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1.1 Introduction 
 
Dental restoration is a broad term for any material or prosthesis that restores or 
replaces lost tooth structure, teeth or oral tissues [1]. Dental restorations are either 
fixed or removable and termed as ‘fixed restorations’ or ‘removable dental prosthesis 
(RDP)’. Fixed restorations can be further subdivided into ‘crowns’ (surrounding the 
remaining tooth structure) and fixed dental prosthesis (FDP), formerly fixed partial 
denture (FPD), also referred to as ‘bridges’. A FDP is a common method to replace a 
short span of missing teeth, using adjacent teeth or implants as their supporting 
abutments [2, 3].  

From a review of Zitzmann in 2007, approximately half of the adult population 
(≥ 16 years) in most European countries have had some type of prosthetic dental 
restoration [3]. The frequency of fixed restorations including crowns and FDPs 
(bridges) ranged from 3.6% (in Denmark) to as high as 34% in Switzerland and 45% 
in Sweden. If just a few teeth are absent, these are generally replaced with short span 
FDPs because of their convenience and better performance than RDP. The prevalence 
of fixed restorations is influenced by age, socio-economic status, education and 
incomes [3]. 
 

 
Figure 1.1 Prevalence of the different dental restorations in different EU countries of 

patients between 15－74 years old and studies from 1991－2002. RPD = 
removable partial denture and CD = complete denture. (Data adapted from 
Zitzmann et al., 2007 [3]) 

 
The major purpose of dental restorations is to maintain oral function, by 

replacing missing teeth and contiguous tissues with artificial substitutes. Meanwhile, 
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the comfort, appearance and health of the patient should also be considered during the 
replacement. In addition, restorations are also indicated to treat teeth with severely 
damaged clinical crowns, or when aesthetic alterations in tooth colour and/or form and 
contour are required [3].  

The primary trigger for reconstructive treatment is normally the patients’ 
perception of whether or not they need treatment. Generally, this is based on how great 
the impact of any functional, aesthetic or psychological impairment is to them [3]. 
However, a dentist should also assess the balance between improvement and harm by 
inserting restorations made from alloplastic materials. In this way, a dentist should 
focus on the consequences of a reduction of oral tissues as well as the outcomes of 
modifying such conditions, instead of emphasizing only the technical aspects of the 
discipline. As a result, biocompatibility, aesthetics, reliability, longevity and stability 
are central to the search for optimal dental restorative materials [2, 4]. The fabrication 
of fixed dental restorations is also developing with the increasing demand for 
aesthetics from both dentists and the patients. 

 
 
1.2 History of fabrication of FDP 
 
Traditionally, a dental restoration is usually fabricated in dental labs by dental 
technicians or in the dental clinic by the dentist himself. Since the restoration is mainly 
manually fabricated, the quality of the dental restoration is largely influenced by the 
skills of dental technicians or dentists, making it technique sensitive. There are several 
representative materials or techniques in the history of fabrication of dental 
restorations. 

In modern dentistry, the first widely used material to fabricate fixed restorations 
are the casting metals. Casting was introduced in dentistry in the 1890s. In the 
literature, credit is given to Dr. Swasey (1890), who introduced the technique to make 
a solid casting gold inlay. He used a gold foil to adapt to the inlay cavity form and 
contour of the tooth, and then the foil was removed, invested, and filled with 20-karat 
gold, resulting in a solid gold inlay. Although casting metals by the lost-wax process 
had been widely used in industry and art for many years, wax was introduced in 
dentistry for the first time in 1891 by Martin, as to make gold inlays. However, it is 
William H. Taggart who described a lost wax technique which can truly be said to 
have revolutionized restorative and prosthetic dentistry. On January 15th, 1907, Dr. 
Taggart presented a paper entitled ‘A New and Accurate Method of Casting Gold 
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Inlays’ for the New York Odontological Society, in which he discussed his casting 
technique and machine. Taggart’s success was mostly due to his improved casting 
machine, since his casting technique was not original; the idea of using wax to form 
the pattern was from Martin (1891), and using pressure to cast the alloy was that of 
Philbrook (1896) [5, 6].  

On account of the expensive price of gold, in the late 1920s, cobalt-chromium 
alloys were first introduced for casting dentures by the lost wax method, followed by a 
series of investigations on nonprecious or base metal alloys, which do not contain 
gold, silver, platinum or palladium [5, 7]. Nickel and cobalt are the primary metals in 
most commercially available nonprecious alloys, with chromium being the next most 
predominant metal, since chromium increases nickel or cobalt alloys’ resistance to 
oxidation and also enhances solid solution hardening [7]. The proponents of 
nonprecious alloys suggested that these alloys would be cheaper and that dentures 
made of these materials would have better physical properties (in particular greater 
strength) than those made of gold alloys [8]. Although increases in the cost of gold 
have made cobalt-chromium alloys more formidable rivals for denture work amongst 
dental practitioners and patients, gold alloys are still the materials of choice for metal-
based inlays, crowns and FDPs [5].  
 
Metal Ceramics 

Despite the development of dental castings between 1920s and 1950s [6, 8], the 
full-metal-cast restorations were getting less and less popular since the 1960s. This is 
because of the increasing demand for aesthetic solutions in dentistry [6, 9]. Aesthetics 
is a subjective judgment, and some individuals, including many dentists, still 
considered even in the 1990s visible gold restorations as aesthetically acceptable [9], 
at least in posterior teeth. However, silver, palladium, base-metal alloys, including 
titanium, were considered unaesthetic by most people [9].  

In the 1960s, researchers were looking for further improvements in fixed 
restorations and their main concern was to improve aesthetics. This time credit is 
usually given to Dr. Weinstein, who was the first to produce a commercially 
successful dental porcelain fused gold alloy, and who obtained two U.S. patents 
‘Fused Porcelain to Metal Teeth’ [10] and ‘Porcelain Covered Metal-Reinforced 
Teeth’ [11]. This was the first time that the metal ceramic crown was introduced in 
dentistry. 
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Figure 1.2 Schematic drawing from the U.S. patent ‘Fused Porcelain to Metal 

Teeth’ from Morris Weinstein et al. [10]. 
  
The metal ceramic restoration, which was also mentioned as the porcelain fused 

to metal (PFM) restoration, has a metal core or frame, which is veneered with 
porcelain in a high temperature oven. The metal provides strong compressive and 
tensile strength, and the porcelain gives a white tooth-like appearance. Porcelains for 
metal ceramic restorations contain a vitreous phase, also called glassy matrix, which 
represents 75 to 85% by volume and are reinforced by various crystalline phases [12]. 
Most porcelains for metal ceramic restorations contain from 15 to 25 vol.% leucite as 
their major crystalline phase [13, 14]. Leucite is a potassium alumino-silicate with a 
high thermal expansion coefficient (TEC) [15]. The choice of the crystalline phase in 
porcelain for metal ceramic restorations was initially dictated by the need for matching 
the TEC. The TEC of the porcelain should be close to that of the metallic 
infrastructure, in order to avoid the development of tensile stresses within the 
porcelain during cooling.  
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Different metal alloys, including precious and base metals, can be used as the 
frames of metal ceramic restorations, in order to meet the mechanical and economic 
requirements. Meanwhile, the colour of metal ceramic restorations, depends on the 
colour of the veneering porcelain, and can be adjusted to match the adjacent teeth. 
Metal ceramic restorations became more and more popular, as they have good 
mechanical properties, wide economic variety and to somewhat satisfactory aesthetic 
results, along with a clinically acceptable quality of their marginal and internal 
adaptation [16-20]. Furthermore, the metal ceramic restoration have been proven to 
have favourable long-term prospects [2, 21], and has represented the ‘gold standard’ 
for years in prosthetic dentistry [22]. By the meta-analysis, the 5-year survival rate of 
metal ceramic restoration is 95.6% for single crown [19, 23], and is 94.4% for FDPs 
[18, 24].  

Nevertheless, the technical procedures of investing wax patterns and casting 
precious metal alloys are technique sensitive. Many technical variables and different 
operative steps and firing cycles also make the final quality of the restorations highly 
technique-sensitive [22]. The use of metals as core also requires the use of masking 
porcelains. The underlying metal greyish shade of these frameworks is likely to 
introduce a significant limitation for the aesthetic result due to the absence of 
translucency. The limitation of these metal ceramic restorations is that they can only 
absorb or reflect light, while dental tissues are kind of translucent [25]. 

  

 
 

Figure 1.3 Picture of a PFM and full ceramic (zirconia) FDP. 
 

Nowadays, there is an increased concern about possible health side-effect of 
dental restorations. Especially attention is paid to the toxic and allergic reaction mainly 
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caused by corrosion of base-metal [7, 26-29], or even some precious alloys like for 
example palladium [30, 31]. As long as the demand for biocompatibility increases, 
metal-free materials are becoming more and more popular. 
 
Full Ceramics 

Full ceramics or all ceramics are one of the most popular metal-free and tooth-
coloured or aesthetic restorative materials. The first time porcelain emerging in 
dentistry was in 1774, being used to make a complete denture [21]. Early in the 
nineteenth century, natural human teeth were replaced by porcelain in various forms 
[5, 22]. However, the all ceramics were not popular at that time, because they were too 
brittle. When McLean and Hughes described in 1965 a reinforcement of dental 
porcelain with ceramic oxides [32], stronger and more reliable dental porcelains were 
invented. Due to increasing concerns about the aesthetics and biocompatibility, the use 
of all-ceramic restorations has become popular since three decades ago [2]. 

Dental ceramics usually have a composite structure, always containing a glassy 
matrix, which is reinforced by various crystalline phases [12]. The nature, amount, and 
particle size distribution of the crystalline phase directly influences the mechanical and 
optical properties of the material [33, 34]. The match between the refractive indices of 
the crystalline phase and glassy matrix is a key factor for controlling the translucency 
of the porcelain. Similarly, the match between the thermal expansion coefficients of 
the crystalline phase and glassy matrix is critical in controlling residual thermal 
stresses within the porcelain [35].  

Today, the best aesthetic characteristics are still based on the glass-ceramics. 
Glass-ceramics have optimal light transmission and high translucency. This results in 
natural, tooth-like colours which are also in the presence of very light shades [22]. For 
example, feldspathic ceramics usually provide excellent aesthetic, together with very 
good biocompatibility. They have also good resistance to compressive forces, but they 
easily fracture under tensile load [22]. At present, the most popular leucite-reinforced 
glass-ceramic system is the IPS Empress (Ivoclar Vivadent, Liechtenstein), which is a 
pressable system. Similar to the lost-wax casting technique, the pressure-injected 
leucite-reinforced ceramic can be hot-pressed a hollow investment mould by using a 
pressable-porcelain-oven. The restoration can be then stained and glazed or cut-back 
and layered with feldspathic ceramic to match the patients’ teeth colour and shape. 
Due to their low flexural strength (100－120 MPa), leucite-reinforced ceramics are 
only indicated in the anterior region.  
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Developments in dental ceramics then have led to the introduction of new high-
strength ceramic core materials for all-ceramic FDPs [36]. Glass-infiltrated alumina 
was introduced as a dental framework (core) in 1989. The most popular example of 
this ceramic is the In-Ceram Alumina system (VITA Zahnfabrik, H. Rauter GmbH & 
Co. KG, Bad Säckingen, Germany), which was the first restorative system introduced 
for the fabrication of 3-unit anterior FDPs. The flexural strength of the framework 
material ranges from 236 to 600 MPa [22, 36]. Later on, a lithium-disilicate glass core 
material was available on market, known as the Empress 2 or the enhanced IPS e.max 
Press system (Ivoclar Vivadent, Liechtenstein). The framework can also be fabricated 
with the lost-wax and heat-pressure technique, demonstrating a flexural strength of 
300－400 MPa [22, 36]. It can be veneered with fluoroapatite-based ceramics, and still 
has a very appealing translucency [22]. Lithium disilicate glass-ceramics have been 
advised for clinical application in single crowns and 3-units FDPs in the anterior 
region.  

The glass-infiltrated alumina reinforced with 35% partially stabilized zirconia 
was introduced to the dental CAD/CAM system, known as the In-Ceram Zirconia 
system (VITA, Germany). Such a composition shows a high flexure strength rangs 
from 400 to 800 MPa [22]. However, it is reported that the In-Ceram Zirconia core is 
as opaque as a metal-alloy, in terms of translucency. Therefore, In-Ceram Zirconia is 
not recommended for fabricating anterior all-ceramic restorations, where the 
translucency of the all-ceramic core materials is a major factor in enhancing an 
aesthetic result [22, 36]. According to the manufacturer’s recommendations, it is 
suitable for 3-unit FDP frameworks in the posterior sites. 

The zirconia applied in dentistry is usually stabilized with the addition of 
yttrium oxide. It is generally known as yttria-stabilized zirconia (YSZ) or yttrium 
tetragonal zirconia polycrystals (Y-TZP). Y-TZP based materials were initially 
introduced for biomedical use in orthopaedics for hip prostheses. Until the early 1990s, 
the indication for Y-TZP expanded to endodontic dowels and implant abutments. 
Nowadays, Y-TZP is usually the core or framework material. The flexural strength of 
Y-TZP is quite high, reported from 850 to 1200 MPa which is similar to steel [23, 36]. 

Depending on the composition of all ceramics, their clinical survival rates 
varied largely. Survival rates for anterior restorations ranged from 94% to 100% for 
3－7 years, which are always quite good. However, the survival rate for the posterior 
FDPs was always lower as 70% to 88% for 5－10 years, mainly due to chipping of 
surface porcelain or connector fractures [22-24].  
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Resin Composites 
Due to the increased demand on metal-free materials explained before, resin 

composites also became of interest. Yet the application of resin composites have 
expanded continuously from small anterior restorations to large posterior restorations 
[37].   

The first polymeric tooth-coloured restorative materials applied in dentistry 
were based on polymethylmethacrylate (PMMA). Resin-based materials entered the 
dental market in the 1930s [38]. These materials were more aesthetic than amalgam 
restorations, but still suffered variety of problems. The main problems of the early 
PMMA restorations were poor colour stability, high polymerization shrinkage, a lack 
of adhesion to tooth structure, and a large coefficient of thermal expansion [38]. In the 
1950s the resin materials became resin composites due to addition of silica fillers to 
the matrix of resins of the 1930s. This improved mechanical properties and aesthetics. 
However most problems remained, e.g. a lack of bonding to tooth structure and still 
significant polymerization shrinkage [39].  

With the introduction of the silica fillers, a new problem occurred. As the silica 
filler particles were not bonded to the polymer matrix, the filler particles easily 
dislodged from the matrix and significant clinical wear was observed. This problem 
was solved by the incorporation of a coupling agent. The most commonly added 
coupling agent is organosilane, such as γ-methacryloxypropyl trimethoxysilane or 
vinyl triethoxysilane. The coupling agent can provide a covalent bond 
(－Si－O－Si－) on the filler surface, and can also form covalent bonds with the resin 
matrix during polymerization. Thereby the filler particles and the resin matrix are 
bonded together through the coupling agent, so that the more flexible polymer matrix 
can transfer stresses to the more rigid filler particles, resulting in improved mechanical 
properties and wear resistance [39].  

The polymerization shrinkage was reduced in a new formulation stimulated by 
Bowen in 1962, which increased the popularity of resin composites. The basic idea 
was to decrease the polymerization shrinkage by using high molecular weight 
monomers instead of the small methylmethacrylate monomers. The resulting monomer 
is presently well-known as Bisphenol A-glycidyl methacrylate or Bis-GMA. The 
negative effect of using high molecular monomers is that the viscosity of these 
monomers is so high that it is difficult to incorporate reasonable amounts of filler 
particles in the composite. To overcome this problem, triethylene glycol 
dimethacrylate (TEGDMA), a low viscosity monomer was added. At present, the 
combination of Bis-GMA and TEGDMA is still the most popular monomer 
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combination for dental resin composites [40]. Other composite formulations with 
different low viscosity monomers have also been prepared with, for example, urethane 
dimethacrylate resin (UDMA), methyl methacrylate (MMA), or ethylene glycol 
dimethacrylate (EDMA). When polymerized, the resin matrix forms covalent bonds 
between polymer chains, known as cross-linking. The cross-linking process improved 
the properties of the matrix phase, resulting in better mechanical and physical 
properties of resin composites [39]. 

Since the commercial introduction of resin composite for restoring anterior 
teeth in the early 1960s [40, 41], their characteristics have been improved remarkably.  
During the last 25 years, resin composites have become stronger and more resistant to 
wear, making it possible not only as a filling material or a temporary restorative 
material, but also to make permanent crowns and short dental FDPs [42]. However, 
resin composites still have several shortcomings, such as water uptake, polymerization 
shrinkage resulting in accompanying stress, lack of wear resistance and colour 
stability, as well as mechanical, chemical and biological degradation [39, 43-50].  

 
Reinforced Resin Composites 

With the rapid development in ceramics, the resin composites also developed 
rapidly in recent decades, mainly in its reinforce mechanisms. One remarkable 
advance is the development in the filler particles, given that the filler content and filler 
size have been shown important to determine and regulate the physical and mechanical 
properties, such as strength, modulus, and colour [51]. 

The initially ground composite fillers were limited in size ranging from 0.1 to 
100 μm. This was due to the inability to grind and sieve quartz, glass, borosilicate or 
ceramic particles [52]. Then, smaller particles have been prepared through hydrolysis 
or precipitation in a process which is also called fumed or pyrolitic silica. This can 
result in formation of ‘micro-fillers’ with particle sizes in the range of nano particles, 
e.g. from 0.06 to 0.1 μm. New and alternative routes are sol-gel processes, which use 
precursors that agglomerate to form particles also in the range from nano to 
micrometers [53]. In principle, according to manufacturers, nano-composites have, due 
to their enormous surface to volume ratio, the potential to exhibit excellent mechanical 
and physical properties. 

Zirconia particles currently find use, in combination with silica, as fillers in 
dental resin composites in order to improve the mechanical properties of cured resin, 
especially when the zirconia-silica fillers were silanated on the silica parts [54-56]. It 
showed that polymerization shrinkage of resin composites can be decreased by 
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addition of metastable tetragonal zirconia filler particles, which expand upon exposure 
to water molecules [57]. Besides, the concentration of filler particles will also 
influence the physical and mechanical properties of resin composites [51, 56].  

Resin composites can be further reinforced with all kinds of fibers or nano-
fibers [58]. Elastic properties and flexural strengths of fiber-reinforced resin 
composites (FRCs) differ widely, depending on the fiber type (carbon, glass, or high 
density polyethylene), fiber design (single fiber bundles, woven fibers, or braided 
fibers) and to a lesser extent the resin chemistry [59]. Some FRC materials are 
provided dry, to be resin-impregnated during prosthesis fabrication, and many are 
provided as pre-impregnated fiber bundles. Fabrication differences have very 
definitely influence to clinical behaviour for FRC- FDPs [60], experienced skills are 
always required to achieve a good clinical performance.  

The fibers inside the composites can improve their fracture resistance to 
withstand higher oral forces, so that they are gradually being adopted for use in long-
term restorations, such as FDPs [60-70]. Because of diversity in composite and fiber 
types and their fabrication techniques, clinical survival rates of such FRC restorations 
differed a lot from 72% to 95% for at least 3 years. Veneer debonding or delaminating 
and fractures are the main reasons for decreased survival rates [60]. 
  
1.3 Industrially Manufactured Materials 
 
A number of industrially manufactured materials are available for CAD/CAM 
systems, including aesthetic and high-strength ceramics, resin composites. These 
CAD/CAM materials can be used for temporary and permanent restorations. For 
example, the most recent materials for CAD/CAM chairside temporary restorations are 
acrylic temporary materials and the resin nano ceramics can be used a permanent 
material and offer a glossy surface finish. Resin based CAD/CAM materials, like 
Paradigm MZ100 (3M ESPE), were introduced in the year of 2000 [71]. It was 
reported that the CAD/CAM resin composites may show less crack propagation under 
fatigue forces than some ceramics [72]. They may even provide better fracture 
resistance for non-retentive occlusal veneers in posterior teeth than some ceramics 
[73]. Lava Ultimate CAD/CAM Restorative (3M ESPE) is another new material for 
CAD/CAM technique. As introduced by its manufacturer, this new material is called 
Resin Nano Ceramic (RNC), which is claimed to be unique in durability and function. 
However, from the view of dental materials, this material is still one kind of zirconia 
reinforced resin composite, which is supposed to combine the properties of composite 
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and ceramic. Like a glass ceramic, the material has excellent polish retention for 
lasting aesthetics. Different from ceramic, the material is not brittle and is fracture 
resistant. Due to its recent introduction to the market, few studies have examined 
factors that influence its properties. 

