had been 
subjected to heat treatment at 950O C for 1 min.  

The wall thickness of the CAD/CAM-processed Denzir M and Denzir 
abutments was occlusally 0.5 mm and cervically 0.3 mm, respectively. The 
overall wall thickness of the CAD/CAM-processed Denzir M and Denzir 
copies was 0.5 mm. The wall thickness of the manually shaped In-Ceram 
Zirconia copies was 1.2 ± 0.1 mm. Each abutment was screwed onto a 
titanium implant fixture or a stainless steel analog with a torque of 35 N•cm. 
A dual-cured resin composite (RelyX Unicem, 3M, St. Paul, MN, USA) was 
used to cement the copings onto the abutments. Five specimens in each 
group were studied. 

Using a universal testing machine the assembled units were then 
subjected to compressive loading by means of a hardened chisel-shaped steel 
blade (thickness 0.7 mm and width 6.5 mm) with the force applied 
perpendicularly at the long axis of the implant fixture or of the stainless steel 
analog. This experimental set up was selected in order to create a worst-case 
situation and subject the specimens to severe stress.  
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Statistical methods 

In Paper I analysis of variance (ANOVA) supplemented by Fisher’s 
PLSD (p<0.05) were applied to the data.  

In Papers II, III and IV the values were statistically analyzed using the 
Kruskal-Wallis test supplemented by Bonferroni at a significance level of 
p<0.05.  
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Results 
The results are briefly described in this section, more detailed description 

can be found in the respective papers. 

Paper I 

The load necessary to fracture the specimens is presented in Fig. 8.  
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Figure 8. Box-plot diagram of the load necessary to fracture the different types of 
stylized crowns studied in Paper I. The median is presented by a horizontal line 
within the box. Data are presented as medians and 1st and 3rd quartiles. The 
maximum and minimum values are illustrated via the upper and lower strokes. (N = 
10 in each series). 

• marks outliers. 
 

The mean values for the load necessary to fracture the specimens with an 
“adapted Denzir core” were significantly higher than for the other types of 
crowns evaluated. No significant difference (p>0.05) was seen between the 
crowns with an “adapted Denzir core” veneered with the two brands of glass-
ceramics. Between the crowns with a 0.5 mm Denzir core veneered with the 
two brands of glass-ceramics there was no significant difference (p>0.05). 
There was no significant difference (p>0.05) between the 0.5 mm Denzir core 
veneered with the two types of veneering ceramics and the press-heated IPS 
Empress 2 crowns that was used as reference.  
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The mode of failure varied among the types of crowns in the way that: for 
the reference, i.e. the IPS Empress 2 crowns, in 9 of 10 specimens both the 
core and the veneer fractured; in the crowns with an “adapted Denzir core”, 
in 19 out of 20 specimens only the veneer fractured; in the crowns 
manufactured with a Denzir core of 0.5 mm 17 out of 20 specimens showed 
only veneer fracture. 

Paper II 

No signs of fractures or other defects could be seen after the dynamic 
loading.  

In Fig. 9 data of the loads necessary to fracture the six series of 
specimens are shown.  
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Figure 9. Box-plot diagram of the load necessary to fracture the six series of 
specimens in Paper II. All series were subjected to dynamic loading, except for one 
group of frameworks, which was studied as delivered directly after machining without 
subjection to dynamic loading. Five specimens in each test group. The median is 
represented by a horizontal line within the box. Data are presented as medians and 1st 
and 3rd quartiles. The maximum and minimum values are illustrated via the upper 
and lower strokes.  

• marks outliers. * marks extreme outliers.  
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There was no significant difference (p>0.05) between the load necessary 
to fracture the frameworks as delivered after machining and not subjected to 
dynamic loading in water and those subjected to dynamic loading in water. 

No significant difference (p>0.05) was seen between the specimens 
veneered with Eris and those subjected to simulated heat treatment in a way 
similar to veneering with Eris. Between the specimens veneered with Vita D 
and those subjected to simulated veneering in a way similar to Vita D no 
significant difference (p>0.05) was seen.  

The load necessary to fracture the frameworks tested as delivered was 
significantly higher (p<0.001) than for those specimens that had been heat-
treated or veneered.  

Between the two veneering types studied the load necessary to fracture 
the specimens heat-treated in a way similar to veneering with Eris was 
significantly higher (p<0.05) than for those heat-treated in a way similar to 
veneering with Vita D, whereas no significant (p>0.05) difference was seen 
between those veneered with Eris and those veneered with Vita D.  

In most of the cases the fracture ran between the loading point and one 
of the connectors. 

Paper III 

All the specimens survived 100 000 cycles and none of them exhibited 
any signs of defects after the dynamic loading.  

 
In Fig. 10 data of the load at fracture (Newton) of the six series of 

specimens are presented. 
 
The veneered Vita YZ specimens exhibited significantly (p<0.05) higher 

fracture strength than the veneered Denzir M specimens. The load necessary 
to fracture Denzir M as supplied directly after machining was significantly 
(p<0.05) higher than that of heat-treated Denzir M, Vita YZ as supplied, and 
the heat-treated Vita YZ specimen. There were no significant differences 
(p>0.05) between the Denzir M as supplied and the veneered Denzir M or 
between the heat-treated and veneered Denzir M specimens.  

For the Vita YZ specimens the load at fracture was significantly (p<0.05) 
higher for the veneered specimens than for those supplied or heat-treated, 
whereas no significant difference (p>0.05) was seen between heat-treated 
Vita YZ and Vita YZ specimens as supplied. 

