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CHAPTER 1

Introduction:
Overview on zirconia – basic properties and results on FPDs.

Keywords: zirconia, CAD/CAM, properties, transformation toughening, corrosion, aging,
cementation, colour, core treatment, clinical results
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Chapter 1
The application of zirconia ceramics for the fabrication of fixed partial dentures (FPDs) has
expanded rapidly in the last years. The CAD/CAM technology, which is required for the
processing of zirconia, has been significantly improved, leading to the achievement of high
quality restorations. The number of CAD/CAM manufacturers had increased to about 100
exhibitors at the last Cologne International Dental Show (IDS)[1]. The high diversity in this
field warrants an overview of the properties of the different zirconia ceramics and their dental
applications.

1.1 General
Zirconia’s raw materials are the minerals zircon (ZrSiO4) and baddelyite (β-ZrO2), which are
mined in Australia, South Africa, and the USA. Worldwide suppliers are Metoxit
(Switzerland) and Tosoh (Japan). The term zirconium refers to the metal, while zirconia
ceramic (“zirconia”) refers to zirconia-dioxide-ceramic (ZrO2). Zirconia was identified by the
German chemist Martin Heinrich Klaproth in 1789. A first application in orthopedics was
described in 1988 [2]. The first dental applications were post systems [3] and fixed partial
dentures [4].

1.2 Zirconia Properties
Zirconia has a high temperature stability and melting point (2680°C), low thermal
conductivity (<1 W/mK), high thermal expansion (>10 x 10-6 1/K), high hardness (1200-1350
HVN), and a good thermo-shock resistance (ΔT=400-500°C). Zirconia is chemically
synthesized, for example in a sol-gel process by mixing zirconyl-chloride and yttria trichloride. The different stages of polymorph zirconia are temperature dependent: between
room temperature and 1170°C, pure zirconia is stable in a monoclinic (m) phase. Over
1170°C it transforms into a tetragonal (t) phase and over 2370°C it transforms into a cubic (c)
phase. The ceramic shows a hysteretic martensic t → m transformation during heating and
cooling. A stress-induced reorientation of the elastic dipoles has been reported, which causes
a decrease of the elastic modulus between 100°C and 200°C [5].

1.3 Transformation toughening
The t → m transformation is a diffusionless shear process with a speed near to that of sound.
The transformation is associated with a volume change of about 3-5%. In pure zirconia, the
volume change leads to cracks and disintegration of monolithic zirconia because the elastic
limit and yield strength of the materials are exceeded. The addition of yttria, calcia, or

10

Introduction: Overview on zirconia – basic properties and results on FPDs.
magnesia (PSZ) causes a delay of the t → m transformation, which results in a high strength
material. Tangential stress during crack propagation (Fig. 1.1) causes a local phase
transformation from t → m, which is combined with a volume increase of about 5%. This
pressure results in a local stop of the crack propagation. The process is called transformation
toughening, and the resistance against crack propagation increases with the length of the crack
(so-called R-curve behaviour) [6]. The type of stabilization allows for the differentiation of
three systems:
•

Fully stabilized zirconia (FSZ): The cubic phase is stabilized to room temperature by the
use of different oxides.

•

Partly stabilized zirconia (PSZ): The amount of oxides is reduced, and in addition to the
cubic phase, a transformable tetragonal phase is available. Its microstructure at room
temperature is mostly cubic with portions of monoclinic and tetragonal phases.

•

Tetragonal Zirconia Polycrystals (TZP): The ultra-fine, nanometre-scaled structure allows
for the transformation during cooling from the cubic to the tetragonal phase, but not to
the monoclinic phase.

Fig. 1.1:

Zirconia surface: grain size and crack propagation (magnification 26000x).