 Furthermore, there are industrially fabricated feldspathic glass-ceramic 
materials which are marketed as aesthetic ceramics. Examples are Vitablocs Mark II 
(Vident, Canada) and CEREC Blocs (Sirona, Germany). There are also industrially 
fabricated leucite-reinforced glass-ceramic materials, such as IPS Empress CAD 
(Ivoclar Vivadent). These aesthetic ceramics are indicated for anterior restorations 
because of their excellent optical properties like colour and translucency, while on the 
other side they are not as weak as glass porcelain [71]. Besides the pressable lithium 
disilicate, it is also available for the CAD/CAM technique, known as the IPS e.max 
CAD (Ivoclar Vivadent, Liechtenstein), which was introduced in 2006. The flexural 
strength values were reported from 360 to 400 MPa [71], which are two to three times 
stronger than previous mentioned aesthetic ceramics. The increased strength enables it 
to apply either etch and adhesively cementation or conventional cementation 
technique. Lithium disilicate was initially developed as a substructure material that 
offered greater translucency compared with other high-strength ceramic core materials. 
Lithium disilicate is now also frequently selected in chairside CAD/CAM systems due 
to its strength, while its machinability is still reliable. A wide variety of shades and 
translucencies are available to cover the whole range of tooth colours [71]. 

 
1.4 Bonding 
 
The application of all-ceramics as a restorative material has increased substantially in 
the last three decades. Among other things, this trend can be attributed to the 
development of ‘adhesive prosthodontics’, or the ability to effectively bond metal-free 
ceramic restorations to tooth structure using adhesive techniques and cements. An 
example of the use of the adhesive techniques are veneers where a strong adhesive 
bond between porcelain and enamel appeared successful over a period of at least 10 
years [2].  

However, long-term durable adhesion to zirconia ceramics is reported to be 
difficult [74, 75], because of its surface stability and lack of glass matrix that makes it 
‘un-etchable’, as abrasion with alumina is also not very effective. Compared to its 
popularity due to biocompatibility, acceptable aesthetics and good mechanical 
properties, the clinical success of zirconia based all-ceramics will be compromised by 
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Figure 1.4 SEM image from untreated zirconia (× 12,

(× 2000). 
  
To roughen the zirconia surface 

abrasion is still suggested, since it could increase 
micro mechanical interlock
defects, which will result in a reduced strength of the zirconia restorations 
Moreover, it could also affect the
due to the surface flaws and the tetragonal to monoclinic phase transformation 
89]. Therefore, alternative surface modification methods are required for impro
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improved by silanization [94, 96]. However, according to previous reports, there are 
still several weaknesses of the existing silica coating methods. For example, the 
coating layer could be too thick, hence influencing the clinical fit [96]; the zirconia 
surface may not be fully covered by the coating layer [79] or the coating layer may not 
be firmly attached to the zirconia surface [75, 82]. Most of these techniques were still 
based on air-abrasion [75, 85, 94] which may cause micro defects when blasting with 
high pressure. 
 
1.5 Failure of restorations 
 
With the development of adhesive dentistry, most of the restorations nowadays are 
bonded to the tooth structure. As a result, adhesive failures may lead to loss of 
restorations. Debonding is one of the most common reasons for failure of zirconia 
restorations [74, 75]. It is also reported that the failure rate due to debonding of 
zirconia restorations is higher than that of traditional metal ceramics or other all-
ceramic restorations [18, 97, 98].  

Since bonding is joining two materials together securely with an adhesive 
substance such as cement or glue, debonding is related to the joining materials, the 
adhesive substance and the interfaces. There are three modes of failure: adhesive 
failure, cohesive failure and the mixed failure. An adhesive failure occurs at an 
interface between two materials due to a tensile or shearing force. A cohesive failure 
occurs within a material which can be either the joining materials or the adhesive 
substance. A mixed failure incorporates the above two types of bond failure.  

However, there is also some kind of bonding without the use of an adhesive 
substance, for example, the bonding between the porcelain veneers and the metal or 
ceramic frameworks. It is reported that the most common failure mode of both metal-
ceramic and all-ceramic restorations are delamination, minor or large porcelain 
fractures [24, 99-101]. The cause of these phenomena is complex. Besides the inherent 
brittle property, the poor bond strength between the framework and the veneer caused 
by the coefficients of thermal expansion mismatch can also play a role. Conventional 
wisdom from metal-ceramic restorations tells us that veneering ceramics should have a 
slightly lower coefficient of thermal expansion compared with that of the core, 
creating compressive stresses in the weaker veneering ceramic and thus enhancing the 
overall strength of the restoration [102]. Unfortunately, application of this principle to 
all-ceramics has not been equally successful, evidenced by high rates of veneer 
chipping in all-ceramic bilayered restorations [23].  
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Ceramics, especially the ones used as veneer porcelain, are brittle materials 
which are sensitive to flaws during fabricating and functioning. Fractures or chipping 
can easily initiate from these flaws on different sites, such as the surface, interfaces, or 
even within the material. Remarkably, in dental ceramics, the first crack usually seems 
not to be the one that propagates and ultimately causes the restoration to fail (here 
defined as requiring clinical replacement). Instead, other cracks developing from other 
sites may grow and ultimately lead to failure. In glasses (like feldspathic porcelains) 
and alumina, this failure mode is usually a radial fracture, initiating from the 
cementation interface (tensile zone) and propagating through the entire restoration, 
leading to bulk fracture. In zirconia, radial fractures rarely occur; instead of a radial 
crack, the second crack that develops could be an inner cone crack beneath the 
indenter or cusp [23]. 

Bulk fracture can also be the main failure mode of a resin composite 
restoration, while the delaminating between the fibers and the composites can be the 
most common failure mode for the fiber reinforced composites [61, 103-106]. The 
connectors of fixed partial prostheses are the most common site to fracture [107-109], 
and sometimes fractures could also start at the loading point [61, 106, 110]. 

However, in dental research the failure of restorations can be defined differently 
[107, 111, 112]. No matter how the failure is defined, it is always related to a stress 
concentration which is higher than the local strength of the material. Since the 
excessive stress can cause permanent deformation or local cracks, which grow and 
finally can lead to a mechanical failure, a complete understanding of the stress 
distribution in dental restorations is of particular importance. To precisely calculate the 
stress distribution, finite element analysis (FEA) is usually applied, and it is regarded 
as the most representative quantitative analysis to model dental restorations [113, 114]. 
Once the fundamental finite element model has been validated appropriately, it is 
conveniently to change relative parameters of the model, such as geometries, materials 
properties and boundary conditions [113]. 

 
1.6 Aim of this thesis 
 

Due to the increasing concern about the biocompatibility and the need for better 
aesthetics, metal-free restorations have become more and more welcomed in dentistry. 
At present, all-ceramic restorations and the reinforced resin composites are the most 
popular aesthetic dental materials for indirect application. Among these materials the 
zirconia ceramics are quite outstanding, because of their appealing mechanical 
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properties. However, due to their opacity, the aesthetic properties of zirconia ceramics 
are not so good, and a veneer layer of an aesthetic porcelain is used to optimize the 
colour of the restoration. Failure occurs mainly within the aesthetic porcelain of the 
restoration, which can subsequently result in failure of the framework, being one of the 
most common reasons for clinical failures. On the other hand, debonding is the other 
common reason for its clinical failure, due to its inert stable chemical properties. 

The aim of this thesis is try to investigate ways to improve the clinical 
performance of zirconia and to look for substitutes for the conventional zirconia-
veneer all-ceramics. To be specific, in Chapter 2, the sintering procedure of zirconia 
is investigated. There is little knowledge on the temperature profile required to sinter 
zirconia. In order to develop new pretreatment procedures for enhanced bonding to 
zirconia a profound knowledge of the sintering procedure is needed. Therefore, the 
influence of sintering time and the final temperature on the density, grain size, and 
biaxial flexural strength of zirconia is investigated.  

Alternative surface modification methods are still required for improving the 
resin bond strength to zirconia ceramics. Several alternatives are reported in literature, 
such as SIE (selective infiltration etching) technique, plasma spraying, coating with 
nano-structured alumina (Al2O3), coating with zirconia ceramic powder and pore 
former, different ways of coating with silica-based. Most of these procedures are 
complex or involve hazardous materials like HF. In Chapter 3 an attempt is made to 
improve the bond strength to zirconia, by applying an experimental zirconia-silica 
coating. The coating is a resin based zirconia-silica composite which is easy to apply 
and can in principle be sintered to a zirconia surface. This new method is described 
and investigated under different priming conditions of resin cement.  

By improving the zirconia-resin composite interface combination with new 
materials  becomes feasible. This would allow new ways to make crowns and FDPs on 
strong zirconia cores and frameworks and the application of more flexible resin 
composites as veneer. This might be a solution especially in implant supported crowns 
and FDPs. This type of restoration is nowadays completely rigid, e.g. titanium with 
PFM or full ceramic, which can result in over-loading of the supporting bone. By 
substituting the porcelain veneer in these construction by composite, which is more 
flexible, a ‘shock absorbing material’ is included, partially taking over the role of the 
periodontal membrane. This was investigated in Chapter 4, where the conventional 
veneer porcelain was replaced by resin composite on a zirconia framework. This 
combination was compared to metal ceramic, all-ceramic, and FRC prosthesis. This 
was done by in-vitro experiment and FEA calculations.  
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Recently, Resin Nano Ceramic (RNC) was introduced in the market. This 
material is an intermediate material between full-zirconia and the existing zirconia 
based resin composite. RNC is especially indicated for implant supported crown and 
FDPs as ‘shock absorbing material’, as well as normal crowns and small FDPs. As 
there is little knowledge of this type of materials, we investigated minimum thickness 
of this material which was needed when making crowns and compared these findings 
with lithium-disilicate ceramics. The in-vitro experiment and the FEA calculations are 
presented in Chapter 5. 
 
  



Chapter 1 

26 

1.7 Reference 
 
[1] The glossary of prosthodontic terms. The Journal of prosthetic dentistry. 

2005;94:10-92. 
[2] Carlsson GE, Omar R. Trends in prosthodontics. Medical Principles and 

Practice. 2006;15:167-79. 
[3] Zitzmann NU, Hagmann E, Weiger R. What is the prevalence of various types 

of prosthetic dental restorations in Europe? Clin Oral Implan Res. 2007;18:20-
33. 

[4] Jokstad A, Orstavik J, Ramstad T. A definition of prosthetic dentistry. Int J 
Prosthodont. 1998;11:295-301. 

[5] Donaldson JA. The use of gold in dentistry: an historical overview. Gold 
bulletin. 1980;13:117-24. 

[6] Asgar K. Casting metals in dentistry: past--present--future. Advances in dental 
research. 1988;2:33-43. 

[7] Kelly JR, Rose TC. Nonprecious alloys for use in fixed prosthodontics - a 
literature-review. J Prosthet Dent. 1983;49:363-70. 

[8] Leinfelder KF. An evaluation of casting alloys usedfor restorative procedures. J 
Am Dent Assoc. 1997;128:37-45. 

[9] Mjor IA. Problems and benefits associated with restorative materials: side-
effects and long-term cost. Advances in dental research. 1992;6:7-16. 

[10] Morris Weinstein MW. Fused porcelain-to-metal teeth. US Patent. 1962. # 
3052982. 

[11] Morris Weinstein MW. Porcelain Covered Metal-Reinforced Teeth. US Patent. 
1962. # 3052983.  

[12] Denry IL, Rosenstiel SF. Hertzian indentation response of dicor machinable 
glass-ceramic. J Dent Res. 1995;74:522. 

[13] Mackert JR, Evans AL. Effect of cooling rate on leucite volume fraction in 
dental porcelains. J Dent Res. 1991;70:137-9. 

[14] Mackert JR, Evans AL. Quantitative x-ray-diffraction determination of leucite 
thermal-instability in dental porcelain. Journal of the American Ceramic 
Society. 1991;74:450-3. 

[15] Mackert JR, Butts MB, Fairhurst CW. The effect of the leucite transformation 
on dental porcelain expansion. Dent Mater. 1986;2:32-6. 



Introduction 

27 

[16] Walton TR. A 10-year longitudinal study of fixed prosthodontics: Clinical 
characteristics and outcome of single-unit metal-ceramic crowns. Int J 
Prosthodont. 1999;12:519-26. 

[17] Reitemeier B, Haensel K, Kastner C, Walter MH. Metal-ceramic failure in noble 
metal crowns: 7-year results of a prospective clinical trial in private practices. 
Int J Prosthodont. 2006;19:397-9. 

[18] Sailer I, Pjetursson BE, Zwahlen M, Haemmerle CHF. A systematic review of 
the survival and complication rates of all-ceramic and metal-ceramic 
reconstructions after an observation period of at least 3 years. Part II: fixed 
dental prostheses. Clin Oral Implan Res. 2007;18:86-96. 

[19] Pjetursson BE, Sailer I, Zwahlen M, Haemmerle CHF. A systematic review of 
the survival and complication rates of all-ceramic and metal-ceramic 
reconstructions after an observation period of at least 3 years. Part I: single 
crowns. Clin Oral Implan Res. 2007;18:73-85. 

[20] Wettstein F, Sailer I, Roos M, Haemmerle CHF. Clinical study of the internal 
gaps of zirconia and metal frameworks for fixed partial dentures. Eur J Oral Sci. 
2008;116:272-9. 

[21] Denry IL. Recent advances in ceramics for dentistry. Critical reviews in oral 
biology and medicine : an official publication of the American Association of 
Oral Biologists. 1996;7:134-43. 

[22] Zarone F, Russo S, Sorrentino R. From porcelain-fused-to-metal to zirconia: 
Clinical and experimental considerations. Dent Mater. 2011;27:83-96. 

[23] Rekow ED, Silva NRFA, Coelho PG, Zhang Y, Guess P, Thompson VP. 
Performance of Dental Ceramics: Challenges for Improvements. J Dent Res. 
2011;90:937-52. 

[24] Tan K, Pjetursson BE, Lang NP, Chan ESY. A systematic review of the survival 
and complication rates of fixed partial dentures (FPDs) after an observation 
period of at least 5 years - III. Conventional FPDs. Clin Oral Implan Res. 
2004;15:654-66. 

[25] Raptis NV, Michalakis KX, Hirayama H. Optical behavior of current ceramic 
systems. Int J Periodont Rest. 2006;26:31-41. 

[26] Wataha JC. Biocompatibility of dental casting alloys: A review. J Prosthet Dent. 
2000;83:223-34. 

[27] Van Noort R, Brown D, Causton BE, Combe EC, Fletcher AM, Lloyd CH, et al. 
Dental materials - 1990 literature-review. J Dent. 1991;19:327-51. 



Chapter 1 

28 

[28] Causton BE, Braden M, Brown D, Coombe EC, Cruickshanksboyd DW, 
Fletcher AM, et al. Dental materials - 1980 literature-review. J Dent. 
1983;11:95-132. 

[29] Schmalz G, Garhammer P. Biological interactions of dental cast alloys with oral 
tissues. Dent Mater. 2002;18:396-406. 

[30] Wataha JC, Hanks CT. Biological effects of palladium and risk of using 
palladium in dental casting alloys. J Oral Rehabil. 1996;23:309-20. 

[31] Geurtsen W. Biocompatibility of dental casting alloys. Critical Reviews in Oral 
Biology & Medicine. 2002;13:71-84. 

[32] McLean JW, Hughes TH. The reinforcement of dental porcelain with ceramic 
oxides. Brit Dent J. 1965;119:251-67. 

[33] Mackert JR, Butts MB, Morena R, Fairhurst CW. Phase-changes in a leucite-
containing dental porcelain frit. Journal of the American Ceramic Society. 
1986;69:C69-C72. 

[34] Kon M, Kawano F, Asaoka K, Matsumoto N. Effect of leucite crystals on the 
strength of glassy porcelain. Dent Mater J. 1994;13:138-47. 

[35] Mackert JR, Ringle RD, Parry EE, Evans AL, Fairhurst CW. The relationship 
between oxide adherence and porcelain-metal bonding. J Dent Res. 
1988;67:474-8. 

[36] Raigrodski AJ. Contemporary materials and technologies for all-ceramic fixed 
partial dentures: A review of the literature. J Prosthet Dent. 2004;92:557-62. 

[37] O'Brien WJ. Dental materials and their selection: Quintessence Publishing 
Company, Incorporated; 2008. 

[38] Roberson T, Heymann HO, Edward J. Swift J. Sturdevant's Art and Science of 
Operative Dentistry: Elsevier Health Sciences; 2006. 

[39] Anusavice KJ. Phillips' Science of Dental Materials: Elsevier Health Sciences; 
2003. 

[40] Bowen RL. Dental filling material comprising vinyl silane treated fused silica 
and a binder consisting of the reaction product of bis phenol and glycidyl 
acrylate. US Patent. 1962. # 3066112.  

[41] Bowen RL. Selica-resin direct filling material and method of preparation. US 
Patent. 1965. # 3194783. 

[42] Malhotra N, Mala K, Acharya S. Resin-based composite as a direct esthetic 
restorative material. Compendium of continuing education in dentistry. 
2011;32:14-23. 



Introduction 

29 

[43] Soetopo, Beech DR, Hardwick JL. Mechanism of adhesion of polymers to acid-
etched enamel - effect of acid concentration and washing on bond strength. J 
Oral Rehabil. 1978;5:69-79. 

[44] Nakabayashi N, Kojima K, Masuhara E. The promotion of adhesion by the 
infiltration of monomers into tooth substrates. J Biomed Mater Res. 
1982;16:265-73. 

[45] Davidson CL, Feilzer AJ. Polymerization shrinkage and polymerization 
shrinkage stress in polymer-based restoratives. J Dent. 1997;25:435-40. 

[46] Feilzer AJ, Kakaboura AI, Degee AJ, Davidson CL. The influence of water 
sorption on the development of setting shrinkage stress in traditional and resin-
modified glass-ionomer cements. Dent Mater. 1995;11:186-90. 

[47] Feilzer AJ, Degee AJ, Davidson CL. Relaxation of polymerization contraction 
shear-stress by hygroscopic expansion. J Dent Res. 1990;69:36-9. 

[48] Kleverlaan CJ, Feilzer AJ. Polymerization shrinkage and contraction stress of 
dental resin composites. Dent Mater. 2005;21:1150-7. 

[49] Sarafianou A, Iosifidou S, Papadopoulos T, Eliades G. Color stability and 
degree of cure of direct composite restoratives after accelerated aging. Oper 
Dent. 2007;32:406-11. 

[50] Drummond JL. Degradation, fatigue, and failure of resin dental composite 
materials. J Dent Res. 2008;87:710-9. 

[51] Mohsen NM, Craig RG, Filisko FE. The effects of different additives on the 
dielectric relaxation and the dynamic mechanical properties of urethane 
dimethacrylate. J Oral Rehabil. 2000;27:250-68. 

[52] Puckett AD, Fitchie JG, Kirk PC, Gamblin J. Direct composite restorative 
materials. Dental clinics of North America. 2007;51:659-75. 

[53] Taira M, Suzuki H, Wakasa K, Yamaki M, Matsui A. Preparation of pure silica-
glass filler for dental composites by the sol-gel process. British Ceramic 
Transactions and Journal. 1990;89:203-7. 

[54] Mohsen NM, Craig RG, Filisko FE. Effects of curing time and filler 
concentration on curing and postcuring of urethane dimethacrylate composites: 
A microcalorimetric study. J Biomed Mater Res. 1998;40:224-32. 

[55] Mohsen NM, Craig RG. Hydrolytic stability of silanated zirconia-silica-
urethane dimethacrylate composites. J Oral Rehabil. 1995;22:213-20. 

[56] Halvorson RH, Erickson RL, Davidson CL. The effect of filler and silane 
content on conversion of resin-based composite. Dent Mater. 2003;19:327-33. 



Chapter 1 

30 

[57] Skovgaard M, Almdal K, Sorensen BF, Linderoth S, van Lelieveld A. Shrinkage 
reduction of dental composites by addition of expandable zirconia filler. Journal 
of Composite Materials. 2011;45:2817-22. 

[58] Guo G, Fan Y, Zhang J-F, Hagan JL, Xu X. Novel dental composites reinforced 
with zirconia-silica ceramic nanofibers. Dent Mater. 2012;28:360-8. 