The fractures were located in the loading point and through one of the 
connectors and with another fracture through the other connector for 3 of the 
Denzir M specimens and for 1 of the Vita YZ specimens. For the remainder, 
the fractures ran between the loading point and one of the connectors. No 
signs of fracture of the crowns or cores were seen. 
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Figure 10. Box-plot diagram of the load at fracture (Newton) of six different types 
of stylized FPDs studied in Paper III. The median is represented by a horizontal 
line within the box. Data are presented as medians and 1st and 3rd quartiles. The 
maximum and minimum are illustrated via the upper and lower strokes. All 
specimens in the six series were subjected to dynamic loading in water. N = 5 in 
each test group. 

 marks extreme outliers. 
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Paper IV 

The loads necessary to fracture the units are presented in Fig. 11. A 
summary of the statistical analysis is shown in Table 2. 
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F. Stainless steel analog/Denzir M 

heat-treated abutment and 
Denzir heat-treated copy 

G. Titanium screw implant fixture/ 
Denzir M heat-treated abutment 
and Denzir heat-treated copy 
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I. Titanium screw implant fixture/ 
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and Denzir heat-treated copy 
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abutment and In-Ceram 
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Figure. 11. Box-plot diagram showing the load at fracture (N) of the 10 series of the 
implant-supported units studied in Paper IV. Five specimens in each test group. Data 
are presented as medians and 1st and 3rd quartiles. A horizontal line within the box 
represents the median. The maximum and minimum values are illustrated via the 
upper and lower strokes.  

• marks outliers. * marks extreme outliers.
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Table 2. Summary of the statistical analysis of the values obtained of the bending resistance of the various combinations in 
Paper IV. Results of the Kruskal-Wallis test supplemented with Bonferroni. N = 5 in each series. 

 Unit A B C D E F G H I J 

A: Titanium screw implant fixture/Titanium abutment  
(control) 

          

B: Stainless steel analog / Denzir abutment  
as delivered 

**          

C: Stainless steel analog/Denzir heat-treated abutment n.s. n.s.         

D: Stainless steel analog/Denzir M abutment as delivered n.s. n.s. n.s.        

E: Stainless steel analog/Denzir abutment as delivered and 
Denzir heat-treated copy 

** n.s. n.s. n.s.       

F: Stainless steel analog/Denzir M heat-treated abutment 
and Denzir heat-treated copy 

n.s. n.s. n.s. n.s. n.s.      

G: Titanium screw implant fixture/Denzir M heat-treated 
abutment and Denzir heat-treated copy 

n.s. n.s. n.s. n.s. * n.s.     

H: Stainless steel analog/Denzir heat-treated abutment 
and Denzir heat-treated copy 

n.s. n.s. n.s. n.s. n.s. n.s. n.s.    

I: Titanium screw implant fixture/Denzir heat treated 
abutment and Denzir heat-treated copy 

n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.   

J: Stainless steelanalog/Titanium abutment  
and In-Ceram Zirconia copy 

n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s.  

n.s. denotes no statistically significant difference p > 0.05. * denotes statistically significant difference p < 0.05.   

** denotes statistically significant difference p < 0.01. 
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The load necessary to fracture the units comprising heat-treated Denzir 
copies bonded to Denzir abutments as delivered and attached to stainless 
steel analogs was significantly (p<0.01) higher than that of the control, that is 
the titanium abutments assembled on titanium implant fixtures. The load at 
fracture of the Denzir abutment as delivered and assembled to stainless steel 
analogs was significantly (p<0.01) higher than that of the control. For the 
heat-treated Denzir copies bonded to the heat-treated Denzir M abutments 
assembled on titanium implant fixtures and the units comprising the In-
Ceram Zirconia copies assembled on stainless steel analogs the load at 
fracture were significantly (p<0.05) lower than that of the heat-treated 
Denzir copies bonded to the Denzir abutments as delivered and assembled on 
stainless steel analogs. No statistically significant (p>0.05) differences were 
seen among the other groups studied.  

After the test all the ceramic copies were still bonded to the abutments. 
All the ceramic abutments and copies exhibited values that were equal or 
superior to that of the control and exceeded the reported value, up to 300 N, 
for maximum incisal bite forces.  
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Discussion 
Among all of the questions that came up before work with the current 

study commenced was: “Could the fracture resistance of zirconia-based 
ceramics be affected and improved for use in dental restorations by 
composition changes and developments in the manufacturing processes?”. 
Later a number of findings obtained from the various studies during this 
work indicated that the fracture resistance could be affected and, indirectly or 
directly could have an impact on the clinical function and survival of eventual 
dental restorations made of zirconia-based ceramics. Since Denzir, which is 
made of a hot isostatic pressed (HIPed) Y-TZP, was the very first Y-TZP 
ceramic approved for dental use it was of particular interest to study in what 
way various compositions and manufacturing processes affect the properties 
of zirconia-based ceramics. Therefore, HIPed Y-TZP was studied in the 
present thesis and other zirconia-based and established dental ceramics 
fabricated using different manufacturing processes and compositions were 
selected, as references.  