1.4 Mechanical Properties
For the application of materials in medical systems, high toughness (KIc) and fracture
threshold values (KI0) are required [7, 8]. In comparison to glass-ceramics, zirconia materials
provide a 10-fold higher strength and fracture toughness [9]. Besides fracture (Fig. 1.2),
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ceramics fail due to sub-critical crack-growth (SCCG), which is a water-assisted break-down
of metal-oxide bonds at the crack tip under applied stress [10]. The flaw size distribution of
the ceramic depends on the time and material. Cyclic loading can cause a degradation of the
toughening mechanisms [11] and a toughened core material is more susceptible [12-16].
Cracks originate on or close to the veneer-core interface and propagate to the interface [11].
An aqueous environment supports the degradation process [11, 17]. Microscopic cracks can
develop without stress in systems if a critical middle grain size is reached: cracks may
develop in single phase ceramics because of the anisotropic thermal expansion or in multiphase systems because of different thermal expansion [18]. The influence of the superficial
properties is visible: glossy ceramic does not favour crack growth under cyclic loading [19,
20].
Fig. 1.2:

Fracture surface of a notched bar; left side: zirconia, right side: glass-ceramic
(magnification 100x).

1.5 Biological factors
Biocompatibility problems, which occurred in the 1990s due to impurities of radioactive
Uranium and Thorium [21], are not an issue today. It has been reported that zirconia is not
cytotoxic [22-25] and shows no mutagenicity [26-28]. Dust from milling zirconia, in contrast
to that of asbestos, may not cause medical problems as the relationship between the length
and thickness of the particles is not dangerous, but the published results remain inconclusive
[29]. Recycling of the milling dust may be possible.
Besides toxicity, bacterial adhesion is a biological issue because plaque and bacteria layers
may be a reason for gingival inflammation and secondary caries. In laboratory tests, the
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bacterial adhesion of S. mutans and S. sanguis, A. viscosus, A. naeslundii and P. gingivalis on
zirconia is comparable to that on titanium or even lower [30]. In-vivo, fewer bacteria
accumulated on zirconia than on titanium (implant materials) [31], but glazed zirconia showed
a higher tendency to accumulate bacteria [32].

1.6 Corrosion and aging
Zirconia is a chemically stable ceramic [33]. The critical chemical solubility of dental
ceramics (ISO 6872) is located at a maximum of 100 µg/cm2, but the available ceramics,
including zirconia, reach only about 70% of this value. It has been described that Y-TZP does
not suffer from low-temperature degradation [34]. Under different corrosive conditions [19,
35, 36], zirconia has shown reduced strength due to water or moisture, where contamination
with SiO2 may play a role. Yashimura [37] described the stress corrosion reaction between
ZrO2 and water that results in cracks and structural changes. Even autoclaving may cause a
decrease of strength of zirconia [38]. Superficial phase transformation due to aging has been
reported [33], and the fraction of cubic phases is thought to be responsible for the aging
effects [39]. Water that enters into existing cracks may cause internal stress which further
results in a crack increase (Rebinder-Effect). Stress corrosion causes a reduction of the energy
that is necessary for crack growth. Attachment and interaction of water molecules with the
crystalline structure provide the mechanism underlying this reduction [40]. This behaviour is
supported by mechanical loadings [41]. Zirconia may be further degraded by the insertion of
hydroxyl ions into vacant oxygen areas. These ions induce a phase transformation from t->m,
a volume increase, and micro-cracking [42-44]. Nevertheless, after a steep degradation, a
further decrease is decelerated [45].
It has been shown that zirconia loses about 10-50% of its strength due to aging and permanent
loading [46-48]. After aging, strength results for zirconia were still found to be higher than the
strength of conventional glass-ceramics or Alumina-infiltrated ceramics without aging.

1.7 Configuration
For easier fabrication, zirconia is milled in a soft, chalk-like, pre-sintered “green” or “white”
configuration. During sintering, the materials undergo an individual volume shrinkage of
about 25%. The exact shrinkage information is required for the individual zirconia blank to
guarantee optimized fitting of the restoration. Hipped („hot iso-static pressed“) zirconia is an
industrially sintered material, which is CAD-milled at its final high strength. Hipped zirconia
has a constant grading and thus a more homogeneous quality. As expected, milling time and
wear of the milling tools is higher in comparison to the pre-sintered variants. High pressure
13