[59] Freilich MA, Meiers JC. Fiber-reinforced composite prostheses. Dental clinics 
of North America. 2004;48:545-62. 

[60] Kelly JR. Developing meaningful systematic review of CAD/CAM 
reconstructions and fiber-reinforced composites. Clin Oral Implan Res. 
2007;18:205-17. 

[61] Dyer SR, Sorensen JA, Lassila LVJ, Vallittu PK. Damage mechanics and load 
failure of fiber-reinforced composite fixed partial dentures. Dental Materials. 
2005;21:1104-10. 

[62] Ellakwa AE, Shortall AC, Marquis PM. Influence of Different Techniques of 
Laboratory Construction on the Fracture Resistance of Fiber-Reinforced 
Composite (FRC) Bridges. The journal of contemporary dental practice. 
2004;5:1-13. 

[63] Rudo DN, Karbhari VM. Physical behaviors of fiber reinforcement as applied to 
tooth stabilization. Dental clinics of North America. 1999;43:7-35. 

[64] Stiesch-Scholz M, Schulz K, Borchers L. In vitro fracture resistance of four-unit 
fiber-reinforced composite fixed partial dentures. Dental Materials. 
2006;22:374-81. 

[65] Vallittu PK. Survival rates of resin-bonded, glass fiber-reinforced composite 
fixed partial dentures with a mean follow-up of 42 months: A pilot study. 
Journal of Prosthetic Dentistry. 2004;91:241-6. 

[66] Gohring TN, Roos M. Inlay-fixed partial dentures adhesively retained and 
reinforced by glass fibers: clinical and scanning electron microscopy analysis 
after five years. European Journal of Oral Sciences. 2005;113:60-9. 

[67] Garoushi S, Vallittu PK, Lassila LVJ. Use of short fiber-reinforced composite 
with semi-interpenetrating polymer network matrix in fixed partial dentures. 
Journal of Dentistry. 2007;35:403-8. 

[68] Cenci MS, da Rosa Rodolpho PA, Pereira-Cenci T, Del Bel Cury AA, Demarco 
FF. Fixed partial dentures in an up to 8-year follow-up. Journal of Applied Oral 
Science. 2010;18:364-71. 



Introduction 

31 

[69] Behr M, Rosentritt M, Lang R, Chazot C, Handel G. Glass-fibre-reinforced-
composite fixed partial dentures on dental implants. Journal of Oral 
Rehabilitation. 2001;28:895-902. 

[70] Erkmen E, Meric G, Kurt A, Tunc Y, Eser A. Biomechanical comparison of 
implant retained fixed partial dentures with fiber reinforced composite versus 
conventional metal frameworks: A 3D FEA study. Journal of the Mechanical 
Behavior of Biomedical Materials. 2011;4:107-16. 

[71] Fasbinder DJ. Materials for chairside CAD/CAM restorations. Compendium of 
continuing education in dentistry. 2010;31:702-4, 6, 8-9. 

[72] Kassem AS, Atta O, El-Mowafy O. Fatigue Resistance and Microleakage of 
CAD/CAM Ceramic and Composite Molar Crowns. Journal of Prosthodontics-
Implant Esthetic and Reconstructive Dentistry. 2012;21:28-32. 

[73] Magne P, Schlichting LH, Maia HP, Baratieri LN. In vitro fatigue resistance of 
cad/cam composite resin and ceramic posterior occlusal veneers. Journal of 
Prosthetic Dentistry. 2010;104:149-57. 

[74] Behr M, Proff P, Kolbeck C, Langrieger S, Kunze J, Handel G, et al. The bond 
strength of the resin-to-zirconia interface using different bonding concepts. J 
Mech Behav Biomed Mater. 2011;4:2-8. 

[75] Kern M, Wegner SM. Bonding to zirconia ceramic: Adhesion methods and their 
durability. Dental Materials. 1998;14:64-71. 

[76] Borges GA, Sophr AM, de Goes MF, Sobrinho LC, Chan DCN. Effect of 
etching and airborne particle abrasion on the microstructure of different dental 
ceramics. Journal of Prosthetic Dentistry. 2003;89:479-88. 

[77] Derand P, Derand T. Bond strength of luting cements to zirconium oxide 
ceramics. International Journal of Prosthodontics. 2000;13:131-5. 

[78] Aboushelib MN, Matinlinna JP, Salameh Z, Ounsi H. Innovations in bonding to 
zirconia-based materials: Part I. Dental Materials. 2008;24:1268-72. 

[79] Derand T, Molin M, Kvam K. Bond strength of composite luting cement to 
zirconia ceramic surfaces. Dental Materials. 2005;21:1158-62. 

[80] de Souza GMD, Silva N, Paulillo L, De Goes MF, Rekow ED, Thompson VP. 
Bond Strength to High-Crystalline Content Zirconia After Different Surface 
Treatments. Journal of Biomedical Materials Research Part B-Applied 
Biomaterials. 2010;93B:318-23. 

[81] Rosentritt M, Behr M, van der Zel JM, Feilzer AJ. Shear Bond Strength of 
Cement to Zirconia. Journal of Adhesion Science and Technology. 
2009;23:1125-32. 



Chapter 1 

32 

[82] Yang B, Barloi A, Kern M. Influence of air-abrasion on zirconia ceramic 
bonding using an adhesive composite resin. Dental Materials. 2010;26:44-50. 

[83] Kern M, Barloi A, Yang B. Surface Conditioning Influences Zirconia Ceramic 
Bonding. Journal of Dental Research. 2009;88:817-22. 

[84] Blatz MB, Phark JH, Ozer F, Mante FK, Saleh N, Bergler M, et al. In vitro 
comparative bond strength of contemporary self-adhesive resin cements to 
zirconium oxide ceramic with and without air-particle abrasion. Clinical Oral 
Investigations. 2010;14:187-92. 

[85] Nothdurft FP, Motter PJ, Pospiech PR. Effect of surface treatment on the initial 
bond strength of different luting cements to zirconium oxide ceramic. Clinical 
Oral Investigations. 2009;13:229-35. 

[86] Kitayama S, Nikaido T, Takahashi R, Zhu L, Ikeda M, Foxton RM, et al. Effect 
of primer treatment on bonding of resin cements to zirconia ceramic. Dent 
Mater. 2010;26:426-32. 

[87] Zhang Y, Lawn BR, Malament KA, Thompson VP, Rekow ED. Damage 
accumulation and fatigue life of particle-abraded ceramics. International Journal 
of Prosthodontics. 2006;19:442-8. 

[88] Zhang Y, Lawn BR, Rekow ED, Thompson VP. Effect of sandblasting on the 
long-term performance of dental ceramics. Journal of Biomedical Materials 
Research Part B-Applied Biomaterials. 2004;71B:381-6. 

[89] Kim ST, Cho HJ, Lee YK, Choi SH, Moon HS. Bond strength of Y-TZP-
zirconia ceramics subjected to various surface roughening methods and layering 
porcelain. Surf Interface Anal. 2010;42:576-80. 

[90] Aboushellib MN, Kleverlaan CJ, Feilzer AJ. Selective infiltration-etching 
technique for a strong and durable bond of resin cements to zirconia-based 
materials. Journal of Prosthetic Dentistry. 2007;98:379-88. 

[91] Jevnikar P, Krnel K, Kocjan A, Funduk N, Kosmac T. The effect of nano-
structured alumina coating on resin-bond strength to zirconia ceramics. Dental 
Materials. 2010;26:688-96. 

[92] Phark JH, Duarte S, Blatz M, Sadan A. An in vitro evaluation of the long-term 
resin bond to a new densely sintered high-purity zirconium-oxide ceramic 
surface. Journal of Prosthetic Dentistry. 2009;101:29-38. 

[93] Phark JH, Duarte S, Hernandez A, Blatz MB, Sadan A. In vitro shear bond 
strength of dual-curing resin cements to two different high-strength ceramic 
materials with different surface texture. Acta Odontologica Scandinavica. 
2009;67:346-54. 



Introduction 

33 

[94] Kitayama S, Nikaido T, Maruoka R, Zhu L, Ikeda M, Watanabe A, et al. Effect 
of an internal coating technique on tensile bond strengths of resin cements to 
zirconia ceramics. Dental Materials Journal. 2009;28:446-53. 

[95] Piascik JR, Swift EJ, Thompson JY, Grego S, Stoner BR. Surface modification 
for enhanced silanation of zirconia ceramics. Dental Materials. 2009;25:1116-
21. 

[96] Kitayama S, Nikaido T, Ikeda M, Alireza S, Miura H, Tagami J. Internal coating 
of zirconia restoration with silica-based ceramic improves bonding of resin 
cement to dental zirconia ceramic. Bio-Medical Materials and Engineering. 
2010;20:77-87. 

[97] Raigrodski AJ, Hillstead MB, Meng GK, Chung KH. Survival and 
complications of zirconia-based fixed dental prostheses: a systematic review. 
Journal of Prosthetic Dentistry. 2012;107:170-7. 

[98] Heintze SD, Rousson V. Survival of Zirconia- and Metal-Supported Fixed 
Dental Prostheses: A Systematic Review. International Journal of 
Prosthodontics. 2010;23:493-502. 

[99] Napankangas R, Salonen-Kemppi MAM, Raustia AM. Longevity of fixed metal 
ceramic bridge prostheses: a clinical follow-up study. Journal of Oral 
Rehabilitation. 2002;29:140-5. 

[100] Goodacre CJ, Bernal G, Rungcharassaeng K, Kan JYK. Clinical complications 
in fixed prosthodontics. Journal of Prosthetic Dentistry. 2003;90:31-41. 

[101] Eliasson A, Arnelund C-F, Johansson A. A clinical evaluation of cobalt-
chromium metal-ceramic fixed partial dentures an crowns: A three- to seven-
year retrospective study. Journal of Prosthetic Dentistry. 2007;98:6-16. 

[102] Aboushelib MN, Feilzer AJ, de Jager N, Kleverlaan CJ. Prestresses in bilayered 
all-ceramic restorations. J Biomed Mater Res B. 2008;87B:139-45. 

[103] Xie QF, Lassila LVJ, Vallittu PK. Comparison of load-bearing capacity of 
direct resin-bonded fiber-reinforced composite FPDs with four framework 
designs. Journal of Dentistry. 2007;35:578-82. 

[104] Dyer SR, Lassila LVJ, Alander P, Vallittu PK. Static strength of molar region 
direct technique glass fibre-reinforced composite fixed partial dentures. Journal 
of Oral Rehabilitation. 2005;32:351-7. 

[105] Behr M, Rosentritt M, Leibrock A, Schneider-Feyrer S, Handel G. In-vitro 
study of fracture strength and marginal adaption of fibre-reinforced adhesive 
fixed partial inlay dentures. Journal of Dentistry. 1999;27:163-8. 



Chapter 1 

34 

[106] Ozcan M, Breuklander MH, Vallittu PK. The effect of box preparation on the 
strength of glass fiber-reinforced composite inlay-retained fixed partial dentures. 
Journal of Prosthetic Dentistry. 2005;93:337-45. 

[107] Vallittu PK. The effect of glass fiber reinforcement on the fracture resistance of 
a provisional fixed partial denture. Journal of Prosthetic Dentistry. 1998;79:125-
30. 

[108] Li W, Swain MV, Li Q, Ironside J, Steven GP. Fibre reinforced composite 
dental bridge. Part I: experimental investigation. Biomaterials. 2004;25:4987-
93. 

[109] Kolbeck C, Rosentritt M, Behr M, Lang R, Handel G. In vitro examination of 
the fracture strength of 3 different fiber-reinforced composite and 1 all-ceramic 
posterior inlay fixed partial denture systems. Journal of prosthodontics : official 
journal of the American College of Prosthodontists. 2002;11:248-53. 

[110] Song HY, Yi YJ, Cho LR, Park DY. Effects of two preparation designs and 
pontic distance on bending and fracture strength of fiber-reinforced composite 
inlay fixed partial dentures. Journal of Prosthetic Dentistry. 2003;90:347-53. 

[111] Altieri JV, Burstone CJ, Goldberg AJ, Patel AP. Longitudinal clinical-
evaluation of fiber-reinforced composite fixed partial dentures - a pilot-study. 
Journal of Prosthetic Dentistry. 1994;71:16-22. 

[112] Bergendal T, Ekstrand K, Karlsson U. Evaluation of Implant-Supported 
Carbon/Graphite Fiber-Reinforced Poly (Methyl-Methacrylate) Prostheses - a 
Longitudinal Multicenter Study. Clin Oral Implant Res. 1995;6:246-53. 

[113] Li W, Swain MV, Li Q, Ironside J, Steven GP. Fibre reinforced composite 
dental bridge. Part II: numerical investigation. Biomaterials. 2004;25:4995-
5001. 

[114] Ootaki M, Shin-Ya A, Gomi H, Shin-Ya A, Nakasone Y. Optimum design for 
fixed partial dentures made of hybrid resin with glass fiber reinforcement by 
finite element analysis: Effect of vertical reinforced thickness on fiber frame. 
Dental Materials Journal. 2007;26:280-9. 

 
 



 

35 

 
 
 
 

CHAPTER 2 
 
 
 
 
 
 
 

The effect of sintering time and temperature on density, grain 
size, and biaxial flexural strength of zirconia 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 2 

36 

2.1 Abstract 
 
Objectives: This study aimed to investigate the influence of sintering time and the final 
temperature on the density, grain size, and biaxial flexural strength of zirconia.  
Methods: 100 zirconia discs made from Cercon base were divided into three groups, L, 
H and the control. Group L: sintered at the final temperature of 1200°C, for 2, 4, 6, 8, 
16, or 24 hr, respectively, with 10 specimens for each holding time. Specimens in 
Group H were first sintered at 1200°C for 2, 6, or 24 hr, respectively and then sintered 
again at a final temperature of 1350°C for 2 hr. Control specimens were sintered 
directly at 1350°C. The density, biaxial flexural strength (BFS), and grain size of all 
the specimens were measured, and analyzed by one-way ANOVA, and linear 
regression.  
Results: The densities and BFS of Group H had no significant difference from those of 
the control (P > 0.05). In Group L, the densities and BFS increased with the holding 
time until 16 hr, while there was a decrease for 24 hr. Only the grain size of 2 hr 
holding in Group H was not significantly different from the control (P > 0.05), while 
all the other sintering procedures had significantly smaller grain sizes (P < 0.05). For 
every two factors in density, BFS, and grain size, there was a linear relation (P < 0.05).  
Significance: The higher final sintering temperature is more important to reach a good 
BFS and density for zirconia, while the low temperature sintering can result in a 
smaller grain size. 
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2.2 Introduction  
 
The yttria stabilized tetragonal zirconia polycrystals (Y-TZP) has been widely used in 
industry as a structural ceramic [1]. In recent decades, it has become an important 
advanced ceramic in dentistry, due to its esthetics, biocompatibility, high toughness, 
high thermal stability, and other superior properties. It has been used as endodontic 
posts, implant abutments, and framework cores for crowns and fixed partial dentures 
[2-4]. 
 Zirconia is a polymorphic material and exists in three forms depending on the  
temperature: monoclinic (m), tetragonal (t), and cubic(c). Monoclinic phase is stable 
from room temperature up to 1170ºC, above this temperature, it transforms into 
tetragonal phase, and then into cubic phase over 2370ºC, which exists up to its melting 
point of 2680ºC. The tetragonal to monoclinic phase transformation is taking place in 
pure zirconia during the cooling stage, which is associated with a volume expansion of 
3 – 5% [3, 5]. However, zirconia can also be stabilized in tetragonal phase at room 
temperature by adding some stabilizing oxides, such as Y2O3, CaO, MgO, and CeO [2-
4], among which Y2O3 is the most widely used [6]. 

Y-TZP restorations in dentistry are always sintered at temperature ranging from 
1300ºC to 1500ºC for more than 2 hr [7]. As at these final sintering temperatures,  
porosities in zirconia disappeared, grain sizes grow slowly, and the maximum relative 
density can also be achieved at this stage [7]. However, it was reported that when the 
final sintering temperature increased above 1500ºC, there was a decline in density and 
a sharp rise in grain size [7]. Although the monoclinic zirconia can already transform 
into tetragonal phase above 1170ºC, a final sintering temperature between 1170ºC and 
1300ºC was seldom studied, especially related to its flexural strength. 

It was reported that Y-TZP powders were densified largely at the temperature of 
1200ºC [8], and the volume of green blank also shrank sharply around 1200ºC, with 
the disappearance of porosity at the same time [9]. It was reported that the density 
increased linearly as a function of holding time [9], and the pore size also reduced with 
the sintering time [10]. A relative density of 99% without a large grain growth of 
zirconia can be achieved by being sintered for 15 hr at a relatively low sintering 
temperature of 1305ºC [9-11]. Then we assumed that sinter Y-TZP at a relatively 
lower temperature for longer time could also get as good zirconia products as sintered 
in a standard way. 
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The aim of the this study was to investigate the influence of holding time at 
1200ºC, and the final sintering temperature on the density, grain size, and biaxial 
flexural strength of zirconia.  

 
2.3 Material and method 
 
100 zirconia discs were made from zirconia green blanks (Cercon base 38 colored, 
Shade: ivory; Degudent, Germany) with the diameter of 25.0 mm using a sawing 
machine (Isomet 1000; Buehler, USA). The discs were ground using SiC papers P400, 
P800, P1200 (Buehler, USA) in sequence to achieve a final thickness of 1.0 mm 
before sintering. Thereafter, the discs were divided into three groups. The first group 
(L) was sintered at a heat rate of 15°C/min to the final temperature of 1200°C in a 
dental furnace (STRATOS; Elephant Dental BV, The Netherlands). The specimens 
were further divided into 6 subgroups according to a holding time of 2, 4, 6, 8, 16, or 
24 hr, with 10 specimens for each holding time. For the second group, Group H, the 
specimens were first sintered at 1200°C for 2, 6, or 24 hr, and then sintered again in a 
standard way at a final temperature of 1350°C for 2 hr by the standard program in 
Cercon Heat (Degudent, Germany). The specimens sintered directly according to the 
Cercon Heat program (rate 15°C/min, 2 hr at 1350°C) were used as control. 
 
Density: All the specimens after sintering were ultrasonically cleaned in water bath by 
Bransonic 3510 (Branson Ultrasonics Corp, USA). The density of all the cleaned 
specimens were measured with a digital balance (Mettler AT 261, METTLER - 
Toledo AG, Switzerland), in the Archimedes method [12].  
 
Biaxial flexural strength: After the density tests, all the specimens were subjected the 
Biaxial Flexural Strength (BFS) with the ball-on-ring method by a universal testing 
machine (Instron 6022, Instron Corp., MA, USA) [13]. The disc was supported by a 
ring with a diameter of 16 mm. It was centrally loaded, from the top until failure, with 
a stainless steel ball of 5 mm in diameter. The load at fracture was recorded and the 
BFS for each disc was calculated using Shetty's equation [14] as below: 
 

퐵푆퐹 =
3퐹(1 + 휈) ∙ [1 + 2 ln 퐷

퐵 + 1 − 퐵
2 ∙ 퐷 ∙ 퐷

퐷 ∙ 1 − 휈
1 + 휈]

4휋푇
 

 
In this equation, the BFS is calculated using the force at fracture (F); Poisson's 

ratio (ν) of 3.0; the diameter of the support circle (Ds); the diameter of the disc (D); the 
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thickness of the disc (T), and the diameter (B) of the circular area, with uniform stress 
on the bottom surface, which was about two thirds of the thickness of the disc [13]. 
 
Grain size: According to Montanaro L, et al. 1996, to enhance the determination of the 
grain structure the fractured specimens were thermal etched at 1150ºC, 50ºC lower 
than the sintering temperature, for 20 minutes, in the Stratos furnace [8, 12]. After that, 
they were ultrasonically cleaned in distilled water bath for 5 minutes and then gold 
sputtered (Sputter Coater S150B, Edwards Ltd, Crawley, West Sussex, UK). The 
surface topography was examined under a Scanning Electron Microscope (SEM) (XL 
20; Philips, The Netherlands) at 20,000× magnification. The average grain size G was 
obtained by the following relationship [12, 15]: G = 1.56 × Gx, in which Gx was the 
average linear intercept length, measured on the polished surface by a graphic software 
(XL Docu, FEI company, USA). For each specimen, at least 15 lines were taken, and 
their average was reported [12, 15]. 
 