The progression of the present thesis 

The first Paper in the present thesis was initiated because of technical 
advances in the grinding process of HIPed zirconia, i.e. the implementation 
of a cost-effective and non-destructive method that had became available 
through the newly invented CAM-Software. The invention and improvement 
of the grinding process, for example, made it possible to evaluate the way in 
which the shape of a zirconia-based ceramics core could affect the fracture 
resistance of all-ceramic crowns (Paper I). Later, additional inventions and 
developments in grinding technology and strategy concerning HIPed 
zirconia, made it possible to successfully produce FPD frameworks of HIPed 
Y-TZP, which led to the studies in Papers II and III. In these papers (Papers 
II and III) it was also of particular interest to compare HIPed Y-TZP with 
other types of zirconia-based ceramics made using other compositions and 
manufacturing techniques and intended for odontological applications. 
When Paper IV was written there had been a breakthrough concerning 
grinding strategy and hardware technology, making it possible to grind very 
thin zirconia constructions (Paper IV). Those advancements allowed the 
production of ceramic implant-supported abutments, thin cores, veneers and 
Maryland on-lay bridges. Hence, all the inventions and technical 
improvements enabled and facilitated a broadening of understanding and 
knowledge of the effects of shape, various compositions, manufacturing 
processes and subsequent handling of zirconia-based ceramics. 

Effects of core design  

In Paper I all-ceramic crowns with HIPed Y-TZP (Denzir) cores of 
different shapes were studied. For comparison, all-ceramic crowns with a 
lithium disilicate (Li2Si2O5) glass-ceramic core (IPS Empress 2) were 
selected. The reason for selecting IPS Empress 2 crowns as a reference was 
because at this time IPS Empress all-ceramic crowns had been in clinical use  
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for a long period and clinical experiences were available (e.g. Sjögren et al., 
1999; Höland et al., 2000). However, in this context it has to be kept in mind 
that the cores in IPS Empress and IPS Empress 2 are made of two different 
types of ceramics and that the ceramic in the IPS Empress 2 core is an 
improved version of the IPS Empress.  

In Paper I it was shown that the shape of HIPed Y-TZP (Denzir) cores 
could increase the fracture resistance of all-ceramic crowns and that the 
cores of almost all the HIPed Y-TZP crowns remained intact after loading, 
compared with the all-ceramic crowns made with a lithium disilicate core 
(IPS Empress 2). All but 1 of the IPS Empress 2 crowns were fractured 
through both the core and the veneer, whereas in the all-ceramic crowns with 
the HIPed Y-TZP cores the fracture was mainly limited to the veneer ceramic 
only (Paper I). In other words, the fractures of the HIPed Y-TZP all-ceramic 
crowns were mostly within the veneers and most of the failed crowns with the 
HIPed Y-TZP cores showed partly sheared off porcelain and a crushed zone 
beneath the point of contact (Paper I). This fracture pattern was similar to 
those reported for porcelain fused to metal (PFM) and In-Ceram crowns 
cemented onto a cobalt-chronium alloy die (Pröbster, 1992). 

The mean load necessary to fracture the HIPed Y-TZP (Denzir) all-
ceramic crowns in Paper I revealed that the fracture resistance obtained was 
at least on a level with those obtained for PFM crowns and also exhibited a 
fracture behaviour in the veneering porcelain similar to that in PFM and In-
Ceram crowns (Pröbster, 1992). In addition, in Paper I the fracture resistance 
of the veneered 0.5 mm HIPed Y-TZP cores was significantly lower than that 
of the veneered crowns with HIPed Y-TZP “adapted cores”. That is, the load 
necessary to fracture the veneer ceramic of the HIPed Y-TZP specimens with 
a 0.5 mm core, and thus a thicker layer of veneer ceramic, was significantly 
lower than for the specimens with the “adapted core” and, consequently, a 
thinner veneer ceramic layer (Paper I). This is in agreement with earlier 
studies in which it has been stated that the core/veneer thickness ratio can 
influence the failure of core/veneer bilayers and that there is a correlation 
between the thickness of the core/veneer ceramics and the fracture strength 
(Sörensen 1992; McLean, 1994; Wakabayashi and Anusavice, 2000). In the 
study by Wakabayashi and Anusavice (2000), it was shown that the fracture 
resistance increased as the core thickness/veneer thickness ratio increased 
(Wakabayashi and Anusavice, 2000).  

The findings in Paper I indicate that the stability and shape of the core 
could influence the fracture resistance of the veneering porcelain and 
ultimately the whole crown and, thus, verified the core’s impact on the total 
strength of a ceramic crown. That the fracture resistance was considerably 
improved when an “adapted core” was used is of particular interest because 
one of the main reasons for failure reported in clinical studies of zirconia-
based ceramics is chipping of the veneer (Larsson et al., 2006; 2010; 
Raigrodski et al., 2006; Sailer et al., 2006; 2007; Tinscher et al., 2008; 
Crisp et al., 2008; Edelhoff et al., 2008; Roediger et al., 2010). Thus, if the 
core thickness/veneer thickness ratio can be increased by using “adapted 
zirconia ceramic cores” this may be one practicable way of reducing veneer 
chipping in clinical practice.  