Chapter 1
during milling of these high strength materials may cause superficial defects or micro-crack
development and therefore reduce the above-mentioned advantages. Below are some
materials that are fabricated in the different stages:
Milling in white stage: Cercon, Lava, Hint-Els TZP-G, ZirkonZahn, Xavex.
Pre-sintered: YZ-Cubes, ZS-Blanks, Hint-Els TZP-W, DC-Schrink.
Sintered: DC-Zirkon, Z-Blanks, Zirkon TM, Pro 50, Hint-Els TZP-HIP, HIP Zirkon.
Pure zirconia ceramic should not be confounded with zirconia reinforced ceramic (Vita
Zirconia), which is an alumina-zirconia infiltrated glass ceramic [49].

1.8 Materials for dental applications
For dental applications, zirconia is stabilized at room temperature with the addition of 3-5
mol% yttria. This configurations reach high strength (800-1200 MPa) and good fracture
toughness (6-15 MPa x m1/2) combined with a high reliability (Weibull modulus m = 10-20).
Different manufacturers provide materials with different amounts of yttria and sizes of the
oxides, but the mechanical properties show only small variations. In contrast to metals with
equally distributed strength results, ceramic materials show a Weibull distribution of the
strength values. This means that the distribution of the values starts at low values, increases to
a maximum, and finally shows a steep decrease [50]. The fracture behaviour is strongly
influenced not only by fabrication (density, severity, flaws, voids, or cracks), but also by the
surface design of the restoration [51].

1.9 The fabrication process: computer aided design and manufacturing (CAD/CAM)
In contrast to that of porcelain fused to metal (PFM), the fabrication of the zirconia
framework requires rapid prototyping procedures such as milling or electrophoretic deposition
[52]. The different systems use milling-machines in dental laboratories or centralized
production centres. The fabrication process starts with optically digitizing the clinical
situation with a camera (Cerec) or with 3D-scanning devices using gypsum models or waxmodels. In a second step, the framework is designed on the computer (CAD). The
construction of simple cores as well as anatomically shaped frameworks that support the later
veneering is possible. Due to the geometry of the milling bur, it is actually not possible to mill
an anatomic occlusal design with fissures. The design may be reserved for rapid prototyping,
such as electrophoretic manufacturing, laser processing [53], or ceramic plotting [54]. Some
manufactures (e.g. Amman-Girrbach, Zirkonzahn) provide manual copy-cutting from a model
(comparable to key-copying), which is easy to handle and which requires only small
investments for the equipment.
14
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1.10

Influence of manufacturing and design

The properties of the zirconia cores may be influenced by the manufacturing process. The use
of soiled or time-worn burs, as well as insufficient preparations, parallel or divergent design,
or even caps with imprecise dimensions / thickness reduce the integrity of zirconia
restorations. Pre-application damage may be induced by the false application of fixing devices
and canting of the restoration during sintering, not to mention dust or impurities before
sintering [55-67]. An effect describes the influence of the number of defects in a single
ceramic part: based on the assumption that the number of failures is regularly distributed in a
component, a bigger part is assumed to have a higher number of defects, which can cause
failure of the whole part. This explains the higher failure probability of a bigger part. The
design of the core, whether it is a simple cap or an occlusal supporting design, has a strong
influence on the lifetime of the veneering [68-70]. The dimensions and design of FPDs,
especially in the connector areas, determine the quality of the all-ceramic restoration [71-78].
Computational methods predict an increased lifetime of FPDs using an optimized bridge
design [71, 73, 74, 79]. For the quality of the marginal fit, besides the well-known clinical
parameters, the CAD/CAM fabrication process may play a decisive role. Different milling
devices, milling strategies, and software capabilities may contribute to the results even more
than the different types of ceramic materials. Based on the assumption that the clinically
acceptable marginal fit extends to 200µm, CAD/CAM fabricated restorations with values
between 64-83µm and 245µm [80-88] are in most cases good to acceptable. The results for
the marginal fit are in the range of porcelain-fused-to-metal (PFM) restorations or pressceramics [89] and vary widely depending on the abilities of the dental technician.