Statistics: The results of density, BFS and grain size were analyzed by one-way 
ANOVA, and the Turkey test was used as post-hoc test. The relation between density, 
BFS and grain size were analyzed by linear regression. The statistical analysis was 
carried out with SPSS statistics 20 (IBM Corp., USA), at a significance level of α = 
0.05. 
 
2.4 Results 
 
The results for densities, BFS and grain sizes for each sintering procedure are 
summarized in Table 2.1. To observe the trend more clearly, the densities were 
graphically depicted in Figure 2.1. The densities of the specimens in Group H were not 
significant different from the control (P > 0.05). The density of specimens sintering at 
1200°C for 2 hr in Group L was significantly lower than all the other subgroups (P < 
0.05). Then the density increased with the increased holding time in Group L, until 
holding for 16 hr. The density of specimens sintered at 1200°C for 16 hr was also not 
significantly different from the control (P > 0.05). However, the density decreased 
when sintered for 24 hr at 1200°C, and it was significantly lower than that of the 
control (P < 0.05). 

The similar trend of the BFS was observed. The BFS of the specimens in Group 
H were not significantly different from the control (P > 0.05). In Group L, the BFS also 
increased at a holding time of 16 hr. The BFS of specimens sintered at 1200°C for 16 
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hr was also not significantly different from the control (P > 0.05). The BFS decreased 
again when sintered for 24 hr at 1200°C, however, which was not significantly lower 
than the control (P > 0.05). The results are graphically depicted in Figure 2.2. 

The trend of the grain size growth was shown in Figure 2.3, 2.5, and 2.6. In 
Group H, only the specimens first sintered at 1200°C for 2 hr had similar grain size to 
the control, whose difference was not significant (P > 0.05). The specimens for the 
other two holding times at 1200°C showed significantly smaller grain sizes (P < 0.05).  

 
Table 2.1 Densities, BFS, and grain sizes for each sintering procedure in different 

groups; (L) final sintering temperature of 1200°C; (H) final sintering at 1350°C 
for 2 hr,  and the Control was directly sintered at 1350 °C for 2 hr. 

 

 
Density (g/mm3) BFS (MPa) Grain size (nm) 

Holding time Group L Group H Group L Group H Group L Group H 

1200℃ 2hr 5.27 (0.11)a 6.01 (0.01)f 440 (149)1 1192 (174)6 210 (12)I 319 (35) IV 

1200℃ 4hr 5.59 (0.09)b - 555 (169)1,2 - 211 (11)I - 

1200℃ 6hr 5.67 (0.05)b,c 5.99 (0.01)e,f 640 (186)1,2,3 1145 (162)6 230 (24)I,II 292 (18)III 

1200℃ 8hr 5.76 (0.11)c,d - 796 (264)2,3,4 - 245 (10)II - 

1200℃ 16hr 5.91 (0.17)d,e,f - 946 (189)4,5,6 - 243 (9)II - 

1200℃ 24hr 5.85 (0.04)d,e 6.02 (0.03)f 841 (166)3,4,5 1128 (233)6 249 (25)II 296 (24)III 

Control 6.04 (0.03)f 6.04 (0.03)f 1069 (167)5,6 1069 (167)5,6 344 (13) IV 344 (13)IV 
For each variable (density, BFS, or grain size): values with identical letters or numbers indicate no statistically 
significant differences (P > 0.05).  

     
Figure 2.1  Densities for each group 
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Figure 2.2 BFS for each group 
 

     
Figure 2.3 Grain size for each group 
 

In group L, there was also a trend that the grain size increased with holding time. 
Although the change seemed obvious during the holding time from 4 hr to 8 hr in the 
figure, there was no significant difference for the grain sizes from 6 hr holding to 24 hr 
(P > 0.05). All the grain sizes for the specimens in Group L were significantly smaller 
than that of the Group H or the control (P < 0.05). 

The linear relationships between density, BFS and the grain sizes are shown in 
Figure 2.4. For every two factors, there was a linear relation (P<0.05), although the R2 
ranged from 0.47 to 0.58, which seemed not very strong.  
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Figure 2.4 Relations between density, BFS and grain size; (top) the relation between BFS 

and the density, (middle) the relation between BFS and the grain size, and 
(bottom) the relation between density and the grain size. 
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Figure 2.5 Typical SEM images, with the magnification of  20,000×.  (Left)  Group H, 
first holding at 1200 °C for 2 hr (top), 6 hr (middle), and 24 hr (bottom) 
respectively, and then sintered standardly at 1350 °C for 2 hr.  (Right) Group 
L, holding at 1200 °C only, for 2 hr (top), 6 hr (middle), and 24 hr (bottom). 
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Figure 2.6 Typical SEM image with the magnification of  20,000× of the control, sintered 
directly in the standard way, holding at 1350 °C for 2 hr. 

 
2.5 Discussion 
 
In our study, the densities of Group H had no significant difference from that of the 
control. However, in Group L, the density increased with the holding time at 1200°C 
until 16 hr, while there was a decrease for 24 hr. This implied that simply elongating 
the sintering time at a lower temperature was probably not enough to reach a relatively 
high density. The final sintering temperature played an important role in the final 
densification. It was reported that densification of zirconia was generally considered 
by two stages, the initial stage when D0 < D < 0.9, and the final stage (0.9 < D < 1), in 
which D0 represented the initial packing relative density and D was the relative density 
[15, 16]. The densification for the initial stage can be achieved by prolonged sintering 
time at a relative low temperature [8, 9, 15]. Even a relative density of 99% could be 
achieve at the temperature below 1300°C [11], usually exhibiting a large shrinkage 
from 1200°C to 1300°C [8-10]. However, it seemed the last step at final stage, 
increasing the relative density above 99%, only occurred at a relative high temperature 
which is usually above 1300°C [7, 10]. It was reported that at these temperatures all 
porosity disappeared [17]. However, a decline in density was also observed when the 
sintering temperature was above 1450°C [7]. 

The BFS resulted in a similar trend to the densities in this study. The BFS for 
Group H and the control around 1100 MPa, was similar to the results from previous 
studies [3, 18]. It is known that the high flexural strength of Y-TZP is related to its t - 
m phase transformation toughening mechanism [19], which can be induced by 
localized high stress, caused by grinding, sandblasting, cyclic loading and high 
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temperature thermal aging [2, 20]. The toughness grows with the increasing 
transformation zone size when sintered at higher temperature [18, 21]. However, when 
the micro cracks grow to some extent, the toughness does not increase any more [22], 
or the ceramic will even be weakened due to the excessive m phase [23-25]. 

As shown in our study, it was also reported that the flexural strength increased 
with the sintering temperature above 1300°C [6]. Li et al. found that in the range of 
1300 to 1450°C, higher sintering temperature leads to more (t/c)-ZrO2 phase fraction 
[7]. This may be an explanation to the higher BFS in Group H and the control in our 
study. They also found that the (t/c)-ZrO2 phase fraction decreased when sintering 
temperature increased from 1450°C to 1500°C [7]. It was also reported that there was 
a significant decrease in tetragonal and increase in monoclinic phase for zirconia 
sintered above 1750°C [18]. Furthermore, it was reported that the flexural strength 
declined with sintering temperature increased above 1600°C [6].  

Although there was a positive relation between grain size and BFS or grain size 
and density, the grain growth had a slightly different trend from the other two factors. 
We found that if the Y-TZP was sintered at 1200°C for more than 2 hours and then 
sintered again in the standard way at 1350°C for 2 hr, it would have a smaller grain 
size and relatively the same density and BFS as the control. It was reported that the 
superior properties of Y-TZP could to be enhanced when the grain size is retained at 
nano-meter range [1], while larger grains transform at lower applied stress than 
smaller grain sized ones [26]. The grain size grew slowly from 1300°C to 1450°C, 
while sharp rise in grain size occurred above 1450°C [4, 7], and others reported that 
the grain size grew rapidly when sintering temperature was higher than 1300°C [12]. 
As in our study, grain sizes grew with the growth of longer holding time [3, 8]. We 
may summarize that with the increase of sintering time and temperature to a certain 
extent, the grain size of zirconia will increase and lead to a higher BFS and density. 
However, if the sintering procedure performed over the extent, the grain size will 
come to extremely large and result in a decrease of BFS and density.  

Since the grain size of zirconia can influence other properties such as the 
translucency [6], we can sinter zirconia in multiple ways to fulfil different 
requirements. This also open a way to perform surface pre-treatments like grinding, 
sandblasting or chemical treatments.  
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2.6 Conclusion 
 
 The higher final sintering temperature is more important to reach a good BFS 
and density for zirconia, a final sintering temperature around 1350°C is recommended. 
The low temperature sintering can result in a smaller grain size, for this purpose, 
sintering zirconia first at a relatively low temperature can be considered. 
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3.1 Abstract 
 
Objectives: This study aimed to evaluate the adhesive properties of a MDP-containing 
resin cement to a colored zirconia ceramic, using an experimental zirconia-silica 
coating technique under different priming conditions. 
Methods: 18 zirconia ceramic discs (Cercon base colored) were divided into two 
groups: the control group, and the experimental zirconia-silica coating group. 
Specimens in each group were further divided into 3 subgroups (n = 3) according to 
the priming conditions: no primer, a MDP-containing primer (ED Primer II) or a silane 
coupling primer (RelyXTM Ceramic Primer). Then resin-composite discs (FiltekTM 

Z250) were bonded to the treated surface using a MDP-containing resin cement 
(Panavia F 2.0). The bi-layered specimens were cut into microbars and 20 microbars 
were randomly selected from each specimen, half of which were stored in 37°C water 
bath for 24 hr, and the other half were stored for 30 days. After water storage, the 
samples were exposed to a Micro Tensile Bond Strength test (MTBS). The results 
were analyzed by ANOVA, while the fracture surfaces were examined by SEM.  
Results: After 24 hr water storage, zirconia-silica coating followed by silanization 
showed a significantly (P < 0.001) higher MTBS value 45.0 (10.9) MPa. Water storage 
affected (P < 0.05) MTBS in the control group (24.1－30.3 MPa to 2.8－3.1 MPa), but 
only partially in the zirconia-silica coating group (20.0－45.1 MPa to 17.4－25.9 
MPa). SEM analysis revealed a failure mode change after water storage. 
Significance: The combination of zirconia-silica coating with silane coupling can 
improve the bonding of resin cement to this colored zirconia. 
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3.2 Introduction 
 
The popularity of zirconia based core materials has increased in recent years because 
of its favourable biocompatibility, esthetic and mechanical properties. However, a 
long-term durable bonding to zirconia ceramics is reported to be difficult [1, 2], 
because of its surface stability. When zirconia is aimed to be used in adhesive dentistry 
applications this might be a determining factor in obtaining clinical success. 

As zirconia is a monolithic ceramic not containing a glass phase, conventional 
hydrofluoric acid etching does not lead to changes of the surface roughness of 
zirconia, nor does it enhance the bond strength [3, 4]. Without surface pre-treatment, a 
single silane coupling agent may also not improve the bond strength to zirconia [1, 2, 
5, 6], which lacks the required silica phase for the chemical reaction to form a siloxane 
network. Although the real function is still not clear, MDP (10-methacryloyloxydecyl 
dihydrogen phosphate) is assumed to have a chemical reaction to zirconia surface, and 
can improve the initial bond strength of resin cement to zirconia ceramics. However, 
this bond strength will always be compromised by artificial aging, indicating the high 
bond strength based on MDP is not stable in water [7-10].  

The pre-treatment of airborne-particle abrasion is suggested to roughen the 
zirconia surface, since it could increase the micro mechanical interlocks and surface 
bonding area [2, 10-13]. However, it can also produce surface defects, which will 
result in a reduced strength of the zirconia restorations [14]. Moreover, it could also 
affect the long-term performance of zirconia ceramics [15], due to the surface flaws 
and the tetragonal to monoclinic phase transformation [14, 16]. Therefore, alternative 
surface modification methods are required for improving the resin bond strength to 
zirconia ceramics. Several alternatives to roughen zirconia surface are reported in 
literature, such as SIE (selective infiltration etching) technique [17], plasma spraying 
[6], coating with nano-structured alumina (Al2O3) [18], coating with zirconia ceramic 
powder and pore former [19, 20], different ways of coating with silica-based ceramic 
[2, 6, 12, 21], and coating with silica-like seed layers [22].  

Among these techniques, coating with a silica-based layer seems to be easy and 
more reliable, since the bonding of resin cement to zirconia ceramics may be further 
improved via silane coupling agents [21, 23]. However, according to previous reports, 
there are still several weaknesses of the existing silica coating methods. For example, 
the coating layer could be too thick, hence influencing the clinical fitness [23]; the 
zirconia surface may not be fully covered by the coating layer [6] or the coating layer 
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may not firmly attached to the zirconia surface [2, 9]; most of them were still based on 
air-abrasion [2, 12, 21] which may cause micro defects due to a high blasting pressure. 

The purpose of this study was to examine the effect of an experimental 
zirconia-silica coating technique on durability of the bond strength between resin 
cement and a colored zirconia ceramic, under different priming conditions. The micro 
tensile bond strength test (MTBS) and Scanning Electron Microscopy (SEM) were 
used as a method to evaluate the bond quality.  
 
3.3 Materials and methods 
 
Zirconia specimens: Eighteen zirconia ceramic discs were cut from Cercon base 
colored blanks (Cercon base 38 colored, Shade: ivory; Degudent, Germany), with a 
diamond-coated cutting disc (Diamond Wafering Blade, No 11-4254; Buehler, USA) 
applied in a sawing machine (Isomet 1000; Buehler, USA). The blank zirconia discs 
were then placed in a sintering oven (Cercon Heat, Degudent, Germany) and sintered 
for 6:40 hr at the maximum temperature of 1350ºC, according to manufacturer’s 
instructions. The fully sintered zirconia discs (3.0 mm in thickness and 19.5 mm in 
diameter) were cleaned in an ethanol ultrasonic bath (Bransonic 3510; Branson 
Ultrasonics Corp, USA) for 10 min. The 18 discs were divided into two groups (i) the 
control group with no pre-treatment and (ii) the zirconia-silica coating group. 
 
The experimental coating technique: The experimental zirconia-silica coating 
technique applied in this study was based on sintering the filler particles (at 1200°C for 
10 min) of a flowable resin composite which was coated on the zirconia surfaces. A 
thin layer of Filtek supreme XT Flowable Restorative (A3 Shade; 3M ESPE, USA) 
was spread on one surface of the zirconia disc by a micro brush and remained uncured. 
Filtek supreme XT Flowable is a bis-GMA based resin composite containing silica and 
zirconia nanofillers and nanoclusters (65% by weight, 55% by volume). During firing 
of the nine discs, the resin matrix will burn, leaving the filler particles on the zirconia 
surface to be sintered. For the sintering procedure, a computer programmed dental 
porcelain furnace (STRATOS; Elephant Dental BV, The Netherlands) was used, at a 
heating rate of 15°C/min and holding on for 10 min at the highest temperature of 
1200°C. After that the specimens were cooled down to room temperature in 100 min. 
All the coated specimens were ultrasonically cleaned in ethanol for 10 min. 
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Table 3.1 Materials used in this study 
 
Material Basic Composition LOT Manufacturer 
Cercon base 
colored 

Zirconia              93 wt % 
Yttrium oxide       5 wt%  
Hafnium oxide  < 2 wt%  
Aluminium oxide and silicon oxide < 1 wt%  

2002369
7 

DeguDent  
GmbH 
Germany 

Filtek Supreme 
XT 
Flowable 
Restorative 

Bis-GMA*, TEGDM**, Bis-EMA# 
75 nm silica nanofiller 
5-10 nm zirconia nanofiller 
0.6 -1.4 μm zirconia/silica nanoclusters 
65% by weight (55% by volume). 

6CB 3M ESPE 
USA 

Filtek Z250 
Universal 
Restorative 

Bis-GMA, UDMA##, Bis-EMA 
 
0.01–3.5μm silica/zirconia particles 
82% by weight (60% by volume) 

N193019 3M ESPE 
USA 

ED Primer II 
Liquid A 

2-hydroxyethyl methacrylate,10-
Methacryloyloxydecyl dihydrogen phosphate  
N-Methacryloyl-5-aminosalicylic acid  
Water 
Accelerators 

00283B Kuraray 
Medical Inc. 
Japan 

ED Primer II 
Liquid B 

N-Methacryloyl-5-aminosalicylic acid 
Water 
Catalysts 
Accelerators 

00158A Kuraray 
Medical Inc. 
Japan 

Panavia F 2.0 
Paste A 

10-Methacryloyloxydecyl dihydrogen 
phosphate 
Hydrophobic aromatic dimethacrylate 
Hydrophobic aliphatic dimethacrylate 
Hydrophilic aliphatic dimethacrylate 
Silanated silica filler 
Silanated colloidal silica 
dl-Camphorquinone 
Catalysts 
Initiators 
Others 

00437A Kuraray 
Medical Inc. 
Japan 

Panavia F 2.0 
Paste B 

Sodium fluoride 
Hydrophobic aromatic dimethacrylate 
Hydrophobic aliphatic dimethacrylate 
Hydrophilic aliphatic dimethacrylate 
Silanated barium glass filler 
Catalysts 
Accelerators 
Pigments 
Others 

00223B Kuraray 
Medical Inc. 
Japan 

RelyX Ceramic 
primer 

Ethyl Alcohol 70 - 80 wt%  
Water  20 - 30 wt% 
Methacryloxypropyltrimethoxysilane  < 2 wt% 

N198785 3M ESPE 
USA 

*Bis-GMA, bisphenyl glycidylmethacrylate; **TEGDMA, triethylene glycol dimethacrylate; #Bis-EMA, 
ethoxylated bisphenol A dimethacrylate; ##UDMA, urethane dimethacrylate.  
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Resin composite discs: Eighteen resin composite discs (3.0 mm in thickness and 19.5 
mm in diameter) were made of Filtek Z250 Universal Restorative (A3 Shade, 3M 
ESPE, USA) with a plastic mold. The composite discs were cured using Elipar 
FreeLight 2 (3M-ESPE, St Paul, MN, USA), according to the manufacturer’s 
instructions. The discs were stored in water at 37°C for at least 24 hr before bonding. 
 
Priming and luting: The specimens in each group were further divided into three 
subgroups (n = 3), according to the priming conditions: (A) no primer, (B) a MDP-
containing primer (ED primer II; Kuraray Medical Inc, Japan) and (C) a silane 
coupling agent containing primer (RelyX ceramic primer; 3M-ESPE, USA). A MDP-
containing resin cement (Panavia F2.0; Kuraray Medical Inc, Japan) was mixed and 
applied on the surface of the resin composite disc, which was then seated on top of the 
zirconia disc at a constant load of 50 N for 60 s. Excess cement was wiped off and the 
specimen was light cured at four different locations for 60 s each. 
 
Micro Tensile Bonding Strength (MTBS) test: All the cemented bi-layered specimens 
were stored in water at 37°C for 24 hr and sectioned into microbars of 1.0 ×1.0 mm 
[17] by using the sawing machine and a 0.3 mm thick diamond-coated cutting disc. 
The microbars were examined under a stereomicroscope (SZ; Olympus, Tokyo, Japan) 
and only intact microbars were selected. 20 microbars from each specimen were 
selected for the micro tensile bonding strength (MTBS) test, ten of them were tested 
after 24 hr in 37°C water, and the other ten microbars were tested after 30 days storage 
in 37°C water. Each microbar was bonded to a stainless steel attachment unit [17, 24] 
using a light-polymerized adhesive resin (Clearfil SE bond; Kuraray Medical Inc, 
Japan). The zirconia–resin MTBS was measured by applying tensile load to the 
bonded interface using a universal testing machine (Instron 6022; Instron Corp, High 
Wycombe, England) at a crosshead speed of 0.5 mm/min. Microbars which debonded 
spontaneously before test were included as 0 MPa in the statistical analysis. 
 
Analysis of failure mode: The fractured zirconia surfaces after MTBS test were 
examined under a Scanning Electron Microscopy (SEM) (XL 20; Philips, The 
Netherlands), after gold coating. Failure mode was classified either as the four types 
below: 

Type 1 adhesive mode, complete zirconia surface was visible;  
Type 2 a mixed mode in zirconia surface and cement, both (partial) zirconia 

surface and a (partial) cement cover were visible; 
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Type 3 a cohesive fracture within the cement layer, almost all of the fracture 
surface was covered with cement; 

Type 4 a mixed mode in zirconia surface, cement and resin composite, both 
cement and resin composite were detected on the zirconia surface.  