 

 31 

Dynamic loading 

In Papers II and III, three different types of zirconia-based ceramic 
frameworks were evaluated: HIPed Y-TZP (Denzir), partly-sintered Y-TZP 
(Vita YZ), and Mg-PSZ (Denzir M) and the specimens were subjected to 
cyclic loading in water (+37°C). Cyclic loading in water has often been 
referred to as artificial aging (Roy et al., 2007; Att et al., 2007a) and to 
evaluate the effect of cycling on the fracture resistance of HIPed Y-TZP the 
fracture resistance of those specimens (Denzir) was also determined without 
subjection to dynamic loading (Paper II). The results obtained revealed that 
the fracture resistance of the HIPed Y-TZP specimens was not significantly 
affected by dynamic loading in water, which is partly in agreement with a 
study by Att et al. (2007a) of DCS*, Procera‡ and Vita YZ-Cerec§ frameworks 
veneered with a feldspar-based porcelain (Vita VM9§§). In the study by Att et 
al. (2007a) the specimens were subjected to a thermo cycling of 1.2 x 106 
cycles, 0-49 N between 5-55°C for 60 seconds each. Before thermo cycling 
there were no significant differences between the failure loads for the three 
groups of zirconia-based ceramics (DCS, Procera and Vita YZ-Cerec) (Att et 
al., 2007a). After thermo-cycling a general reduction in strength was 
reported for the thermo cycled frameworks compared with the non-cycled 
specimens and there were differences in the reduction of the failure loads 
between the three types of zirconia-based ceramics studied depending on the 
type of zirconia the frameworks were made of and the manufacturing 
techniques used (Att et al., 2007a). Between the non-cycled and the cycled 
zirconia frameworks the reported percentage reduction of the failure loads 
was between 8% and 19% and after thermo cycling a significantly lower 
mean value for the failure load was reported for the partly-sintered Y-TZP 
(Procera) specimens compared to the HIPed Y-TZP (DCS), whereas all other 
comparisons in the study showed no statistically significant differences (Att 
et al., 2007a). However, in another study by Att et al. (2007b) using an 
experimental set-up and zirconia-based ceramic frameworks as in the other 
study (Att et al., 2007a) but veneered with another veneering material 
(e.max Ceram, Ivoclar-Vivadent, Schaan, Liechtenstein) lower mean values 
for the failure load were reported than in the previous study (Att et al., 
2007a). After thermo cycling there were significantly lower mean values for 
the failure load for the partly-sintered Procera than for the partly-sintered 
Vita CerecInlab and the HIPed DCS whereas, as in the previous study by Att 
et al. (2007a), all other comparisons in the study showed no statistically 
significant differences (Att et al., 2007b). Thus, the type of veneering 
porcelain and the manufacturing process seem to affect the fracture 
resistance of zirconia-based ceramics after cycling in water. 

In Papers II and III in the present thesis the specimens were subjected to 
100 000 cycles between 0-50 N in +37°C water (Papers II and III). 
Comparison of the load-at-fracture values obtained in Papers II and III with 
the results obtained for the similar materials evaluated in the studies by Att  

 

*Precident, Allschwill, Switzerland. ‡Nobel Biocare, Göteborg, Sweden. §Sirona, 
Bensheim, Germany.  §§Vita Zahnfabrik BadSäckingen, Germany. 
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et al. (2007a, 2007b) revealed almost similar values (Table 3). This 
strengthens the results obtained in Papers II and III and also indicates that 
dynamic loading in water, that is so-called artificial aging, seems to have little 
effect on the fracture resistance of HIPed zirconia.  

 

Table 3. Load at fracture and standard deviations (Newton) of the 
frameworks in Papers II and III in the present thesis and in the studies by 
Att et al. (2007a and 2007b). 
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Influences of heat treatment and veneering on fracture resistance  

After heat-treatments within temperature ranges similar to those used 
when veneering with a feldspar-based porcelain or a glass ceramic or after 
veneering using these types of materials the fracture resistance of the 
frameworks in Paper II was significantly reduced compared with the 
frameworks delivered directly after machining. After heat-treatment the 
fracture resistance of the Denzir frameworks, heat-treated in a way similar to 
Vita D, was significantly lower than for the Denzir frameworks heat-treated 
in a way similar to Eris, whereas after veneering there were no significant 
differences between the Denzir frameworks veneered with Vita D and those 
veneered with Eris.  

The reduction in fracture resistance registered in Papers II and III was 
assumed to be connected to the phase transformation m → t, which could 
take place when the zirconia framework was subjected to the temperature 
intervals within which zirconia transforms from m → t and often referred to 
as “artifical aging” (Roy et al., 2007a; Att et al., 2007a). This means that the 
grinding process could have caused stress on the surface of the specimens, 
which in turn caused the phase transformation t → m and that this phase 
transformation then induced residual compressive stress on the surface layer 
due to volume changes and in this way increased the fracture resistance of 
the frameworks (Kosmač et al., 1999). When the frameworks were then heat-
treated or veneered, the m → t phase transformation occurred and the effect 
seemed to be dependent on the veneering temperature interval the specimens 
were subjected to and the type of zirconia-based ceramics the frameworks 
were made of (Papers II and III). Thus, depending on the veneering 
temperature and the time intervals used for the feldspar-based porcelain or 
the glass ceramics, the amount of m → t phase transformation could differ 
resulting in differences in the amount of residual compressive stress in the 
various specimens. That is, the compressive stress that remained on the 
surface after the frameworks were subjected to the heat could depend on the 
number of monoclinic crystals that transformed to the tetragonal phase. The 
reason for this hypothesis is that the Vita D veneering porcelain was heat-
treated at a higher temperature for a longer time than the Eris glass-ceramic 
veneer used. This could have resulted in that the number of monoclinic 
crystals which were transformed in the tetragonal phase in the Eris-treated 
specimens was lower than in the Vita D-treated specimens and, thus, the 
reduction of the fracture resistance was less accentuated in the Eris-treated 
frameworks than in the Vita D treated frameworks. This could be one 
possible explanation for the fact that the effects of the heat-treatment varied 
slightly between the different types of the veneering materials studied in 
Paper II. 