1.11

Veneering

The opaque zirconia frameworks are veneered for aesthetic reasons and for the protection of
the zirconia against the oral environment. The veneering of the zirconia ceramic may be
performed with ceramics using a layering technique, or a press technique, or combination of
these techniques. Veneering ceramics in general are glass-ceramic systems used for the
veneering of metal supported restorations. Their thermal expansion coefficient (TEC) and
firing temperature (FT) must be adapted on the zirconia framework. The TEC of the core is
slightly greater than that of the veneering, which causes a compression of the veneering in the
core due to cooling contraction. Cut back or press over techniques and combinations
contribute to the large variety of veneering possibilities. Further on, zirconia may even be
veneered with composite [90]. Insufficient veneering design as well as impurities or
inclusions between the framework and the veneering may cause defects or crack propagation,
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which may result in chipping of the veneer. Tensile investigations have shown good bonding
properties between the framework and veneering [91] that are comparable to the bonding
properties between veneering ceramic and metal framework. The thickness of the veneering
influences the strength of the FPDs [92] for which a constant veneering thickness helps to
create an equal distribution of the chewing force [93]. An optimal veneering has been shown
to improve the strength of the whole FPD [94]. Contradictory results have been reported by
Beuer [95] and Flemming [96], who reported no influence of the veneering thickness on the
fracture force. Repeated firing of the veneering may lead to an increase of the TEC (due to
increased concentration of leucite) and changes in the crack formation [97, 98].
In-vitro bond strength investigations [99-101] between the core and veneering have
demonstrated the influence of the thermal expansion coefficient, zirconia transformation, and
sintering temperature, respectively. The influence of veneer thickness [68], the pre-treatment
of the core [63, 102], and the roughness of the veneering [103] have been discussed. The
failure mode between the zirconia core and veneering is thought to be predominantly
interfacial [100, 104], but exceptions have been found on FPDs [105]. During the mechanical
loading, local occlusal stress may superpose with global compressive residual stress resulting
in lateral cracks and chipping [106]. Veneering ceramic with a small reliability (m about 1
MPa x m1/2) may be affected especially with pre-existing bulk or surface defects [58, 107].
The high strength of the core material may be offset by veneering with weaker glass-ceramic
materials [108]. Detailed failure models of dental layer structures have been described
previously [109-113].

1.12

Core treatment

The pre-treatment of the core before veneering or insertion has been widely discussed. In
general, the framework should be free from grease and dust. A chemical bonding between the
core and glass-ceramic veneering may not be achieved. In contrast to glass ceramics, no
surface roughing is provided by etching the zirconia surface. While some manufacturers
recommend roughening with sandblasting (Aluminiumoxide 110 µm; DeguDent) or
tribochemical (silicating and silanizing) treatment (3M Espe) [114], some manufacturers
report that it is unnecessary to treat the core (Vita Zahnfabrik). A superficial treatment like
sandblasting may cause a short term strength increase [62, 64], but strength reduction in
combination with cyclic loading is thought to develop in the long term [60, 61, 115]. When
high pressure or coarse grained particles are used for sandblasting, the zirconia surface is
damaged. Cracks are induced by toughening effects during sandblasting [58]. Sandblasting
causes compression stress into the damage layer (t → m transition) [116] and additional
micro-cracks [117, 118]. Later on, flaws may have the nature of micro-cracks [57, 64]. The
16
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resulting damage is dependent on the severity of the sandblasting. It was concluded that slow
crack growth degenerated zirconia by about 10-30%. Earlier studies reported an
approximately 2-4 times reduction [119]. Grinding caused a t → m transition and an increase
in strength as well as hardness [34, 57, 63, 64, 120], with rhombohedral and tetragonal
zirconia on the surface. However, grinding and polishing also resulted in superficial damage,
which is associated with long-term fatigue behaviour [120]. It has been suggested that the
framework should be annealed by baking at 1000°C for one hour [120], but this treatment
may also reduce an earlier induced strength increase due to sandblasting [63]. A selective
infiltration etching technique [121] and thin superficial glass-layers have been proposed to
improve the bonding between the core and veneering.