 
Statistics: MTBS values were analyzed by three-way analysis of variance (ANOVA) 
to examine the effects of zirconia-silica coating pre-treatment, priming conditions and 
water storage periods. Post hoc multiple comparisons were conducted using Dunnett 
T3 tests at = 0.05 level, for the variances were not equal from the homogeneity test.  
 
3.4 Results 
 
Mean MTBS values and their standard deviations observed in the tested groups are 
summarized in Table 3.2. Three-way ANOVA showed that the zirconia-silica coating 
pre-treatment (F = 366.0; P < 0.001), the priming conditions (F = 81.0; P < 0.001), and 
the storage period (F = 845.1; P < 0.001) significantly affected the MTBS to zirconia. 
The interactions of zirconia-silica coating/priming conditions (F = 92.7; P < 0.001),  
 
Table 3.2 Mean and standard deviation MTBS (in MPa) obtained for the bond strength 

between zirconia and resin composite luted with Panavia F2.0 where the 
ceramic surface pre-treatments, priming conditions and storage periods were 
different. 

 
 No pre-treatment Zirconia-silica coating 

 24 hr 30 days 24 hr 30 days 

No primer 24.1 (3.7)a1 2.9 (3.5)b1 23.4 (3.1)a1     22.3 (5.2)a1 

ED primer II 30.4 (3.7)a1 3.2 (2.8)b1 20.0 (2.9)c1     17.4 (3.8)c2 

RelyX Ceramic primer 27.6 (5.5)a1 2.9 (3.0)b1 45.1 (10.9)c2 25.9 (7.9)a1 
For each horizontal row: values with identical letters indicate no statistically significant differences (P > 0.05). 
For each vertical column: values with identical numbers indicate no statistically significant differences (P > 
0.05). 
 

zirconia-silica coating/storage period (F = 231.4; P < 0.001), priming conditions 
/storage period (F = 32.7; P < 0.001), and zirconia-silica coating/priming conditions 
/storage period (F = 27.2; P < 0.001) were also significant. After 24 hr water storage, 
zirconia-silica coating without primer did not significantly affect the MTBS (P > 0.05) 
compared to the control. Zirconia-silica coating followed by silanization (RelyX  
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Figure 3.1  Percentage of different failure modes in each group at different storage periods 

after MTBS test, (top) failure modes after 24 hr in water (bottom) failure 
modes after 30 days in water. 

 
Ceramic primer) showed a significantly (P < 0.001) higher MTBS value of 45.0 (10.9) 
MPa, while a significantly lower value of 20.0 (2.9) MPa with MDP-primer (ED 
primer II) was observed, compared to specimens in the control group with the same 
primer. However, after 30 days of water storage, all the subgroups pre-treated with 
zirconia-silica coating showed a higher MTBS value compared to the control group at 
the same priming condition (P < 0.001). Specimens primed with ED primer II showed 
a higher MTBS in the control group, but no statistical difference was detected among  
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Figure 3.2 SEM images (100x magnification) of different failure type. (A) Type 1, 

adhesive mode, complete zirconia surface was visible. (B) Type 2, a mixed 
mode in zirconia surface and cement, both (partial) zirconia surface and a 
(partial) cement cover were visible. (C) Type 3, a cohesive fracture within the 
cement layer, almost all of the fracture surface was covered with cement. (D) 
Type 4, a mixed mode in zirconia surface, cement and resin composite, both 
cement and resin composite were detected on the zirconia surface.  

 
the subgroups at the same storage period (P > 0.05). Water storage could significantly 
(P < 0.001) decrease MTBS in the control group, from 24.1－30.3 to 2.8－3.1 MPa. 
The trend of decrease in the zirconia-silica coating group was only significant (P < 
0.001) in silane priming subgroup (RelyX Ceramic primer), from 45.1 (10.9) to 25.9 
(7.9) MPa.  
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Figure 3.3 SEM images of zirconia-silica coating surface. (A) (200x magnification) 

zirconia surface coated with a zirconia-silica layer, showing small cracks in the 
coating layer. (B) (5,000x magnification) Zirconia-silica coating layer, priming 
with RelyX Ceramic primer. (C) (100x magnification) Fracture surface after 
MTBS test, zirconia-silica coating/ no primer/ 24 hr, showing cement merged 
into the cracks. (D) (1,000x magnification) Larger magnification of fracture 
surface after MTBS test, zirconia-silica coating/ no primer/ 24 hr. 

 
SEM analysis revealed a failure mode change in the control group after 30 days 

of water storage, from mainly cohesive or mixed fracture into adhesive type in the 
control group, but in the coating group, the fracture mode was always mixed or 
cohesive. The percentages of different failure types in each test group are shown in 



Experimental zirconia-silica coating 

59 

Figures 3.1. Representative SEM images of the failure modes and the zirconia-silica 
coating layer are shown in Figures 3.2 and 3.3. 
 
3.5 Discussion 
 
Zirconia restorations can be bonded to teeth structures by various cements, such as 
zinc phosphate cement, glass ionomer cements, resin-modified glass ionomer cements, 
and resin cements. Although resin cements performs better than other conventional 
cements [25, 26], bonding to zirconia ceramics, especially for adhesive dentistry, still 
remains a challenge [1, 2]. Our results showed that applying zirconia-silica coating 
layer based on nanoparticles on the zirconia surface can improve the bond strength and 
maintain it for at least 30 days in water at 37ºC. In contrast, the untreated specimens 
showed hardly any bonding after 30 days. The bonding to zirconia differed from silica-
based glass ceramics. Etching the zirconia surface with for example HF, did not 
improve the bond strength because the ceramic structure of zirconia was resistant to 
acid etching [4, 27]. Furthermore, chemical bond by silane coupling agents did not 
provide sufficient bond strength to zirconia ceramics [6, 28]. Airborne-particle 
abrasion, tribochemical silica coatings, selective infiltration, plasma spraying with 
hexamethyldisiloxane, and chemical bonding with cements with adhesive phosphate 
monomers, like 10-methacryloyloxydecyl dihydrogen phosphate, can improve the 
bond strength to the zirconia surface [2, 6, 10-13, 17, 21]. In the present study the nano 
roughness and the chemical properties zirconia-silica nanoparticles were used to 
provide a micro retention and chemical bonding to this intermediate layer. Similar 
technology is used in solar cell devices, where a nanoparticle slurry with wax is fired 
on an electro conductive layer [29]. During the firing process the wax is burned and 
the nanoparticles are partially sintered resulting in nano porous network. In our study a 
layer of zirconia-silica embedded in an uncured resin was applied on the zirconia 
surface. During the firing the resin was burned and a surface as in Figure 3.3 was 
created. Since this surface contains silica, chemical bonding through the silica 
molecules is in principle possible.   

The SEM images of the zirconia-silica coating showed that the zirconia surface 
was completely covered by the coating layer, and even after MTBS test, no chipping 
between the coating layer and zirconia surface was found, indicating that the coating 
layer was firmly attached on the zirconia surface. This maybe because the higher 
coating temperature was used in this technique, and also the coating agent contains 
both zirconia and silica nanoparticles. It is known that zirconia will transform from a 
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monoclinic phase into a tetragonal phase between 1170 and 2370ºC. In this study, the 
coating temperature was as high as 1200ºC, which may induce a phase change in 
zirconia fillers. So that the zirconia component in the coating layer may be sintered as 
a whole together with the zirconia base surface, which may generate a tight junction 
between the zirconia-silica coating layer and the zirconia base, through the 
agglomerated zirconia/silica nanocluster fillers in the coating flowable resin. However, 
the hypotheses of phase change and tight junctions need to be confirmed in further 
studies. From the SEM images, micro cracks could be found on the surface of coated 
zirconia surface, which is assumed to increase the surface roughness and micro 
interlocks. Nonetheless, the results of this study also showed that the experimental 
zirconia-silica coating technique could not improve the initial MTBS at the absence of 
silane primer. Similar phenomena were reported previously [1, 21, 30], where a weak 
correlation between surface roughness and the MTBS was found. As a result, it is 
assumed that the surface roughness of the zirconia specimen has only little influence 
on tensile bond strength results [1, 31], and the higher surface roughness will not 
guarantee a higher bond strength [16]. These studies indicated the concept that 
mechanical adhesion alone is not enough for providing the maximum resin bond 
strength to zirconia, and that chemical adhesion is also necessary for achieving optimal 
bond strength [32].  

It is reported that some reactions may occur between the zirconium oxide and 
the phosphate ester monomer [13], so that MDP-containing primers or MDP-
containing resin cements [33] could improve the bond strength to zirconia ceramics. 
The adhesive monomer is believed to have the ability to form chemical bonds with 
metal oxides, through van der Waals forces or hydrogen bonds at the resin–zirconia 
interface. These interfacial forces can improve the surface wettability of zirconia 
ceramic surface and then enhance the resin bond strength with low percentage of 
adhesive failure from ceramic surface [9]. However, in this study, the MDP-containing 
primer could not significantly improve the MTBS to zirconia compared with no primer 
subgroups. The explanation may be that the chemical reactions between MDP 
component and zirconia surface have certain reaction sites, and the amount of these 
sites is limited, which means the chemical effect has an upper limit that cannot be 
surpassed. Meanwhile, the resin cement Panavia F2.0 is also containing MDP 
monomer, which can also react with zirconia, so that the additional priming with MDP 
is not necessary. Silane coupling agents can also reduce surface tension and improve 
the wettability of a bonding agent [1]. In addition, a chemical bond can be formed 
between the silane coupling agent and silica layer on the ceramic surface or the resin 
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cement [13], through the formation of siloxane (–Si–O–Si–O–) network. This may 
explain the result that the zirconia-silica coating combined with silane primer got a 
significantly higher initial MTBS value in this study. Similarly, bond strength of 
zirconia could be increased by silanization after tribochemical silica coating [1], or an 
internal coating technique [21].  

Even though 30 days of water storage seems a quite short time, there was 
already a significantly sharp decrease of MTBS after 30 days storage at 37ºC water in 
the control group. Meanwhile in the zirconia-silica coating group, the decrease was 
only significant in the silane priming condition. These results showed that although 
there may be some chemical reaction between MDP and zirconia surface, it’s still not 
stable in the water without surface pre-treatment [7-10]. Additionally, the chemical 
reaction between silica and silane may also not be stable in water. Similar results were 
also reported in previous studies, that both water storage and thermo cycling can 
reduce the bond strength when silane was used [34-36]. However, in this study, the 
MTBS of zirconia-silica coating with no primer or with ED primer II did not change 
significantly after 30 days of water storage.  

Behr et al. (2011) [1] assumed bond strength higher than 10 MPa was 
considered clinically sufficient [1]. Given this estimation, after 30 days of water 
storage, none of the investigated bond strengths reached this level in the control group, 
while all the mean MTBS values in zirconia-silica coating group surpassed 10 MPa. 
This may suggest that even if there was a strong tendency for a reduced bond strength 
during a long term water storage, the bond strength of zirconia might still be clinically 
sufficient when zirconia-silica coating is applied. In order to get more solid proof of 
the effectiveness of this coating method, a longer time of water storage or a thermo-
cyclical aging would be done in the future study.  
 
3.6 Conclusion 
 

Durable bonding to zirconia cannot be established without surface pre-
treatment. The combination of zirconia-silica coating with silane coupling can improve 
the bonding of resin cement to zirconia. 
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4.1 Abstract 
 
Objectives: The aim of this study was to compare conventional permanent fixed dental 
prosthesis (FDP) with plain resin composite FDP and two kinds of reinforced resin 
composite FDPs, at the respect of load-bearing capacity and stress distribution by 
finite element analysis (FEA). 
Methods: Forty FDPs were divided into five groups (n = 8) by material: plain resin 
composite (Filtek Z250, 3M ESPE), fiber-reinforced resin composite (FRC) 
(everStick, Stick Tech/Filtek Z250, 3M ESPE), zirconia-bar-reinforced resin 
composite (ZRC) (Cercon base, Degudent/Filtek Z250, 3M ESPE), porcelain fused to 
metal (PFM), and porcelain with zirconia core (LAVA, 3M ESPE). All the FDPs were 
loaded until failure at the speed of 1 mm/min, with the testing ball (d = 12mm) in the 
middle of the occlusal surface of the bridge pontic. The load at failure was reported as 
the load-bearing capacity, and the work to fracture (Wf) was calculated as the area 
under the load/displacement curve. The FEA was performed using the load of failure 
as input. One-way ANOVA was used to analyze the load-bearing capacity and Wf. 
Results: The average load-bearing capacity for FRC FDPs was 1,494 (148) N, and for 
ZRC ones was 1,409 (213) N. Both were significantly higher than the average of the 
other three groups (P < 0.05). The mean Wf of FRC FDPs was 1,128 (352) Nmm, 
which was significantly higher than the other four groups (P < 0.05). The FEA results 
showed that the bottom of the connectors was the weakest part of the three resin 
composite FDPs.  
Significance: Resin composite FDPs especially the reinforced ones could be 
considered as an alternative to conventional permanent FDPs. 
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4.2 Introduction 
 
Nowadays, metal-free materials are increasingly preferred for dental restorations, since 
they have improved biocompatibility and better aesthetic properties. The best-known 
metal-free material is ceramic, and the most commonly used core material for all-
ceramic restorations is zirconia [1]. However, there are still some problems with all-
ceramic restorations, such as chipping and debonding [2]. 

Resin composite is another metal-free material which has been used in dentistry 
as a filling material and a temporary restorative material for the last decades. Recently, 
resin composites have become stronger and more resistant to wear, making it possible 
to make permanent crowns and short dental bridges [3]. Resin composites can be 
further reinforced with all kinds of fibers, such as polyethylene, carbon, and glass 
fibers. The fibers inside the composites can improve the fracture resistance of 
composite fixed dental prosthesis (FDP), so that the FDPs can withstand higher oral 
forces [4-7]. Because of the increased success rate, fiber-reinforced resin composites 
(FRCs) are gradually being adopted for use in long-term restorations, such as FPDs [8-
13]. However, the fibers are not easy to handle and other methods to reinforce the 
composite restorations have rarely been reported. Fischer et al. reported improvements 
of the load-bearing capacity of polymer-based dental bridges by reinforcing ceramic 
bars [14], which can also be considered as another way to reinforce common resin 
composites.  

Because resin composite FDPs have seldom been compared to metal based 
FDPs or all-ceramic FDPs in one study, it is still unclear whether they are as strong as 
those conventional alternatives. Previous studies have also defined failures of 
composite restorations in different ways [15-17], which makes the comparison 
between studies more difficult.  

Since mechanical failure is caused mainly by excessive stress or deformation, a 
complete understanding of the stress distribution in an FDP is particularly important. 
To precisely calculate the stress distribution, finite element analysis (FEA) can be 
applied, and it is regarded as the most representative quantitative analysis to model 
FDPs [18, 19]. Once the fundamental finite element model has been verified 
appropriately, it is conveniently to change relative parameters of the model, such as 
geometries, materials properties and boundary conditions [18]. 

The aim of this study was to compare plain resin composite FDPs and two 
kinds of reinforced composite FDPs to conventional permanent FDPs in vitro. We 
used the load-bearing capacity, i.e. load at failure, and the work to fracture as the 
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testing parameters. FEA was used to evaluate the stress distribution within the three 
groups of resin composite FDPs.  
 
4.3 Materials and Methods 
 
The left lower first premolar and the second molar (35 and 37) were standardly 
prepared as the abutment teeth, with a 1 mm chamfer and rounded occlusal edges. The 
mold of these two prepared abutment teeth were made by a transparent condensation-
cure-silicone impression material (Mold Max 15T, Smooth-on Inc., Easton, PA, USA). 
After that, a flowable resin composite (Filtek Supreme XT, 3M ESPE, St. Paul, MN, 
USA) was injected to the impression mold to make forty pairs of duplicated resin 
composite abutment teeth. Each abutment tooth was first cured within the mold by a 
curing light (Astralis 10 curing, Ivoclar Vivadent, Schaan, Liechtenstein) for 20 s from 
six directions, and then in a light oven (100 Lumamat, Ivoclar Vivadent, Schaan, 
Liechtenstein) for 3 min. For total polymerization, the abutment teeth were then taken 
out of the mold, and placed into the light oven again for another 25 min. All the 
abutment teeth were stored in 37°C distilled water for 1 day. 
 
Porcelain fused to metal FDPs and all-ceramic FDPs: Eight identical Porcelain fused 
to metal (PFM) FDPs and eight all-ceramic FDPs (LAVA, 3M ESPE, USA) were 
made according to manufacturers’ instructions. The dimensions of the connectors were 
about 9mm2. The impression mold of the standard FDP was made by a transparent 
vinyl polysiloxane impression material (Memosil 2, Heraeus Kulzer GmbH, Germany) 
which was embedded in a putty impression (Provil novo, Heraeus Kulzer GmbH, 
Germany) (Figure 4.1). The shape of the other PFM and all-ceramic FDPs were 
duplicated using the same silicon mold to ensure the geometries of all FDPs were 
identical.  
 
Plain resin composite FDPs: Eight plain resin composite FDPs were made of Filtek 
Z250 (3M ESPE, USA) using a silicone mold of the PFM FDPs to ensure identical 
geometry (Figure 4.1). The resin composite was placed in the mold in layers of 1.0 to 
1.5 mm, and polymerized with Astralis 10, curing for 20 s each layer. After removal 
from the mold, the FDPs were cured in a light oven (100 Lumamat, Ivoclar Vivadent, 
Liechtenstein) for 25 min. They were stored in 37°C distilled water for 1 day and 
polished with composite polishing discs (Sof-Lex Finishing and Polishing System, 3M 
ESPE, USA) before cementation. 



Fiber-reinforced resin composite FPDs: 
FDPs were made of the same resin composite Z250, but reinforced wi
(EverStick, Stick Tech Ltd., Finland). During the procedure, the same silicone mold 
was used as for the plain composite group (Figure 
near the bottom of FDP as possible. 
placed longitudinally along the bridge with a thickness about 1mm 
polymerization, storage and polishing protocol was used as for the plain composite 
group.  
 

 

Figure 4.1 Photograph of the model for producing the plain resin composite, FRC and 
ZRC FDPs and the experimental set

 
 

Figure 4.2  The FEA model with the zirconia bar and fiber inlay
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reinforced resin composite (FRC) 
FDPs were made of the same resin composite Z250, but reinforced with glass fiber 
(EverStick, Stick Tech Ltd., Finland). During the procedure, the same silicone mold 

1) and the fibers were placed as 
The glass fibers are oriented in unidirection and 

[19, 20].The same 
polymerization, storage and polishing protocol was used as for the plain composite 

 

Photograph of the model for producing the plain resin composite, FRC and 
up in the universal testing machine. 
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Zirconia-bar-reinforced resin composite FPDs: In this group, eight zirconia bars were 
made (Cercon base 38 colored, DeguDent GmbH, Germany), and sintered in an oven 
(Cercon Heat, DeguDent GmbH, Germany) according to the manufacturer’s program. 
After the firing procedure, the zirconia bar had a final dimension of (8.0－16.5) × 3 × 
3 mm (Figure 4.2). All the eight zirconia bars were sandblasted for 10 s on all 
surfaces, by 50 µm Al2O3 at a distance about 10 mm (Sand Storm, Vaniman 
Manufacturing CO., CA, USA) and ultrasonically cleaned with distilled water for 10 
min. The cleaned bars were pretreated with Clearfil SE bond (Kuraray Co. LTD, 
Japan), before they were embedded in the uncured Filtek Z250 composite bridge. All 
the eight Zirconia-bar-reinforced resin composite (ZRC) FDPs were finished, 
polymerized, stored and polished according to the same protocol as for the plain 
composite group. 
 
Cementation: All the FDPs were cemented onto the abutment teeth with a dual-cured 
self-adhesive universal resin cement (RelyX Unicem, 3M ESPE). The cement was also 
cured by a curing light (Astralis 10, Ivoclar Vivadent, Liechtenstein) for 20 s from 
each tooth face; during this curing procedure a constant load of 50 N was used. The 
cemented FDPs with abutment teeth were stored in distilled water at a temperature of 
37°C for 24 hr.  
 