The theory that the phase transformation monoclinic – tetragonal is one 
of the reasons for the effects of grinding, heat-treatment and veneering 
discussed above is in agreement with earlier papers (Chevalier et al., 1999; 
Piconi and Maccauro, 1999). In addition, in recently presented articles it was 
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shown that the veneering process could affect the phase transform tetragonal 
– monoclinic at the surface of the zirconia frameworks and the effect of 
moisture in the veneering process on the phase transformation was debated 
(Tholey et al., 2010; Lughi and Sergo, 2010).  

As mentioned earlier the quality of sintering and type of stabilizing oxide 
can affect, among other factors, the mechanical properties (Hannink et al. 
1994; 2000). Therefore, the fracture resistance of ceramic frameworks made 
of prefabricated partly-sintered Y-TZP blanks (Vita YZ) and of Mg-PSZ 
(Denzir M) prefabricated blanks was evaluated (Paper III). Those evaluations 
revealed, in contrast to the HIPed Y-TZP and Mg-PSZ specimens, that no 
statistically significant reduction of the fracture resistance could be observed 
for the frameworks made from partly-sintered Y-TZP blocks after heat 
treatment compared to those as delivered re-sintered after machining, 
whereas after veneering the load-at-facture was significantly increased. 

That is, the Vita YZ frameworks delivered from the manufacturer were 
already subjected to heat after machining during the subsequent sintering, 
which could be one possible explanation for the fact that the fracture 
resistance of the Vita YZ specimens was not significantly affected after heat 
treatment compared with those studied as delivered. On the other hand, after 
veneering the fracture resistance of the Vita YZ specimens increased. In other 
words, the veneering had an important effect on the fracture resistance of the 
Vita YZ frameworks. Possible explanations for this are that the veneering 
porcelain infiltrated defects on the surface of the Vita YZ frameworks and/or 
that the veneering porcelain induced residual compressive stresses on the 
surface of the frameworks. Further explanations for the apparent effect of 
veneering on the Vita YZ specimens could be that partly-sintered Y-TZP 
should be less resistant to phase transformation than HIPed Y-TZP (Grant et 
al., 2001) and, therefore, the outcome of veneering was more accentuated on 
the partly-sintered Y-TZP (Vita YZ) than on the HIPed Y-TZP (Denzir) 
and/or the phase transformation in the frameworks studied could have been 
caused in different ways; e.g. by mechanical grinding (Kosmač et al., 1999; 
Guazzato et al., 2005) or due to water penetration (Chevalier et al., 1999). 

For the Mg-PSZ frameworks the reduction in fracture resistance after 
heat treatment and veneering was less accentuated than in the HIPed Y-TZP 
specimens (Papers II and III). For Mg-PSZ a significant reduction of the 
fracture resistance was seen after heat treatment (20%), whereas after 
veneering the reduction was not statistically significant (12%) compared with 
as delivered. The corresponding figures for the HIPed Y-TZP frameworks in 
Paper II were 51% and 40%, respectively. Those differences between the 
HIPed Y-TZP and the Mg-PSZ specimens could have been because magnesia-
stabilized zirconia was more resistant to phase transformation than ytteria-
stabilized zirconia (Masaki, 1986) and that reinforcement by phase 
transformation toughening was less pronounced in the Mg-PSZ specimens 
than in the Y-TZP specimens (Cales, 2000). 

In Paper IV a similar reduction occurred in fracture resistance of the Y-
TZP implant-supported abutments after heat treatment, and as in Papers II 
and III, the reduction was less for the specimens made of Mg-PSZ than for 
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those made of HIPed Y-TZP, which confirms that grinding, heat treatment 
and veneering could have an impact on the strength of zirconia-based 
ceramics. 

In addition, it was revealed in Paper III that sandblasting of the gingival 
connection between the retainer and the pontic after the frameworks had 
been heat-treated caused fracture resistance similar to that obtained for the 
frameworks in Paper II directly after machining, that is the frameworks that 
were not heat-treated. This confirms the theory that mechanical treatments, 
such as grinding, could affect the zirconia surface leading to increased 
fracture resistance. The fact that sandblasting can produce this effect was 
also described in a study by Guazzato et al. (2005) and phase transformation 
and residual compressive strength on the ceramic surface were suggested as a 
possible explanation for the effect of the surface treatment (Guazzato et al., 
2005). However, in this context it should be stressed that surface treatments, 
such as excessive sandblasting and grinding, can cause micro-cracking and 
unwanted amounts of transformed monoclinicic phase, which causes 
strength degradation (Zhang et al., 2004; Guazzato et al., 2005). 

Thus, in Paper III the partly-sintered Y-TZP frameworks were markedly 
influenced by the veneering. After veneering the fracture resistance increased 
compared to the values obtained after heat treatment similar to veneering 
(Paper III), whereas there were no significant differences between the heat-
treated and veneered Denzir M specimens (Paper III) or between the heat-
treated and veneered HIPed Y-TZP specimens (Paper II). That is, the 
veneering porcelain apparently affected the fracture resistance of the partly-
sintered Y-TZP frameworks. These findings demonstrate that there could be 
differences between the properties of zirconia-based ceramics depending on 
the composition and the manufacturing processes, such as the quality of 
sintering.  