1.13

Colour

Pure zirconia is translucent, but additives such as oxides (rare earth) result in yellow or black
colours after a reduction baking. The atmosphere during sintering (HIP) generates black or
greyish ceramics: a subsequent annealing in an air atmosphere reduces these colour effects.
Small amounts of trace elements are responsible for the colour of zirconia, but stabilization
reduces these effects [122]. Metallic oxides [33] have been used for staining the zirconia
frameworks directly by the manufacturer (Cercon Base) or individually by the technician
(Lava), but ferric components can lower the sintering temperature of a ceramic. It has been
reported that the coloured blanks in some cases showed higher strength values than the
comparable white blanks [33, 123]. The opacity of zirconia prevents a highly aesthetic
appearance like that of glass ceramics, but it may allow for masking of dichromatic abutment
teeth [27]. The light transmission of zirconia is lower compared to glass-ceramic systems
[124]. The opacity of zirconia rises from 65% at a thickness of 0.5 mm to 85% at a thickness
of 1.5 mm [125].

1.14

Cementation

The high strength of the zirconia framework may allow for adhesive bonding or conventional
cementation. The bonding between zirconia and adhesive resin cements have been discussed
in detail. The core treatment before cementation follows the same requirements as the
treatment before veneering. The rough surface due to the manufacturing process may promote
an additional micromechanical interlocking of the luting agent [114]. In some cases, for the
application of silicating / silanization, good bonding results have been reported [126], but this
bond fails with increasing storage time due to hydrolysis [127-129]. Other pre-treatment
methods are plasma spray treatment, addition of low fusing porcelain layers [130],
17
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tribochemical silica coating (Rocatec, 3M-Espe) [114, 128], or the use of phosphate acid ester
monomers [129, 131]. Nevertheless, sufficient bonding after long term storage was found
only for cements that contain phosphate-groups [131, 132]. In-vitro tests showed advantages
of adhesive bonding [127, 132, 133] even in combination with an insufficient preparation
height or low preparation angle [134]. The application of self-adhesive cements is promising.
The opaque core may hinder the application of light-curing systems: therefore, dual or
chemical curing systems should be preferred [132]. Contamination during try-in may reduce
bond strength [135].

1.15

Fracture resistance on in-vitro restorations

A large number of laboratory investigations were performed to determine the strength of
different FPDs under varying laboratory conditions. The failure pattern of 3- to 4-unit FPDs
has been described in various investigations [74, 76, 136].
4-unit FPDs were investigated with and without crack initiation. Most of the failures that
occurred were due to cracking of the veneering ceramic, in some cases the failures were due
to the framework [137]. Significantly different results were found for a green-sintered
zirconia (Cercon (904-921 N)) in comparison with a hipped material (Digizon (1132-1263 N)
[137]. Tinschert [94] determined a fracture force of 1382 N for a plain zirconia 4-unit
framework (DC Zirkon) and an increase of the fracture force to 1607 N for veneered FPDs,
when the tests were performed without aging. They compared the fracture resistance of
different types of all-ceramic systems. Rountree [138] reported a force of about 930-979 N for
4-unit FPDs after laboratory aging of the restorations.
Rosentritt investigated 3-unit Lava FPDs [139] and found fracture values of 1000 N. StieschScholz [140] reported values between 1266 N and 927 N for Lava FPDs. Lüthy [141] tested
Cercon FPDs with a reduced framework of 7.3 mm2 and reported fracture values of about 706
N. High fracture values were found with mechanical loading without any resilience of the
abutment teeth (2237 N for Denzir [142]; 1900 N Vita YZ; 1450 N Denzir M [143]). Stamouli
[144] found fracture values for restorations with/without aging: 1256/1522 N (Procera),
1618/1683 N (DC Zirkon), and 1556/1702 N (Vita YZ). Filser investigated 3-unit DCM
frameworks and found fracture values of about 1000 N [4]. Att et al. reported median values
between 1394 N and 2131 N, without significant differences before and after aging [145,
146].
Ceramic crowns in generally fail due to cracks beginning in the occlusal and cementation
surfaces [60, 61, 93, 111, 112, 115, 147]. Cementation areas were reported to be especially
sensitive, because the cracks can propagate to the margins and split the crowns. Flexure of the
crown may occur due to the relatively docile dentin. Thus, the crown’s inner surface is under
18
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tension and flaws can start from the cementation surface [119, 148]. Fractographic analysis
was used to compare clinical and laboratory failure behaviour of all-ceramic systems [74, 149,
150]. It has been found that superficial occlusal wear was one reason for chipping. Scherrer
and Quinn performed some fractographic investigations in order to understand the cause of
clinical failure of crowns. De Jager provided some finite element analyses to improve the
design of all-ceramic crowns [68, 69], and Rekow et al. reported on variables that influence
the strength of crowns [151]. Sundh underlined the necessity of an anatomical coping for
supporting the veneering ceramic [105]. For the crown application, zirconia showed a fracture
resistance that is comparable to porcelain-fused-to metal or adhesively bonded all-ceramics.