Load test: The FDPs were placed in a plastic mandibular alveolar model. To mimic the 
flexibility of the periodontal ligament, a thin layer of polyether impression material 
(Impregum F, 3M ESPE, USA) was used between the abutment roots and the model. 
Two hours later, the load at failure was determined by a universal testing machine 
(Instron 6022, Instron Corp., MA, USA; Figure 4.1) at the loading speed of 1mm/min. 
The compressive load was applied on the center of the pontic occlusal surface, using a 
stainless steel semi-ball (d = 12 mm). The load (N) at the failure of the bridge was 
recorded as the load-bearing capacity. The work to fracture (Wf), which represents the 
total amount of energy required to break a FDP, was calculated as the area under the 
load/displacement curve [21], using data analysis and graphing software Origin Pro 8 
(Origin Lab Corp., Northampton, MA, USA). 
 
Finite element analysis: For the three resin composite groups, we created three-
dimensional FEA simplified models of the test set-up. The finite element modeling 
was carried out by FEMAP software (FEMAP 10.1.1; Siemens PLM software, Plano, 
Texas, USA), while the analysis was done with NX Nastran software (NX Nastran; 
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Siemens PLM Software, Plano, Texas, USA). The models consisted of the layer of the 
jaw, the periodontium, elements 35 and 37, and the FDP with and without inlay 
(Figure 4.2). The reinforcement of glass fiber was shown as glass fiber inlay, and the 
zirconia bar was shown as zirconia inlay. The material properties used for the analysis 
are summarized in Table 4.1. The models were composed of 67,778 parabolic 
tetrahedron solid elements. To simulate the loading ball, the nodes in the centre of the 
pontic occlusal surface were loaded (Figure 4.4), with the experimentally found values 
as shown in Table 4.2. The nodes at the bottom of the jaw were fixed, with no 
movement being allowed in any direction.   
 
Table 4.1 The material properties used in the FEA. 

 

Material  Young’s modulus (MPa) Poisson ratio 

Jaw PMMA 1,963      0.30 

Periodontium Impregum 0.35 0.30 

FDP Filtek Z250 12,000      0.30 

Glass fiber inlay Glass fiber 39,000      

12,000      

12,000      

0.35 

0.11 

0.11 

 Glass fiber vertically 12,000      

12,000      

39,000      

0.11 

0.11 

0.35 

Zirconia inlay Zirconia 210,000      0.30 

 
Statistics: The values obtained for the load-bearing capacity and Wf from each group 
were analyzed by one-way ANOVA, and the Turkey test was adopted for the post-hoc 
test. The statistics were done with software SPSS 18.0 (SPSS Inc., Chicago, Illinois, 
USA) at a significance level of α = 0.05.  
 
4.4 Results 
 
The mean load-bearing capacities, i.e. load at failure, were summarized in Table 4.2. 
The two reinforced resin composite groups resulted in significantly higher (P < 0.05) 
load-bearing capacities than the other three groups. The results of Wf were also 
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summarized in Table 4.2. The mean Wf of the FRC FDPs was 1,128 (352) N‧mm, 
which was significantly higher (P < 0.05) than the other four groups.  
 
Table 4.2 Results of load-bearing capacity (in N) and work to fracture (in Nmm) and their 

standard deviation in parentheses. 
 
Group Load-bearing capacity* Work to fracture* 

PFM    733  (179)a   286 (109)A 

Lava      868  (175)a,b   341 (136)A 

Z250 1007 (83)b 404 (54)A 

Z250 + zirconia bar  1409 (213)c   457 (143)A 

Z250 + everStick  1494 (148)c 1128 (352)B 
*values with identical letters indicate no statistically significant differences (P > 0.05) 

 
The main failure patterns for the five groups were shown in Figure 4.4. In the 

PFM group and LAVA group, the main failure pattern was delaminating. In the plain 
resin composite group and the ZRC group, the main failure occurred at the connector 
part. The fractures in the FRC group were always along the longitudinal fiber 
direction. 
 
Table 4.3  The highest maximum principle stress (in MPa) in the resin composite FDPs with 

and without inlay. 
 

 

Model without 

inlay            

(load=1007N) 

Model with 

zirconia inlay 

(load=1409N) 

Model with glass 

fiber inlay 

(load=1007N) 

Model with glass 

fiber inlay  

(load=1494N) 

In the 

composite 

connector 

bottom 

109 105 104 152 

pontic 

bottom 

   114 

In the glass fiber inlay    280 

In the zirconia inlay  215   

 
The FEA results were shown in Table 4.3 and Figure 4.4. The highest stress in 

the composite was around 105 MPa, always at the bottom of the mesial connector, 
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except the model with glass fiber. When the FRC model was loaded at 1,494 N, which 
was the average fracture load of the FRC group, the highest stress at the mesial 
connector bottom was 152 MPa, and the highest stress at the bottom of the pontic was 
114 MPa (Table 4.3 and Figure 4.4). The highest stresses in the glass fiber and 
zirconia inlays are also reported in Table 4.3.  
 

a  b  

c  d  

e  

 

 
Figure 4.3 The main failure mode of each group: a) PFM; b) Lava ceramic; c) plain resin 

composite; d) fiber-reinforced resin composite; e) zirconia-bar-reinforced resin 
composite. 
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Figure 4.4 The highest maximum principle stress 

models and for the model with glass fi
distribution of the mesial connector is illustrated from a
the pontic bottom for d is showed in part e. a) 
average fracture 1
force of 1,409 N
Model with glass fiber inlay at the average fracture force 1
pontic stress of Model d. 

 
4.5 Discussion 
 
This study attempted to test FPDs made of various materials in the same testing set
so that the results achieved by different material
that PFM FPDs were less strong than all the other materials, and the load
capacity was only 733 N, which is also lower than most results from other studies
23]. From a review of Kelly 
influence the contact stress, which can lead to different results of same material. The 
loading ball used in this study was stiff and the veneering porcelain is extremely 
brittle, which can cause a contact
of PFM group was the fracture of veneering porcelain and its delaminates from the 
metal base. This phenomenon supports the clinical experience that delaminating, 
chipping or porcelain fracture are the mos
restorations [2, 25-27].  

he highest maximum principle stress (in MPa) in the composite for the three 
models and for the model with glass fiber at the bottom of the pontic. Stress 
distribution of the mesial connector is illustrated from a－
the pontic bottom for d is showed in part e. a) Model without inlay at the 
average fracture 1,007 N; b) Model with zirconia inlay at the average fracture 
force of 1,409 N; c) Model with glass fiber inlay at the load of 1,007 N; 

l with glass fiber inlay at the average fracture force 1
stress of Model d.  

This study attempted to test FPDs made of various materials in the same testing set
so that the results achieved by different materials could be compared. It is noteworthy 
that PFM FPDs were less strong than all the other materials, and the load
capacity was only 733 N, which is also lower than most results from other studies

. From a review of Kelly [24], the size and stiffness of the loading ball could 
influence the contact stress, which can lead to different results of same material. The 
loading ball used in this study was stiff and the veneering porcelain is extremely 
brittle, which can cause a contact damage at quite a low force. The main failure mode 
of PFM group was the fracture of veneering porcelain and its delaminates from the 
metal base. This phenomenon supports the clinical experience that delaminating, 
chipping or porcelain fracture are the most common (repairable) complains of the PFM 

 

in the composite for the three 
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－d, and the stress of 
Model without inlay at the 
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l with glass fiber inlay at the average fracture force 1,494 N; e) Bottom 

This study attempted to test FPDs made of various materials in the same testing set-up, 
s could be compared. It is noteworthy 

that PFM FPDs were less strong than all the other materials, and the load-bearing 
capacity was only 733 N, which is also lower than most results from other studies [22, 

, the size and stiffness of the loading ball could 
influence the contact stress, which can lead to different results of same material. The 
loading ball used in this study was stiff and the veneering porcelain is extremely 

damage at quite a low force. The main failure mode 
of PFM group was the fracture of veneering porcelain and its delaminates from the 
metal base. This phenomenon supports the clinical experience that delaminating, 

t common (repairable) complains of the PFM 
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Similarly, the load-bearing capacity of Lava group was 868 N, which seems 
also lower than the three resin composite groups. Earlier studies report that the load-
bearing capacity of zirconia all-ceramic FPDs (veneered) ranged  from 651 to 2,251 N 
[23, 28-31]. This large range could be caused by the different testing methods. Besides 
the differences of the loading balls, some of the studies did not simulate the 
periodontal ligament [23], so that there was no movement of the abutment teeth during 
loading and resulted in a higher load. This can lead to an overestimation of the load-
bearing capacity of the restorations [32, 33]. Another important factor was the 
abutment material; several materials were used, such as human teeth [30, 34], metal 
[23, 31], polymer and resins [29]. When soft materials like human teeth, polymer or 
resin composites were used as abutments, the load-bearing capacity was usually lower 
than 1,000 N [29]. Previous studies showed that resins had very similar mechanical 
properties to those of natural tooth, giving support close to that provided by nature 
[35-38]. The higher the elastic modulus of the supporting material, the higher could be 
the load to failure [39]. If a rigid support was used, it could hinder the movements of 
the abutment teeth, and led to an unrealistic fracture load [23, 29, 40].  

Although the core material of zirconia is a rather strong material, the Lava all-
ceramic FDPs fractured at both the porcelain veneer and the zirconia framework. 
Sundh et al. reported that the load necessary to fracture the zirconia frameworks was 
higher than veneered ones [31]. They also found that when the frameworks were 
subjected to heat-treatment, same as the veneering procedure but without the actual 
veneer porcelain, still exhibited significantly lower fracture resistance compared to the 
specimens as delivered after machining. In other words, heat-treatment and/or 
veneering could affect mechanical properties of zirconia framework and make it 
weaker [31].  

This study showed a higher load-bearing capacity of around 1,500 N in the two 
reinforced resin composite groups. Due to the various composite patterns, fiber 
designs, and test set-ups, the load-bearing capacity results for posterior FRC-FPD 
ranged widely from 530 N to 2,354 N [4, 10, 41-44]. However, our findings agreed 
with earlier studies showing that the FRC-FPDs always have a higher load-bearing 
capacity than the plain composite restorations [4, 10, 41-44]. Our simplified ZRC FPD 
showed higher load-bearing capacity than the results of Ficher’s T-bar group which 
was 918 (238) N, and close to their I-bar group which was 1,603 (327) N [14]. 
However, both their T or I-bars should be shaped in an industrial process by a 
professional ceramic machining machine with diamond charged tools. Our bar shape 
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was simplified, so it is easy to make the bars by a normal sawing machine and 
customize them by diamond burs and can make the most use of the material. 

The main failure mode of the plain composite group and the zirconia-bar-
reinforced group was the facture at the connector part. However, in the fiber-
reinforced group, the main failure type was the fracture at the fiber/resin interface, 
mainly along the longitudinal fiber direction in the pontic. Although there were some 
FDPs occurring connector fracture in the composite part, the glass fiber was still 
linking the two separated composite parts together. In previous studies, the similar 
main failure mode was found at the interface between the fibers and the resin 
composite matrix [4, 41-43, 45], though sometimes in the connectors [17, 46, 47].  
One explanation to this result is that the fibers are able to slow down or arrest the 
crack propagation, so that the fiber reinforcement can minimize the instantaneous and 
catastrophic failures, while they are additionally linking fractured specimen fragments 
[20]. Thus, for the specimens without the fiber reinforcement, the failures are 
catastrophic, resulting in complete fracture from the weakest point, usually at the 
connectors [11, 46]. However, it was reported that fractures could also start at the 
loading point [4, 45, 48], which was also observed in our study. For the FRC group, 
the glass fibers were placed as low as possible to the pontic bottom, according to 
former studies which showed that placing the reinforcement at the tension side was the 
most effective position to enhance the fracture load [20].  

The FEA in this study showed that in all the composite FPDs, the highest stress 
was at the bottom of connectors (Figure 4.4), which belongs to the tension side. It was 
reported also by other FEA studies that in the posterior 3-unit FRC FPDs, tensile stress 
concentrations located at the bottom of the pontic and the connector regions [14, 19, 
49-51]. They are considered as the weakest region in composite FDPs [46], and 
inadequate reinforcement in these regions will lead to clinical failure [52]. In our FEA 
study, the highest stress of the composite model without inlays was 109 MPa, which 
was quite close to the tensile fracture strength of Z250 used in this study. However, 
when the composite model with fiber inlay was loaded at 1,494 N, i.e. the mean final 
fracture load of the FRC FPDs, the highest stress in the composite was 152 MPa, at the 
bottom of mesial connector. This stress is considered extremely high, which implies 
that cracks may already have happened at this part. Furthermore, in the same model 
and load input value, the maximum stress at the bottom of pontic was 118 MPa, which 
was also higher than fracture strength and could cause another crack. When the same 
model was loaded at 1,007 N, i.e. the mean final fracture load of the plain composite 
FPDs, the highest stress in the composite reduced to 104 MPa, also at the bottom of 
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mesial connector. This stress was similar to the results from the plain composite model 
and the model with zirconia inlay.  

From the results above, we can assume that a first crack occurred under a load 
of 1,007 N at the connectors of the FRC FDP. However, the fibers were able to stop 
this crack and the FDP resisted to a higher load until the final fracture happened. When 
the input load increased to 1,494 N, the stress at the connector increased to 152 MPa, 
which was computed under the assumption that the composite was still a sound bulk. 
Thus, the value of 152 MPa could not represent the real stress on this condition. The 
real stress concentration changed inside the glass fiber, with a value of 280 MPa. In 
addition, with the increase of the input load, the maximum principle stress at the 
bottom of the pontic became as high as 114 MPa, which was also higher than the 
fracture strength of the resin composite. Such a high stress also caused cracks from the 
bottom part and finally leaded to the fracture along the fiber and resin interface. 
Accordingly, at least one notch was found at each load/displacement curve of the 
fiber-reinforced group, which indicated that a crack could have happened at that 
moment. On the other hand, the FRC FDP had the highest work to fracture (Wf) of the 
five testing groups, while the other four groups got quite low values. The higher Wf  
means more energy is required to break the same 3-unit posterior FDP [53]. By 
regarding the setup we tested as a whole system, we could consider the value of Wf as a 
parameter of the apparent system toughness [53]. The higher the toughness the more 
difficult for cracks to grow, and the more difficult it is to damage a material [54]. It’s 
quite understandable that the PFM and Lava FDPs were very brittle because of the 
veneering porcelain, as they both had a main fracture model of delaminating. The plain 
composite and ZRC FDPs got higher Wf, but not significant. This may be explained 
that the zirconia itself is also a kind of brittle ceramic, and it cannot stop the crack 
easily, and the improvement of the toughness was not effective.   

In favor of using the initial load at failure is that the results can be used as input 
for the FEA calculations. But the limitations of this type studies is the use of simplified 
in vitro models and the lack of fatigue and exposure to the oral environment. Studies 
from other researchers showed that long term water storage [55] and cyclic loading 
will decrease the load bearing capacity of FRC FPDs [56]. One explanation is that the 
artificial aging like thermal cycling or cyclic loading can reduce the fracture strength 
of resin composites [57-59]. Another reason is that artificial aging may influence the 
cement layer and decrease the bond strength of the FPDs [60]. Meanwhile, previous 
study also showed that fatigue can affect the performance of ceramics and decrease the 
fracture load of all-ceramic restorations [30, 61-66]. However, some other studies 
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showed that artificial aging did not affect the fracture load of all-ceramic restorations 
[31, 67]. As a result, it seems that we need further study on the comparison of different 
kinds of FPDs  after fatigue.  

According to earlier publications, the mean maximum biting force ranges from 
365 to 965 N [68-76], with the highest bite force in the first molar region. It is 
therefore reasonable to assume that an initial load-bearing capacity of 1,000 N is 
required for a favorable clinical prognosis of posterior FDPs [64]. In this respect, all 
the three types of resin composite FDPs tested in this study are clinically acceptable, 
and both the zirconia bar reinforcement and the fiber reinforcement are effective. 
However, cautions must be exercised when extrapolating laboratory data to clinical 
situations. From a systematic review, there is no single in vitro test that can predict 
clinical performance in prostheses [77]. As state above one should realize that the 
effect of fatigue on metals, zirconia and composites is completely different. The 
strength of composites can decrease with 50% or more after 10,000 cycles [78], while 
the effect of  fatigue on metals and zirconia is less pronounced [79]. This might 
explain why the clinical success of resin composite FPDs is lower compared to their 
PFM and zirconia analogues. This indicates that there is a need for more fatigue 
resistances composites.  
 
4.5 Conclusion 
 
 Based on the parameters investigated in this study, we can conclude that the 
initial mechanical property of plain composite FDPs may be as well as that of 
conventional FPDs. The performance could be even better if they are reinforced by 
glass fiber or zirconia bar, as long as the load-bearing capacity and the work to fracture 
are regarded. The resin composite FDPs can be considered as an alternative to 
conventional FPDs, especially when they are reinforced. 
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5.1 Abstract 
 
Objectives: This study aimed to investigate the influence of restoration thickness to the 
fracture resistance of adhesively bonded Lava Ultimate CAD/CAM, a Resin Nano 
Ceramic (RNC), and IPS e.max CAD ceramic. 
Methods: Polished Lava Ultimate CAD/CAM (Group L), sandblasted Lava Ultimate 
CAD/CAM  (Group LS), and sandblasted IPS e.max CAD (Group ES) discs (n = 8, Ø 
= 10mm) with a thickness of respectively 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, and 3.0 
mm were cemented to corresponding epoxy supporting discs, achieving a final 
thickness of 3.5 mm. All the 120 specimens were loaded with a universal testing 
machine at a crosshead speed of 1 mm/min. The load (N) at failure was recorded as 
fracture resistance. The stress distribution for 0.5 mm restorative discs of each group 
was analyzed by Finite Element Analysis (FEA). The results of facture resistances 
were analyzed by one-way ANOVA and regression.  
Results: For the same thickness of testing discs, the fracture resistance of Group L was 
always significantly lower than the other two groups (P < 0.05). The 0.5 mm discs in 
Group L resulted in the lowest value of 1,028 (112) N. There was no significant 
difference between Group LS and Group ES when the restoration thickness ranged 
between 1.0 mm to 2.0 mm (P > 0.05). There was a linear relation between fracture 
resistance and restoration thickness in Group L (R = 0.621, P < 0.001) and in Group 
ES (R = 0.854, P < 0.001). FEA showed a compressive permanent damage in all 
groups. 
Significance: The restorations with the thickness above 0.5 mm can be clinically used 
for both materials. When Lava Ultimate CAD/CAM is used, sandblasting is suggested. 
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5.1 Introduction 
 
Due to increasing concerns about the aesthetics and biocompatibility of dental 
restorations, patients and dentists have become more and more interested in metal-free 
tooth-colored materials. Ceramic materials were developed in response to this 
increasing demand [1]. Although ceramics are routinely used for dental restorations, a 
major drawback is their high clinical failure rate in posterior sites [2]. All-ceramic 
crowns are often replaced because of bulk fracture, a catastrophic failure mode noted 
in both monolithic and layered crowns [3]. The fracture resistance of a ceramic crown 
depends mainly on the mechanical properties of the veneering ceramics [4]. Because 
of the presence of inherent flaws within the material [1, 4], most dental ceramics are 
brittle, having low tensile strength and fracture toughness. Tensile stresses caused by 
external loading can lead to a propagation of cracks starting at these inherent flaws and 
other defects [4]. Therefore, cracks usually initiate from the inner surface of ceramics, 
i.e. the cementation surface, where tensile strength is the highest, and then propagate 
through the material to the outer surface, ultimately leading to bulk fracturing [3].  

In an attempt to improve the mechanical properties, industrially made 
CAD/CAM ceramics blocks have been introduced to dentistry [1, 4].  As ceramics are 
not manufactured in a dental laboratory, but under industrial conditions, voids, flaws, 
and cracks are reduced to a minimum [5, 6]. One of these CAD/CAM ceramics is IPS 
e.max CAD (Ivoclar Vivadent AG, Liechtenstein), an improved glass-ceramic material 
with a relatively high fracture strength [7, 8].  

Lava Ultimate CAD/CAM Restorative (3M-ESP, St Paul, USA) is another 
material for CAD/CAM technique. As introduced by its manufacturer, this material is 
called Resin Nano Ceramic (RNC), which is supposed to be unique in durability and 
function. However, from the material science perspective, this material is still 
belonging to the resin composite category. It was reported that the CAD/CAM resin 
composites that are marketed as ‘classified as ceramic’ may show less crack 
propagations under fatigue forces than that of some CAD/CAM ceramics [9]. They 
may even provide better fracture resistance for non-retentive occlusal veneers in 
posterior teeth than some CAD/CAM ceramics [8].  