In a recently presented study by Tholey et al. (2010) the effect of 
moisture and the veneering process on the tetragonal to monoclinical 
transformation at the surface of zirconia frameworks was also discussed 
(Tholey et al., 2010). Since most dental cores/frameworks will be veneered 
the effects of veneering are of particular interest and, therefore, should be the 
subject of further studies.  

Consequences of master models/abutments 

The influence of the abutments on the results obtained has been debated 
in previous studies addressing fracture resistance (e.g. Scherrer and de Rijk, 
1993; Rosentritt et al., 2000; 2006). In the studies by Rosenstritt et al. 
(2000; 2006) it was demonstrated that the load necessary to fracture IPS 
Empress 2 single crowns and three-unit all-ceramic IPS Empress 2 FPDs was 
significantly affected by the type of abutments used (Rosenstritt et al., 2000; 
2006). The fracture resistance of the FPDs was reduced when human or 
polymeric abutment teeth in a polymethylmethacrylate resin were used 
compared to alloy abutments, and the alloy abutments were said to cause an 
overestimation of the fracture resistance of the ceramic FPDs (Rosenstritt et 
al., 2006). In addition, human abutment teeth with an artificial  
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periodontium further reduced the fracture resistance of the FPDs 
(Rosenstritt et al., 2006). In the study by Rosenstritt et al. (2000) the 
fracture resistance was significantly lower for single IPS Empress 2 crowns 
placed on polymeric abutments compared to those placed on Co-Cr-Mo alloy 
abutments and it was concluded that materials with an elastic modulus 
similar to that of human dentin would be preferable to metal abutments 
(Rosenstritt et al., 2000). Thus, the selection of the abutments in in vitro 
studies could affect the outcome, which should be of particular importance 
for crowns/frameworks where adhesively luting is recommended. In a study 
by Borges et al. (2009) the fracture resistance of IPS Empress 2 single crowns 
was determined using a similar set up to that in Paper I, with the exception 
that the crowns were adhesively luted with resin composite cement on bovine 
mandibular incisors (Borges et al., 2009). The mean values ± standard 
deviation (±SD) of the fracture load of the adhesively luted crowns reported 
in the study by Borges et al. (2009) was 1412 ± 153 N. This was lower than 
that reported in Paper I in the present thesis (2346 ± 371 N). Unfortunately, 
the fracture mode in the study by Borges et al. (2009) was not clearly 
reported, therefore, proper comparison with the findings in Paper I was not 
possible. 

In the current study, stainless steel abutments were selected to ensure 
that reproducible support could be provided during the test series and since 
it was important in Papers II and III that the dies could withstand cyclic 
loading in water. To reduce the effects of different types of cement all the 
specimens in Papers I-III were cemented onto the stainless steel abutments 
using zinc oxide phosphate cement. However, the selection of zinc oxide 
phosphate cement could have a particular effect on the fracture behaviour of 
the IPS Empress 2 crowns because the recommendation is that this type of 
ceramic crown should be adhesively luted with a resin composite cement or a 
glass-ionomer cement.  

Although the elastic modulus of stainless steel (∼200 GPa) (Otani et al., 
1993) differs considerably from that reported for dentin, which ranges 
between (∼5-25 GPa) (Peyton et al., 1952; Scherrer and de Rijk, 1993; 
Kinney et al., 2003; Anusavice, 2003a), and stainless steel 
abutments/master dies were used in the present thesis, the values obtained 
in Papers II and III were fairly similar to those in the studies by Att et al. 
(2007a; 2007b) (Table 3). In addition, the fracture patterns of the specimens 
were similar in the studies (Paper II; Paper III; Att et al. 2007a; 2007b). 
This is of particular interest because in the studies by Att et al. (2007a; 
2007b) caries-free human teeth, with an artificial periodontal membrane 
made out of a gum resin, placed into acrylic resin, and frameworks cemented 
with glass ionomer cement were used (Att et al., 2007a; 2007b). In other 
words, the type of abutment and the artificial periodontal membrane placed 
into the acrylic resin holder and the type of luting agent did not apparently 
affect the outcome when compared with the results in Papers II and III. One 
possible reason for this could be that the type of abutments used affects the 
outcome less in zirconia-based ceramics than in other types of dental 
ceramics because of the improved mechanical properties of the former.  
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Zirconia-based ceramic abutments in implant-supported systems 

In Papers II and III it was shown that improved fracture resistance of 
zirconia-based ceramics could be achieved by surface treatments and 
controlled machining/grinding (Papers II and III). Based on these findings, 
in combination with the continuous development and improvements of the 
grinding and grinding processes that was performed simultaneously, the 
question arose of whether, using the experiences and knowledge obtained 
during the work in Papers I-III, it would be possible to make CAD/CAM-
machined all-ceramic implant-supported abutments using HIPed Y-TZP 
and/or Mg-PSZ. This was a challenge because to succeed in placing ceramic 
abutments in titanium implant fixtures it must be possible to mill the cervical 
part of the inside of the hollow abutment circularly and its outside 
hexagonally with a wall thickness of only around 0.2-0.3 mm, even though 
dental ceramics are usually prone to crack and fracture when subjected to 
grinding.  