1.16

Clinical results

Clinical data are currently available over a period of about five years (Table 1.1) with
survival rates between 89% and 100%. Nevertheless, the published data showed small
variation in identical studies but after different periods of reporting. Compared to survival
rates of PFM restorations of 96% (5 years) and of 87% (10 years), zirconia restorations had
only somewhat higher failure rates. The high strength core exhibited no fractures or failures.
Only in individual cases, which were under the dimension requirements or which did not meet
the indications, were a few rare failures found. Especially in the beginning, when the first
zirconia restorations were launched on the market, high chipping rates were reported with
these early and maybe not well-adapted veneering ceramics. Beyond this, a reason for
chipping is the core design: although connector areas of about 9mm2 may be sufficient to
withstand the oral loadings [141], only an occlusal supporting core design may help for
avoiding chipping of the relatively weak veneering ceramic. Early in-vivo data [152] was
reported concerning about 22 adhesively luted three-unit FPDs (DCM) without any failures
after a short observation period of only one year. Von Steyern [153] provided data about 23
three-unit FPDs with 15% smaller chippings of an experimental veneering ceramic after two
years. Pospiech et al. [154] investigated 38 three-unit FPDs made of Lava zirconia (3M Espe)
and found only one chipping after one year. They found no further chipping after three years
with the remaining 35 restorations. Fifty-nine Cercon FPDs, in these cases with an early
veneering ceramic, showed survival rates between 96-100%. The FPDs were affected only by
some minor chippings [155]. Zembic [156] investigated 58 adhesively luted zirconia FPDs,
which replaced 1-3 posterior teeth. After two years, 29 FPDs had no fractures of the
framework, but 10% showed chipping and 8% had biological complications. After 3 years, 18
FPDs were investigated with one biological consequence, two cementation problems, and five
chippings. In both cases, 18% marginal discrepancies were found. Raigrowski [157]
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investigated 20 three-unit FPDs over a period of 31.2 months and showed five chippings.
Tinschert et al. [158] investigated 20 three-unit and 6 four-unit FPDs (DCS) with Zinc oxide
phosphate cementation and found no failures after one year. The same authors [159]
published data after 15.5 months on 36 posterior and 10 anterior FPDs (with GIC) and found
2.5% of the FPDs with chipping. After three years, the chipping rate increased to 6% on 33
three-unit, 14 four-unit, and three 5-unit FPDs. Sailer et al. [160, 161] investigated 58 threeto five-unit DCM FPDs over a period up to five years and found 11% chipping after three
years. After five years, they found a survival rate of 93.3%. Molin [162] provided results of
the in-vivo investigation of 18 posterior and 1 anterior restoration after two years (Denzir) and
found a survival rate of only 67%. In contrast to pure zirconia FPDs, zirconia infiltrated
ceramic restorations did not provide sufficient strength for application in posterior areas: in a
study by Suarez [163], 18 restorations failed after three years because of fracture.
Table 1.2:

Clinical survival rates of different zirconia restorations.