Despite the material properties and the restoration designs, the thickness of 
ceramic restorations can also be an important factor in fracture resistance [1, 3, 4, 8, 
10]. While the usual recommendation for porcelain restoration thickness is 1.5 to 2.0 
mm [11-13], with the development of stronger materials in combination with 
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CAD/CAM techniques and innovative adhesive technology, a more conservative 
thinner crown can also be considered [8].  

Furthermore, the fracture resistance of ceramic restorations can be also 
influenced by the properties of the support [10], for example, by its elastic modulus 
[14], or the bond strength. It was reported that well-luted specimens were usually more 
fracture resistant [1, 10, 15, 16]. It was supposed that luting agents had a possible 
bridging effect on the interfacial surface defects, which restricted and resisted against 
the propagation of cracks from the internal surface of the bonded resin [10, 17] and led 
to a higher fracture resistance.  

The purpose of this study was to investigate the influence of thickness to the 
fracture resistance of Lava Ultimate CAD/CAM RNC and the IPS e.max CAD 
ceramic. Furthermore, the effect of bonding on the fracture resistance of Lava Ultimate 
CAD/CAM RNC was evaluated and the results were rationalized with Finite Element 
Analysis. Ultimately, we planned to find a recommended minimum thickness for both 
materials.  
 
5.2 Materials and methods 
 
A simplified tri-layer onlay model was designed to mimic the restoration for posterior 
tooth (Figure 5.1). The testing disc, which represented the occlusal restoration, had a 
diameter of 10 mm to mimic the average dimension of molars. The testing disc was 
cemented to the substrate epoxy disc, e.g. simulated dentin, with an equal diameter. 
The epoxy material (similar to G10, previously used in other studies; see Discussion) 
had an elastic modulus of 18 MPa, which was similar to dentin [8, 17, 18]. The bonded 
two-layer disc had a final thickness of 3.5 mm, which was chosen as equivalent to the 
average thickness from pulp wall to occlusal surface [19-21]. Then the two-layer disc 
was bonded to a steel ring with an inner diameter of 6.5 mm, an outer diameter of 10 
mm, and a thickness of 1.5 mm mimicking the pulp chamber.  
 
Fracture resistance: The testing specimens were divided into three groups: L, LS and 
ES, according to testing materials and surface treatment. The testing discs in Group L 
were made of Lava Ultimate CAD/CAM Restorative (3M ESPE, USA), with a 
polished surface and cemented to polished epoxy substructures (Epoxydplatte, 
Carbotec GmbH & Co. KG, Aachen, Germany). Specimens in Group LS were also 
made of Lava Ultimate, with a sandblasted surface and cemented to sandblasted epoxy 
discs. In Group ES, testing discs were made of a IPS e.max CAD (Ivoclar Vivadent 
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AG, Liechtenstein), also with a sandblasted surface and cemented to sandblasted 
epoxy discs. Each group was further divided into five subgroups (n = 8) according to 
the thickness of the testing disc. The thicknesses of the testing discs were 0.5 mm, 1.0 
mm, 1.5 mm, 2.0 mm, and 3.0 mm; the thicknesses of their corresponding epoxy discs 
were 3.0 mm, 2.5 mm, 2.0 mm, 1.5 mm, and 0.5 mm, respectively, achieving a final 
thickness of 3.5 mm. 
 

 
Figure 5.1 Schematic representation of the set-up model use for this study. 

 For Groups L and LS, RNC cylinders were made from Lava Ultimate blocks, 
by a water-cooled drilling machine (Metabo SBE 1010 Plus, Metabowerke GmbH, 
Nürtingen, Germany) and a hollow drill with an inner diameter of 10 mm. The 
cylinders were further cut into 80 discs by a sawing machine (Isomet 1000; Buehler, 
USA), according to the five demanded thicknesses. For Group ES, 40 ceramic discs 
were made in the same way from IPS e.max CAD blocks. 120 epoxy discs were cut 
from five large epoxy plates, with the corresponding five demanded thicknesses, by 
the same drilling machine and drill. All the 240 discs were polished by 600 grit SiC 
polish papers. 160 discs for Groups LS and ES were sandblasted for 10 s on one 
surface, by 50 µm Al2O3 at a distance about 10 mm (Sand Storm, Vaniman 
Manufacturing CO., CA, USA). All the 240 discs were cleaned by an ultrasonic 
machine (Bransonic 3510; Branson Ultrasonics Corp, USA) for 5 minutes.  
 The bonding surfaces of the Lava Ultimate discs were treated with mixed 
Clearfil SE bond primer (Kuraray CO. LTD, Japan) and a silane coupling primer 
(Clearfil Porcelain Bond Activator; Kuraray CO. LTD, Japan) for 10 s, according to 
manufacturer’s recommendation. The ceramic bonding surface was first etched with 
9.5% hydrofluoric acid (PorcelEtch Syringe Green; Cosmedent, Inc., USA) for 20 s, 
rinsed with water, air dried and then applied 20 s of the mixture of SE bond primer and 
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the porcelain activator. The dentin-like epoxy surface was etched with 40% phosphoric 
acid (K-Etchant Gel; Kuraray Medical Inc, Japan) for 30 s to clean the surface, rinsed 
with water and lightly air dried prior to a 10 s application of the SE bond primer. The 
epoxy discs were bonded to the metal rings by SE bond. For each specimen, the testing 
disc was then cemented to the corresponding epoxy disc with a resin cement (Panavia 
F2.0; Kuraray Medical Inc, Japan). During curing a load of 50 N was applied on the 
specimen. The cement was cured in five directions, for each direction 30 s, by a curing 
light (Astralis 10, Ivoclar Vivadent, Liechtenstein). All the specimens were stored in 
37°C water for 24 hr.  
 The completed specimens were loaded with a hemispherical steel indenter (Ø = 
4.9 mm), centered on the top surface. The load was applied until failure, with a 
universal testing machine (Instron 6022, Instron Corp., MA, USA) at a crosshead 
speed of 1 mm/min. The load (N) at the failure was recorded as fracture resistance. 
The results of 0.5 mm restorative discs were further used in the finite element analysis 
(FEA) for each group, for the analysis of the stress distribution.  
 
Finite Element Analysis: Three dimensional FEA models of the test set-up with the 
dimensions according to the testing specimens were made (loading sphere models). 
The Finite Element modelling was carried out using FEMAP software (FEMAP 
10.1.1; Siemens PLM software, Plano, Texas, USA), while the analysis was done with 
NX Nastran software (NX Nastran; Siemens PLM Software, Plano, Texas, USA). The 
models consisted of the layer of the supporting ring, the supporting epoxy, the testing 
disc, and the loading sphere. Since the models were symmetrical in geometry in two 
directions, they were split in quarter specimens to facilitate the border conditions, with 
the nodes in the centric planes allowing for sliding in the surface only. The contact 
surface between the loading sphere and the testing disc was modelled as contact 
surface with a friction coefficient of 0.45. For the models of Group L the interface of 
the testing disc and the epoxy was also modelled as a contact surface with a friction 
coefficient of 0.30, assuming an insufficient bond between these surface, while for the 
models of Group LS and ES the bond was assumed to be sufficient (not contact 
surface, but a fixed surface). The fracture load for the three models, shown in Table 
5.1, was loaded on the cut surface of the loading sphere (Figure 5.1). The nodes in the 
bottom of the supporting ring were fixed. The models were composed of 8,730 
parabolic tetrahedron solid elements. The material properties used for the FEA were 
summarized in Table 5.2. The Solid Maximum Principal stresses were calculated to 
establish the maximum tensile stress in the testing disc. Since the highest Solid von 
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Mises stresses were in all cases higher than the Solid Maximum Principal stress, the 
Solid von Mises stress was used to calculate the maximum compressive stress. 

Since the compressive stresses in the contact surface between loading sphere 
and testing disc were in the FEA higher than the material strength, we assumed that the 
surface of the testing disc was permanently deformed. For this reason, new models of 
the test setup (deformed surface models) were made. The deformation was designed 
by lowering the loading sphere into the surface of the testing disc and shaping the 
surface around the part of the loading sphere in the surface. The displacement of the 
loading sphere for the permanent deformation was calculated by the difference of the 
displacement of the crosshead of the universal testing machine on the test set-up, e.g. 
the total deformation of the test set-up, and the elastic deformation in the FEA. The 
models were symmetrical in geometry and were split in half specimens to facilitate the 
border conditions, with the nodes in the centric plane allowing for sliding in the 
surface only. The nodes in the centre were allowed to move only in the vertical 
direction. For the models of Group L the interface of the testing disc and the substrate 
epoxy was modelled as a contact surface with a friction coefficient of 0.30, assuming 
an insufficient bond between these surface, while for the models of Group LS and ES 
the bond was assumed to be sufficient (no contact surface). The fracture load for the 
different models, shown in Table 5.1, was loaded on the surface of the permanent 
deformation. The nodes in the bottom of the supporting ring were fixed. The models 
were composed of 8,960－14,464 parabolic tetrahedron solid elements. The material 
properties used for the analysis were summarized in Table 5.2. The Solid Maximum 
Principal stresses were calculated to establish the maximum tensile stress in the testing 
disc, since the highest Solid von Mises stresses were in all cases higher than the Solid 
Maximum Principal stress, the Solid von Mises stress was used to calculate the 
maximum compressive stress.  

 
Statistics: The values obtained for each subgroup were analyzed by one-way ANOVA, 
and the Turkey test was adopted for the post-hoc test. The relation between fracture 
resistance and thickness was analyzed by linear regression. The statistics were done 
with IBM SPSS statistics 20 (IBM Corp., USA) at a significance level of α = 0.05. 
 
5.4 Results 
 
None of the supporting dentin-like epoxy was fractured. Only the testing RNC or 
ceramic discs fractured and delaminated from the substrates. Means and standard 
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deviations of the fracture load for all the subgroups are summarized in Table 5.1 and 
graphically depicted in Figure 5.2. For the same thickness of testing discs, the fracture 
load of Group L was always significantly lower than the other two groups. When the 
thickness of testing discs changed from 1.0 mm to 2.0 mm, there was no significant 
difference of the fracture load between Group LS and Group ES. The fracture load of 
Group LS was significantly higher than that of Group ES at the thickness of 0.5 mm, 
while it was the other way around at the thickness of 3.0 mm. 
 
Table 5.1  Means and standard deviations of the fracture load (N) for polished Lava 

Ultimate CAD/CAM (Group L), sandblasted Lava Ultimate CAD/CAM  
(Group LS), and sandblasted IPS e.max CAD (Group ES) discs. 

Group 0.5 mm 1.0 mm 1.5 mm 2.0 mm 3.0 mm 

L 1028 (112)a1 1201 (160)a1 1097 (149)a1 1095 (249)a1 1574 (143)b1 

LS 2221 (110)a2 1764 (261)b2 1771 (265)b2  1994 (208)ab2 2174 (389)a2 

ES 1418 (314)a3  1516 (309)a12 1613 (429)a2 2288 (270)b2 2754 (241)c3 
For each horizontal row: values with identical letters indicate no statistically significant differences (P > 0.05).  
For each vertical column: values with identical numbers indicate no statistically significant differences (P > 
0.05). 

 
Figure 5.2 Fracture resistance for polished Lava Ultimate CAD/CAM (Group L), 

sandblasted Lava Ultimate CAD/CAM  (Group LS), and sandblasted IPS 
e.Max CAD (Group ES) discs. 
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Figure 5.3 Relationship between fracture load and thickness of testing discs for (left) 

polished Lava Ultimate CAD/CAM (L), (center) sandblasted Lava Ultimate 
CAD/CAM  (LS), and (right) sandblasted IPS e.max CAD (ES).  

 
The regression results for the relations between fracture load and testing 

thickness for each group are graphically depicted in Figure 5.3. In Group LS, there 
was no linear relation between fracture load and thickness of testing discs (R2 = 0.023; 
P = 0.35). The highest fracture load in Group LS appeared both at 0.5 mm and 3.0 mm 
level (Table 5.1). In Group L, there was a linear relation between fracture load and 
thickness although it was not very strong (R2 = 0.386; P < 0.001). Moreover, the 
fracture load of 3.0 mm disc was significantly higher than that of the other four 
thicknesses, while there was no significant difference from 0.5 mm to 2.0 mm in 
Group L (Table 5.1). However, there was a stronger linear relation between fracture 
load and thickness in Group ES (R2 = 0.729; P < 0.001). Although the fracture load of 
Group ES did not change too much (P > 0.05) from 0.5 mm to 1.5 mm, it increased 
significantly at 2.0 mm and 3.0 mm (Table 5.1). 

 
Finite Element Analysis: The results of the FEA for the 0.5 mm specimens and the 
displacement values measured (Table 5.3) showing the stresses in the testing disc of 
loading sphere and deformed surface models and the deformations of the test set-up, 
consisting of the total deformation under the universal testing machine, the elastic 

R² = 0.3859

0

500

1000

1500

2000

2500

3000

3500

,0 ,1 ,2 ,3

Fr
ac

tu
re

 L
oa

d 
(N

)

Thickness (mm)

R² = 0.0261

,0 ,1 ,2 ,3

Thickness (mm)

R² = 0.7293

,0 ,1 ,2 ,3

Thickness (mm)



Chapter 5 

96 

deformation from the FEA, and the calculated permanent deformation. The highest 
compressive stresses in the loading sphere analysis were at the contact point between 
loading sphere and testing disc, whereas in the deformed surface analysis the highest 
compressive stresses were found at the interface between the testing disc and the 
epoxy substrate under the loading area. The stresses for the sandblasted specimens 
were distributed over a wider area. Figure 5.4 is showing the maximum compressive 
stresses (Solid von Mises) in the model of Group L 0.5 mm. 
 
Table 5.2 The material properties used in the FEA. 
 
 Young’s modulus (GPa) Poisson ratio 

Lava Ultimate   12.8 0.30 

IPS e-Max CAD   95.0 0.30 

Substrate epoxy   18.0 0.30 

Sphere / supporting ring 195.0 0.30 

 
Table 5.3  The stresses (in MPa) in the testing disc found in the FEA and the 

deformations (in m) of the test set-up: total deformation under the universal 
testing machine, elastic deformation in the FEA, and the calculated permanent 
deformation. 

 
 L  0.5 mm LS  0.5 mm ES 0.5 mm 

Loading 

sphere 

Solid Maximum Principal 

Stress  
144     16   380 

Solid von Mises Stress  996 1576 1850 

Test set-up 

Total deformation 173  351   225 

Elastic deformation  106  229     71 

Permanent deformation    67  122   154 

Deformed 

surface 

Solid Maximum Principal 

Stress  
  35      6   230 

Solid von Mises Stress  340  342   420 

  



 
Figure 5.4 The maximum compressive stresses (Solid von Mises) in the test set

deformed surface models for 
disk thickness of 
substrate. 

 
5.5 Discussion 
 

The irregular geometry of a tooth crown makes it difficult to determine the 
effect of specimen thickness on the fracture resistance of 
occlusal loading [15]. Nevertheless, in severe tooth wear cases more and more non
retentive occlusal veneer restorations are made, which restoration geometry is more 
simple. Hence, the current study used a modified specimen design from
on-ring test [17, 18]. This simplified onlay model was designed to mimic the 
non-retentive veneer restoration for posterior tooth. The dimension of the specimen 
was designed from the average dimension of molars
material was a continuous woven glass

The fracture resistance of RNC and a CAD ceramic

The maximum compressive stresses (Solid von Mises) in the test set
deformed surface models for polished Lava Ultimate CAD/CAM
disk thickness of 0.5 mm and an epoxy disc with a thickness of 3.0

The irregular geometry of a tooth crown makes it difficult to determine the 
effect of specimen thickness on the fracture resistance of composite or ceramic under 

. Nevertheless, in severe tooth wear cases more and more non
retentive occlusal veneer restorations are made, which restoration geometry is more 
simple. Hence, the current study used a modified specimen design from

. This simplified onlay model was designed to mimic the 
restoration for posterior tooth. The dimension of the specimen 

was designed from the average dimension of molars [22]. The substrate supporting 
uous woven glass-fiber-reinforced epoxy resin like 

and a CAD ceramic 

97 

 

The maximum compressive stresses (Solid von Mises) in the test set-up of the 
Ultimate CAD/CAM with a testing 

oxy disc with a thickness of 3.0 mm as 

The irregular geometry of a tooth crown makes it difficult to determine the 
composite or ceramic under 

. Nevertheless, in severe tooth wear cases more and more non-
retentive occlusal veneer restorations are made, which restoration geometry is more 
simple. Hence, the current study used a modified specimen design from a biaxial ball-

. This simplified onlay model was designed to mimic the occlusal 
restoration for posterior tooth. The dimension of the specimen 

. The substrate supporting 
like G10 [17]. The 
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elastic modulus of this material is 18 MPa, which is similar to dentin [8, 17, 18]. Kelly 
et al. reported that G10 was not significantly different from hydrated dentin in terms of 
blunt contact elastic behavior or resin cement bond strength [23]. G10 was supposed to 
be a good substitute for dentin, and was widely used in blunt contact tests [17, 18, 23-
25]. The test protocol involved a spherical indenter contacting on flat-surface 
structures, like the Hertzian testing. This test simulated basic elements of occlusal 
function, so it was clinically relevant to the characterization of dental occlusal non-
retentive veneer restorations [25]. As failure loads were also sensitive to indenter 
contact radius [26], the indenter radius we used was equivalent to the radius of dental 
cusps [25].  

Our results showed that there was a linear relation between the ceramic 
thickness and the fracture resistance of the IPS e.max CAD in Group ES. However, 
between 0.5 mm and 1.5 mm, fracture resistance did not change much; there was a 
sharp increase at 2.0 mm. Despite the linear relation, the fracture mechanism and the 
fracture mode may have differed between at thin and thick specimens. The literature 
suggested that due to the tension in the lower (inner) surface caused by the flexure of 
the ceramic layer on the soft support [3, 15, 25], the fracture mode for thin ceramic 
specimens is mainly radial cracking at the interface. In this mode, the Hertzian contact 
may be regarded simply as a generic applied load which can induce ceramic plate 
flexure and hence initiate inner surface radial stresses, eventually resulting in cracks 
[25]. It has been proposed that this radial cracking is relevant to the failure of all-
ceramic dental crowns [25].  

Our FEA results were a little bit different from this view. From the results of 
loading sphere model of Group ES 0.5 mm, the Solid von Mises Stress, which was 
considered to represent the compressive stress, was higher than the compressive 
strength of e.max CAD, which was reported as 1,244 MPa [27]. This meant that the 
surface of e.max CAD disc had been already permanently deformed before the final 
fracture load. As a result, a modified deformed surface model was established and in 
this new model, the Solid von Mises Stress was reduced to 420 MPa. However, the 
Solid Maximum Principal Stress in the deformed surface model was only 230 MPa, 
which was still lower than the reported flexural strength from 360 MPa to 420 MPa 
from the manufacturer and some recent publications [28, 29], whereas the value was 
within the range of some earlier publications around 260 (80) MPa [30, 31]. One 
explanation is that the permanent surface deformation occurred before the final 
fracture caused some surface cracks, which could compromise the mechanical 
properties of the ceramic, and lead to a catastrophic fracture at a relatively low stress 
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distribution level. The permanent surface deformation was observed by the scanning 
electronic microscope (SEM) in our later study. 

Since the Young’s modulus of IPS e.max CAD was much higher than the 
supporting epoxy, the whole specimen would apparently became stiffer with 
increasing ceramic layer thickness, and as a consequence a thicker specimen could 
finally support higher load. It was reported that when the ceramic is thick, ‘bulk 
properties’ dominate. For dental porcelains and fine-grained glass ceramics, cone 
cracking is the main fracture type [3, 15]. This cone cracking is independent of the 
substrate and is responsible for chipping and surface cracks in porcelain inlays and 
onlays, as well as in veneering porcelains [3]. Alternatively, in coarse-grained glass 
ceramics and in structural ceramics such as glass-infiltrated ceramics, alumina and 
zirconia, quasi-plastic yield can occur beneath the indenter [3]. Because ceramics are 
also susceptible to surface flaws and cracking introduced during fabrication, which 
could include machining damage or sandblasting procedures [3], the ‘pre-‘existing 
surface flaws made the fracture mechanism more complex.  