Thus, grinding such thin dental ceramics restorations of this shape is 
much more difficult than grinding substructures for single crowns and FPDs. 
However, since the demands from the public for more esthetic and 
biocompatible materials is constantly increasing it was of interest to discover 
if it was possible to apply the knowledge and experience obtained e.g. from 
the work in Papers I-III in order to achieve all-ceramic abutments for 
implants with sufficient fracture resistance for clinical use.  

The work in Paper IV led, among other things, to the following: that by 
means of the development of the highly technically controlled 
machining/grinding manufacturing technique all-ceramic implant-supported 
abutments of HIPed Y-TZP and Mg-PSZ ceramics could eventually be ground 
to a diameter of 3 mm and a wall-thickness of 0.3 mm and with a hexagonal 
shaped outside to the abutments.  

Since the focus in the development of the grinding processes etc. 
included creating all-ceramic implant-supported abutments with clinically 
sufficient fracture resistance it was of particular importance at this time to 
evaluate the fracture resistance of the abutments in such a way that a worst-
case scenario could be simulated and the specimens subjected to severe 
stress. Therefore, to determine the bending resistance of the abutments a 
chisel-shaped steel blade and a load applied perpendicularly at the long axis 
was selected, meaning that a horizontal force was applied on the specimens 
(Paper IV). Various combinations of heat-treated, non-heat-treated 
specimens and HIPed Y-TZP or Mg-PSZ ceramics, which were screwed on to 
a stainless steel analog or a titanium implant screw, were evaluated. The 
results obtained using this experimental set-up revealed that the mean values 
of the bending resistance of the units comprising ceramic abutments, 
irrespective of type of ceramic, pretreatment or combination, were at least on 
the same level as that of the units comprised of titanium abutments on 
titanium implant screws (Paper IV). The reason for selecting titanium 
abutments assembled on titanium implant screws as references was because 
this system has been in clinical use for a long time and the clinical outcome is 
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well documented (e.g. Adell et al., 1981; Lekholm et al., 2006). For 
comparison the bending resistance of manually shaped implant-supported 
ceramic abutments made from prefabricated blanks of a zirconia-reinforced 
alumina ceramic (In-Ceram Zirconia, Vita Zahnfabrik), was also included in 
the study.  

In addition, since the modulus of elasticity of stainless steel is reported to 
be higher than that of unalloyed titanium, around 200 GPa and 100 GPa, 
respectively (Anusavice, 2003b), the bending resistance was also determined 
for the units assembled on stainless steel analogs. Thus, the rigidity of the 
stainless steel analogs should be higher than that of the implant fixtures and 
should, therefore, resist bending forces better and provide further 
information about the bending resistance of the ceramic abutments and the 
copies studied. The results obtained revealed, however, that there was no 
statistically significant differences between the bending resistance 
determined from similar combinations of abutments and/or copies 
assembled on the titanium implant fixtures and those assembled on the 
stainless steel analogs (Paper IV). One possible explanation for the fact that 
statistically significant differences were only seen between a small number of 
the groups studied in Paper IV could be the titanium abutment screw, 
because it was the only component that was included in all the combinations 
and could have largely affected the bending resistance of the assembled units. 

One of the interesting findings seen in Paper IV was that although the 
wall-thickness at the cervical part of the abutments was only 0.3 mm the 
bending resistance revealed using the experimental set-up described above 
was at least on the same level as that of titanium abutments on titanium 
implant screws. Previously the HIPed Y-TZP and Mg-PSZ cores/frameworks 
intended for single crowns and FPD frameworks could only be ground to a 
thickness of 0.4 mm or 0.5 mm. Therefore, it was encouraging that it was 
possible to produce all-ceramic implant-supported abutments as thin as 0.3 
mm, which exhibit such bending resistance as was determined in Paper IV.  

A possible explanation for the results obtained for the bending resistance 
could be that the ceramic abutments have a higher modulus of elasticity and 
flexural strength than the titanium abutments. Accordingly, the higher 
modulus of elasticity and flexural strength stabilized the implant-supported 
units and in that way reduced the stress on the titanium abutment screws. To 
confirm such a hypothesis, however, more studies are needed. 

Another explanation could be, as discussed above, that the grinding of 
the ceramic abutments introduced phase transformation t → m causing 
residual stress at the surfaces and strengthening the abutments. As in Papers 
II and III, a reduction in the fracture resistance of the abutments in Paper IV 
occurred after heat treatment and the reduction was less for the specimens 
made of Mg-PSZ than for those made of HIPed Y-TZP, indicating that 
grinding and heat treament seem to have an impact on the strength of 
zirconia-based ceramic abutments. In addition, the effect of grinding on the t 
→ m phase transformation could have been more accentuated on the 0.3 mm 
ceramic abutments than on the 0.4 mm and 0.5 mm cores/frameworks 
because the surface layer affected by phase transformation could have been 
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relatively deeper in the 0.3 mm abutments than in the 0.4 and 0.5 
cores/frameworks.  

This development of the highly technically controlled machining/ 
grinding manufacturing technique resulted in it also being possible to make 
HIPed Y-TZP ceramic cores with a wall thickness of 0.1-0.2 mm. A study by 
Åkesson et al. (2009) produced similar findings on the effect of the fracture 
resistance in comparison with the wall thickness, as was seen in the work 
with the implant-supported abutments in Paper IV (Åkesson et al., 2009). 
This is in agreement with a study by Kosmač et al (1999) in which the effect 
of the thickness of the compressive layer formed at the surface by 
sandblasting compared with the thickness of the specimen concerning 
increasing the strength of Y-TZP materials was discussed (Kosmač et al., 
1999). Those findings are of particular interest and the influence of the wall 
thickness of the specimens on the phase transformation caused by grinding 
needs, therefore, to be further analyzed. 