Since the RNC contains resin which provide an elastic property, the stress 
distribution of this material is supposed to be different from that of the stiff ceramic. 
Whereas stiff ceramics seem to induce large internal stresses under horizontally 
directed loads, and transmit this to marginal areas, stress distributed within resin 
composite crowns seems to be concentrated at the loading point and not to be 
transmitted to marginal areas [32, 33]. Once the stress accumulated in the composite 
becomes higher than its strength, surface cracks can occur. The cracks will penetrate 
deeper into composites under further loading and lead to the final fracture. Cracks in 
resin composites always propagate through the resin matrix around inorganic filler 
particles [34-36] or penetrating organic fillers [37]. The fracture resistance of resin 
composites is more related to their inherent properties, such as granule size or material 
of fillers [34, 37, 38]. Our FEA showed a higher compressive stress at the contact 
interface, and for the deformed surface models, the Solid von Mises Stress was around 
340 MPa, which was close to the provided compressive strength 383 MPa from the 
manufacturer. This suggested a compressive damage for the RNC discs. This 
permanent compressive surface deformation was also observed by in our SEM study 
later on. 

Nakamura et al. showed that there are rather high tensile stresses in composite 
crowns around the loading points and that the occlusal surface might be a critical 
factor for the success of composite crowns [32]. However, in our FEA study, the Lava 
Ultimate CAD/CAM showed much lower tensile stresses in this area, when compared 
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to the ceramic model. This might be caused by the ceramic particles in the resin matrix 
working as ‘supporting bricks’ restraining the elastic deformation under the loading 
area. In this respect, the material has both ceramic and composite properties, being a 
so called ‘Resin Nano Ceramic’. 

The fracture resistance of Group L was always lower than that of Group LS at 
the same thickness. This can be explained by the better bonding caused by 
sandblasting in Group LS. Although we did not test the quantitative bond strength in 
this study, we found that some Lava Ultimate fragments still remained on the epoxy 
substrate after fracture in Group LS, but that all the fractured fragments debonded 
from epoxy substrates in Group L. This indicated that better bonding can lead to 
higher fracture resistance. This was proved by our FEA results. Since the sandblasting 
of the specimens resulted to a better bonding between the testing disc and the substrate 
epoxy, the deformation of the testing disc under the loading area was restraint, which 
was reflected by the ‘no contact surface’ model. The results showed that for this 
sandblasting model, the same stress was distributed at a higher load compared to the 
polished model, which could be explained that the better bonding can restrain the 
stress distribution, by giving a sound support and making the multilayered restorations 
function better as a whole. The phenomenon confirmed that better bonding could lead 
to higher fracture resistance.  

Previous studies showed that the dentin bond strength was important for the 
fracture resistance of indirect resin composites [18, 39], and that ceramic or composite 
crowns luted with resin cement had higher fracture resistance than those luted with 
other luting agent [16, 33]. It is reported that the dentin/resin adhesive interface was 
more sensitive to crack growth than either dentin or resin composite [40]. Furthermore, 
Finite Element studies predicted that failure of the tooth-restoration interface is more 
likely to happen than failure of the composite material [10, 41], the possible bridging 
effect by the adhesive resin cement may contribute to the interfacial surface [17]. The 
stiffness of the substrate including the luting cement also plays a role in the fracture 
resistance [3, 18], as the failure triggered by the development of tensile stresses is 
much more sensitive to the ratios of elastic moduli between the restorative material 
and the luting material and substrate than to the thickness of the material [8, 42]. 
Therefore, in order to improve clinical performance, it is important to increase the 
resin cement modulus and assure good bonding [18]. 

As occlusal thickness affects the fracture resistance of the composite and 
ceramic crowns [10, 33], the recommended thickness of occlusal reduction ranges 
from 1.3 mm to 2.0 mm for composite or ceramic restorations [3, 10, 33, 43, 44]. The 
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normal occlusal load ranges between 100 N to 200 N at the molar region [3], 
becoming as high as 965 N [3, 45-53] on occasions such as trauma or an accidental 
bite of hard foreign bodies. As a result, a fracture resistance above 1,000 N is required 
to ensure good clinical performance [54]. This criteria was met by all the testing 
specimens tested in this study, even at the thickness of 0.5 mm or 1.0 mm.  

Restorations with a thickness less than 1.0 mm are clinically used. When these 
ultrathin restorations are applied, the RNC ones seemed to have a better performance 
than the ceramic ones. Similar results were reported about the resin composites and 
ceramics in a fatigue test [8, 55], in which the resin composite ultrathin restorations 
showed a better survival rate. It is also reported that the composite inlays had better 
fracture resistance than ceramic inlays [56, 57]. However, clinicians sometimes 
recognized that restorations developed so called ‘wear facets’ after a period of 
functional loading. These ‘wear facets’ were not real contact points but some contact 
areas with dimensions of approximately 3 mm in diameter. Our FEA study suggested 
that the formation of these so called ‘wear facets’ might not be caused by wear, but 
were some permanent deformations. 

However, the results of this study can only be used to interpret initial 
performances of the restorations. Previous study showed that fatigue can affect the 
performance of both composite [58] and ceramic restorations [35]. In addition, thermal 
cycling can influence the performance of cement layer and further influence the 
fracture resistance of composite restorations [59]. So the thermal or mechanical 
cycling study can be considered in the future.  
 
5.6 Conclusion 
 

Within the limitation of this study, we can conclude that there was a linear 
relation between restoration thickness and fracture resistance for IPS e.max CAD, but 
not for Lava Ultimate CAD/CAM. The restorations with the thickness above 0.5 mm 
can be clinically used for both materials. However, when apply the ultrathin 
restoration, such as of a thickness of 0.5 mm, Lava Ultimate CAD/CAM material is 
recommended. When Lava Ultimate CAD/CAM is used, the surface treatment of 
sandblasting is suggested.  
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All-ceramic restorations have, mainly due to their excellent optical properties, an 
increasing interest in dentistry. In the past, this type of restorations were made from 
materials that did not match the strength of the natural materials that had to be 
replaced, requiring drastic tooth preparation to enable the restorations being strong 
enough. A few years ago, a new core material, yttrium tetragonal zirconia polycrystals 
(Y-TZP), was introduced in dentistry for the creation of all-ceramic restorations. This 
material is strong and does not require extensive tooth preparation. However, due to its 
opaque white color the aesthetic properties are not as good. A veneer layer of aesthetic 
porcelain has to be used to optimize the color of the restoration. The superior 
mechanical properties of zirconia combined with the art of CAD/CAM fabrication 
procedure allowed fabrication of large and complex restorations, such as fixed dental 
prosthesis (FDP), with high accuracy and success rate. This thesis has been performed 
to improve the knowledge of how can zirconia be used to reinforce the FDPs. 
 Chapter 1, the general introduction of this thesis, presents an overview of the 
fabrication history of FDPs, from the traditional way to the CAD/CAM technique. 
Failure mechanism such as debonding and fracture, are briefly explained. Finally, the 
aim and the outline of this thesis are described.  
 In chapter 2, the influence of sintering procedure on the intrinsic properties of 
zirconia was investigated. Zirconia discs were sintered at the final temperature of 
either 1200°C or 1350°C for different times. The density, biaxial flexural strength 
(BFS), and grain size of all the sintered zirconia were measured. The densities and 
BFS of zirconia discs sintered at the final temperature of 1350°C were not influenced 
by the sintering procedure. However, for the zirconia discs sintered at a lower final 
temperature of 1200°C, the densities and BFS generally increased, to some extent, 
with the holding time. The zirconia disc sintered at a relatively low temperature of 
1200°C were more likely to obtain a smaller grain size, while the grain size increased 
with the holding time. It was also shown that there was a linear relation for the factors 
density, BFS, and grain size.  
 A novel experimental coating was introduced in Chapter 3. The aim of the 
research described in this chapter was to improve the bond strength of zirconia with 
resin cement. For this experimental coating method a thin layer of flowable composite, 
which contains zirconia-silica nanoparticles, was spread on a fully sintered zirconia 
discs and then sintered at 1200°C for 10 min. During sintering, the resin matrix burned 
away, leaving the filler particles on the zirconia surface, which could fuse to the 
zirconia surface and resulting in a zirconia-silica coating layer. The coated and un-
coated zirconia discs were further cemented to resin composite substrates by applying 
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three different priming conditions: no primer, a MDP-containing primer or a silane 
coupling primer. The bi-layered specimens were cut into microbars and stored in water 
either for 24 hours or 30 days, before their micro tensile bond strength (MTBS) was 
evaluated. Scanning electronic microscope (SEM) observation was used to judge the 
fractures. The coated zirconia combined the treatment of silane coupling primer 
showed the highest MTBS after 24 hours in water. Water storage time largely affected 
the MTBS of the un-coated zirconia, while only partially for coated the zirconia. SEM 
analysis revealed a failure mode change after water storage for the un-coated zirconia, 
from a mainly cohesive or mixed mode into an adhesive one. However, the fracture 
mode was always mixed or cohesive for the coated zirconia.  
 The possibility of using resin composite to replace the conventional FDP 
materials was studied in Chapter 4. Conventional permanent FDPs, including metal-
ceramic FDPs and zirconia based all-ceramic FDPs, were compared to 3 types of resin 
composite FDPs: plain resin composite, fiber-reinforced resin composite (FRC), and 
zirconia-bar-reinforced resin composite (ZRC). The average load-bearing capacity for 
FRC FDPs and ZRC ones were significantly higher than the average of the other three 
groups. The mean work to fracture (Wf) of FRC FDPs was significantly higher than 
the other four groups. The FEA results showed that the bottom of the connectors was 
the weakest part of the three resin composite FDPs. It showed that the resin composite 
FDPs can be considered as an alternative to conventional FDPs, especially when they 
are reinforced either by fibers or zirconia bars, with the limitation that the fatigue 
properties were not investigated, yet. 
 In chapter 5, a newly zirconia reinforced CAD/CAM resin composite (Lava 

Ultimate CAD/CAM) was compared with an industrially fabricated ceramic (IPS 
e.max CAD ceramic). The onlay type restoration of different thicknesses were made 
and subjected to a fracture resistance test. The stress distribution for 0.5 mm 
restorative discs was analyzed by Finite Element Analysis (FEA). For the same 
thickness of testing discs, the fracture resistance of polished Lava Ultimate discs was 
always significantly lower than the sandblasted ones or the IPS e.max ones. However, 
the lowest load fracture value was still clinical acceptable. There was a linear relation 
between fracture resistance and restoration thickness for the polished Lava discs and 
for the sandblasted IPS e.max ones. FEA showed a compressive permanent surface 
deformation in all the analyzed discs. Based on the fracture resistance and FEA results, 
it could be concluded that restorations with thicknesses above 0.5 mm can be clinically 
used for both materials. However, Lava Ultimate CAD/CAM material is recommended 
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if ultrathin restorations are required. When this material is used, the surface treatment 
of sandblasting is suggested.  
 The series of studies conducted in this thesis showed that there are several ways 
to enhance the performance of fixed restorations regarding the application of zirconia. 
One possible way is to change the sintering procedure of zirconia, so that the physical 
properties of zirconia such BFS, density or grain size can also be changed. In the other 
hand, with the experimental zirconia-silica coating technique, the bond strength of 
zirconia frameworks can be improved, in order to reduce the clinic failure rate caused 
by debonding. Besides the improvement of zirconia itself, it can be also used to 
reinforce other materials as a substitute to the brittle veneering porcelains. 
Furthermore, the zirconia nanoparticles can be used as fillers for both traditionally or 
industrially fabricated resin composite, whose in vitro performance is still quite good. 
With the increased bond strength of zirconia and resin composite, the composite 
veneered zirconia framed fixed restorations can be studied in the future. 
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De toenemende interesse in de tandheelkunde voor volkeramische restauraties is 
vooral te danken aan hun uitstekende optische eigenschappen. In het verleden werden 
dergelijke restauraties uit materialen gemaakt waarvan de sterkte niet overeenkwam 
met die van de natuurlijke materialen die zij moesten vervangen. Om de restauraties 
voldoende sterkte te geven waren drastische preparatievormen noodzakelijk. Een paar 
jaar geleden werd als sterke basis voor volledig keramische restauraties een nieuw 
materiaal, yttria gestabiliseerd zirkonia (Y-TZP), geïntroduceerd. Dit materiaal is sterk 
en vereist minder drastische preparatievormen. Echter, vanwege de ondoorzichtige 
witte kleur zijn de esthetische eigenschappen niet zo goed. Een esthetische porseleinen 
fineerlaag moet worden toegepast om de kleur van de restauratie te optimaliseren. De 
superieure mechanische eigenschappen van zirkonia in combinatie met een op CAD / 
CAM gebaseerde fabricageprocedure maakt het mogelijk om grote en complexe 
restauraties, zoals kronen en bruggen, te maken met hoge nauwkeurigheid en goede 
levensduurverwachtingen. In dit proefschrift wordt verder onderzocht hoe zirkonia 
wordt gebruikt om tandheelkundig brugwerk (‘fixed dental prostheses’; FDPs) te 
versterken dan wel te verbeteren. 

In de algemene introductie van dit proefschrift, Hoofdstuk 1, wordt een 
overzicht gegeven van de geschiedenis van kroon- en brugwerk met betrekking tot de 
productiemethoden, van de traditionele manier tot de CAD / CAM-techniek en de 
daarbij toegepaste materialen. Ook de faalmechanismen, zoals het loslaten van de 
hechtlaag en breuk worden kort toegelicht. Tot slot worden het doel en de inhoud van 
dit proefschrift beschreven. 

In Hoofdstuk 2 wordt de invloed van de sinterprocedure op de intrinsieke 
eigenschappen van zirkonia onderzocht. Zirkonia schijven werden gesinterd bij een 
eindtemperatuur van 1200°C of 1350°C waarbij verschillende sintertijden werden 
onderzocht. De dichtheid, biaxiale buigsterkte (BFS) en korrelgrootte van het 
gesinterde zirkonia zijn vervolgens bepaald. De dichtheden en BFS van de zirkonia 
schijven gesinterd bij de einde temperatuur van 1350°C werden niet beïnvloed door de 
sinteringsprocedure. Voor de zirkonia schijven gesinterd bij de lage eindtemperatuur 
van 1200°C zijn de dichtheid en BFS tot op zekere hoogte toegenomen, hetgeen 
afhankelijk was van de sintertijd. De zirkonia schijven gesinterd bij een relatief lage 
temperatuur van 1200°C hadden een kleinere korrelgrootte terwijl de korrelgrootte 
toenam met de sintertijd. Ook werd een lineair verband aangetoond voor, 
respectievelijk dichtheid en BFS, korrelgrootte en dichtheid, en korrelgrootte en BFS. 

Een nieuwe experimentele coating van zirkonia structuren wordt beschreven in 
Hoofdstuk 3. Het doel van het in dit hoofdstuk beschreven onderzoek was om de 
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hechtsterkte tussen zirkonia en kunstharscementen te verbeteren. Voor deze 
experimentele coating werd een dunne laag vloeibare composiet, die zirkoniumoxide-
silica nanodeeltjes bevat, aangebracht op volledig gesinterde zirkoniumoxide schijfjes 
en vervolgens gesinterd bij 1200°C gedurende 10 minuten. Tijdens het sinteren 
verbrandt de harsmatrix, waardoor de vulstofdeeltjes op het zirkonia oppervlak 
achterblijven en daaraan via de silica-component vast sinteren en zo een zirkonia-silica 
coating vormen. De gecoate en ongecoate zirkonia schijven werden met een 
kunststofcement aan composiet-substraten vastgeplakt, waarbij de toepassing van drie 
verschillende oppervlakte-voorbehandelingen werd onderzocht; geen primer, een 
MDP-bevattende primer of een silaankoppelings-primer. Van de zirkonia-composiet 
substraten werden kleine staafjes gezaagd (‘microbars’) en in water gedurende 24 uur 
of 30 dagen bewaard waarna de microhechtsterkte (MTBS) werd bepaald. Scanning 
elektronen microscopie (SEM) werd gebruikt om de breuk te visualiseren en het 
breukgedrag te beoordelen. De gecoate zirkonia substraten gecombineerd met de 
silaankoppelings-primer na 24 uur te zijn blootgesteld aan water resulteerde in de 
hoogste MTBS. De tijd in het water beïnvloedt in belangrijke mate de MTBS van de 
niet-gecoate zirkonia oppervlakken, terwijl dit slechts gedeeltelijk opgaat voor de 
gecoate zirkonia oppervlakken. De SEM analyse laat een belangrijke mate van 
verandering van breukgedrag zien. Voor de niet-gecoate zirkonia substraten die in 
water bewaard zijn gaat het breukgedrag van hoofdzakelijk cohesief of gemengd 
cohesief-adhesief naar een adhesief breuktype. Voor de gecoate zirkonia substraten 
werd echter altijd een cohesief of gemengd breuktype gevonden. 

De mogelijkheid of composiet de conventionele kroon- en brugwerkmaterialen 
kan vervangen werd bestudeerd in Hoofdstuk 4. Conventionele permanente bruggen, 
waaronder metaal-keramische en volkeramische zirkonia bruggen, werden vergeleken 
met drie soorten composiet bruggen: volledige composiet, vezelversterkte composiet 
(FRC), en zirkonia-bar-versterkte composiet (ZRC). De gemiddelde sterkten bij 
kauwbelasting van FRC bruggen en ZRC bruggen waren aanzienlijk hoger dan die van 
de andere drie groepen. De gemiddelde energie nodig om FRC bruggen te breken 
(Work-of-Fracture) was significant hoger dan die van de andere vier groepen. Door 
middel van Eindige Element Analyse (FEA) kon worden aangetoond dat de onderkant 
van de connector het zwakste deel van de drie composiet bruggen was. Het bleek dat 
de composiet bruggen als alternatief beschouwd kunnen worden voor conventionele 
bruggen, vooral wanneer ze versterkt worden door vezels of zirkonia. Hierbij dient 
opgemerkt worden dat de vermoeiingseigenschappen niet onderzocht zijn. 
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 In Hoofdstuk 5, werd een nieuw met zirkonia vulstofdeeltjes versterkte CAD / 
CAM composiet (Lava Ultimate CAD / CAM) vergeleken met een industrieel 
vervaardigd keramiek (IPS e.max CAD keramiek). Onlay restauraties van 
verschillende dikten werden onderworpen aan een breukweerstandsproef. De verdeling 
van de spanning voor een laagdikte van 0,5 mm van het betreffende materiaal werd 
geanalyseerd met FEA. Bij het testen van schijven met dezelfde dikte blijkt dat de 
breukweerstand van de gepolijste Lava Ultimate schijven altijd aanzienlijk lager was 
dan van de gezandstraalde of de IPS e.max schijven. Echter, de laagste 
breukweerstandswaarde was klinisch nog aanvaardbaar. Er was een lineaire relatie 
tussen breukweerstand en laagdikte voor de gepolijste Lava en gezandstraalde IPS 
e.max schijven. FEA toonde aan dat er permanente vervorming van het oppervlak van 
alle geanalyseerde schijven optreedt. Op basis van de breukvastheid en FEA resultaten 
kan worden geconcludeerd dat restauraties met een laagdikte groter dan 0,5 mm 
klinisch gebruikt kunnen worden voor beide materialen. Echter, Lava Ultimate CAD / 
CAM verdient de voorkeur wanneer er ultradunne restauraties nodig zijn. Voor dit 
materiaal verdient zandstralen als oppervlaktebehandeling voorafgaande aan de 
cementatie  de voorkeur. 

De reeks van studies in dit proefschrift toont aan dat er in relatie tot de 
toepassing verschillende manieren zijn om de prestaties van zirkonia restauraties te 
verbeteren. Een mogelijke manier is om de sinteringsprocedure van zirkoniumoxide te 
veranderen, waarmee de fysische eigenschappen van zirkonia zoals BFS, dichtheid of 
korrelgrootte beïnvloed en verbeterd kunnen worden. Aan de andere kant is het 
mogelijk om met een experimentele zirkonia-silica coating techniek de hechtsterkte 
van kunststof cement aan zirkonia te verbeteren, teneinde in de kliniek het loskomen 
van op zirkonia gebaseerde restauraties te verminderen. Zirkonia zelf kan ook worden 
gebruikt om andere materialen te versterken. Bijvoorbeeld kunnen zirkonia-
nanodeeltjes worden gebruikt als vulmiddel voor zowel traditioneel als industrieel 
vervaardigde composieten. Deze materialen presteren onder laboratorium- 
omstandigheden goed. Met de toegenomen hechtsterkte van zirkonia aan composiet 
valt het te overwegen om samengestelde zirkonia kronen en bruggen, die met 
composiet zijn bedekt, klinisch te bestuderen. 
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