According to the findings in the present thesis, shape, heat treatment, 
veneering and various surface treatments of zirconia-based ceramics could 
result in different effects on the properties of such ceramics. In this thesis no 
surface analysis was made to confirm the phase transformations. A pilot 
study using x-ray diffraction analysis of HIPed Y-TZP before and after 
grinding and with or without heat treatment, however, clearly revealed that 
the phenomena described above, that is that various treatments such as heat 
treatments, could transform monoclinice phase to tetragonal phase. In 
addition, similar findings have recently been presented in a study by Tholey 
et al. (2010). Today there is a debate about different analytical methods for 
evaluating the phase transformation of zirconia (Lughi and Sergo, 2010) and 
because this subject is wide in itself, analysis of phase transformation and 
distribution in zirconia-based ceramics is planned to be extensively studied 
in coming papers. 

In summary, in Paper I the technical possibility of using a newly invented 
CAM-Software system, which was intended to be a cost-effective and non-
destructive way of grinding HIPed zirconia, was used to study the effect of 
different shapes of HIPed Y-TZP cores for all-ceramic crowns. This CAM-
Software system made it possible to evaluate the way in which the shape of 
HIPed Y-TZP cores could affect the fracture resistance of all-ceramic crowns. 
In Papers II and III in the present work, due to inventions and improvements 
in grinding technology and strategy for HIPed zirconia-based ceramics, it was 
possible to evaluate FPD frameworks made of zirconia-based ceramics. In 
addition, in these papers (Papers II and III) it was of particular interest to 
compare HIPed zirconia-based ceramics with zirconia-based ceramics 
fabricated using other manufacturing techniques and compositions intended 
for odontological applications. In Paper IV the development and 
improvements in grinding strategy and hardware technology, which made it 
possible to grind very thin zirconia-based ceramic constructions and to 
process implant-supported abutments, thin cores, veneers and Maryland on-
lay bridges were used to study the possibility of using all-ceramic implant-
supported abutments. Taken together these technical developments and 
improvements made it possible to gain a view of the effects of manufacturing  
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processes, such as shaping, design, grinding, heat treatment, veneering and 
composition on zirconia-based ceramic constructions. 

The results obtained in the present thesis indicate that zirconia-based 
ceramics have the potential to serve as a biomaterial in odontological 
applications. However, clinical evaluations of zirconia ceramics in dentistry 
are still sparse and the follow-up periods to date are relatively short. More 
retrospective and prospective long-term studies are needed to assess the 
feasibility of using zirconia ceramic restorations in a clinical context. 
Moreover, the results in the present work reveal that the mechanical 
properties of zirconia ceramics are affected by, among other things, the 
composition, manufacturing processes and subsequent handling of the 
material. These findings have to be taken into consideration in the 
production processes of zirconia-ceramic restorations and more studies are 
needed to elucidate the effects of various manufacturing and handling 
techniques on the properties of zirconia ceramics and to improve their 
clinical function.  
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Major results and conclusions 

• HIPed Y-TZP cores with different thicknesses in different parts of the 
restoration, which facilitates a uniform thickness in the veneer ceramic, 
significantly improved the fracture resistance compared to cores with a 
uniform thickness and a thicker veneer layer. 

• Machining and subsequent heat treatment or veneering affected the 
fracture resistance of the zirconia-based ceramics studied. 

• The fracture resistance of the FPDs manufactured out of prefabricated 
blanks of a partly-sintered Y-TZP ceramic was considerably affected by 
the veneering. 

• After veneering the load at fracture was significantly higher for the HIPed 
and the partly-sintered Y-TZP FPDs than for the veneered Mg-PSZ FPDs.  

• The fracture resistance of HIPed Y-TZP FPDs veneered with a glass 
ceramic was significantly higher than for the partly-sintered Y-TZP FPDs 
veneered with a feldspar-based porcelain, whereas there was no 
significant difference between the HIPed and partly-sintered Y-TZP 
FPDs veneered with a feldspar-based porcelain. 

• The bending resistance of the implant-supported zirconia ceramic 
abutments was at least on a level with the units comprised of titanium 
abutments on titanium implant screws. 

That is, the fracture and bending resistance of dental restorations made 
of zirconia-based ceramics were affected by the shape of the restorations, the 
composition of the zirconia-based ceramics, the quality of sintering and the 
manufacturing processes.  

This knowledge could be used to adjust the composition and 
manufacturing processes in order to improve the strength of zirconia-based 
ceramic restorations. 
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Clinical implications 

Based on the findings in the present thesis the following can be stated:  

• Dental restorations ground out of HIPed Y-TZP zirconia exhibited 
favourable fracture resistance and it seems to be a promising material for 
clinical restorations. There is, however, a need for more clinical 
evaluations to confirm this assumption. 

• Veneering seems unnecessary for HIP’ed Y-TZP zirconia to achieve 
sufficient fracture resistance. In other words, from a strength point of 
view the crowns and FPDs made of the type of HIPed Y-TZP studied in 
the current work can be left un-veneered in the mouth.  

• Abutments ground from HIPed Y-TZP zirconia could improve the 
strength of implant systems, but there is a need for further clinical 
evaluations concerning this issue. 
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