Author

Material

Type of Restoration Observation Time

Survival Rate

Sturzenegger

DCM

3-unit FPDs

1 Year

100%

DCS

3-unit FPDs

1 Year

100%

3 Years

94%

[152]
Tinschert [158]

4-unit FPDs
Tinschert [159]

DC Zirkon, 3-5-unit FPDs
DCS

Pospiech [154]

Lava

Divers Restorations

3 Years

100%

Zembic [156]

Cercon

3-5-unit FPDs

2 Years

93%

Sailer [160]

Cercon

3-5-unit FPDs

3 Years

83%

Sailer [161]

Cercon

Divers restorations

3 Years

87%

Bornemann

Cercon

3-4-unit FPDs

½ Year

96,5%

Denzir

18 posterior/ 1

2 Years

67%

1 Year

85%

[155]
Molin [162]

anterior restorations
v. Steyern [153] DC Zirkon
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Outlook and Summary

Alternative and minimally-invasive restorations have been investigated and may be promising
PFM alternatives, assuming the bonding is improved [164]. Some authors have reported good
results with single unit cantilever bridges [165-167]. Monaco [168] published results
regarding inlay-retained FPDs. Pre-fabricated slot-bridges [90] were clinically described.
There were some basic investigations about removable dentures with zirconia abutments [69,
170]. The high strength of zirconia allows for the fabrication of implants [171-175] and
implant abutments [176], which may, however, be sensitive to fracture because of their
angular design. In-vitro and in-vivo results indicate that fixed partial dentures made of
zirconia may be an alternative for metal-supported restorations. The majority of clinical
failures, which involve chipping of the veneering, may be avoided with adequate occlusal
supported core design and optimized adaptation of the veneering.

1.18

Scope and content of this thesis

As described, zirconia and CAD/CAM manufacturing have gained increasing interest in
dental society for the fabrication of metal-free restorations. The commercially available
CAD/CAM devices up to now have not allowed for the fabrication of the zirconia restorations
with a final occlusal design. This is one reason why the cores are veneered with glassceramics, which provide further protection and good aesthetics for the restoration.
The idea of this thesis is based on the observations of various clinical studies [152-163] that
describe a high prevalence of veneer chipping on restorations with a zirconia framework.
Three different scenarios for failure are possible: cracks, which evolve in the glass-ceramic,
may run in between the border core-veneering (interfacial chipping), may remain in a
superficial layer of the veneering (chipping), or may even jump over into the core (fracture).
Based on these ideas, the veneering surface, the interface and interaction veneer-core, and the
core itself may contribute to the performance of the restorations.
The combination of a “weak” glass ceramic (E<100GPa) with the high strength zirconia
(E≈200GPa) may especially influence the stability of the FPD [99]. Therefore, the core
material and veneering had to be adapted, for example, in the thermal expansion coefficient
and firing temperature to achieve optimal bonding. During baking of the veneering, small
differences between the expansion coefficients cause tensile stress on the ceramic, which
contributes to the bond between the glass-ceramic and core. The application of opaquer as a
stress-brake is reported to improve the bonding between zirconia and layering glass ceramic,
but the combination of opaquer and press veneering has been reported as detrimental to
bonding results [99]. In the two-layer system core-veneering, tensile or compressive stress
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may develop further due to different relaxation mechanisms [113]. Overall, in-vitro
investigations showed good to sufficient bonding between zirconia and glass-ceramic [99,
100, 102], but thermal treatment during veneering may cause stress in the ceramic compound.
Although temperature loadings up to 250°C [177] do not have any influence the structure of
zirconia, the heat treatment during veneering may have an influence on the stress distribution.
Sandblasting before veneering or cementation, which reduces superficial defects or milling
traces, may be assumed to be responsible for further internal stress due to surface damage and
microcracks. A moist environment supports the degradation [11, 17], and the crack increase
may be further accelerated. Stress may finally result in chipping of the veneering.
In addition to the bonding factors concerning the interface between the core and veneering,
the design of a restoration may influence the performance of a fixed partial denture. The
thickness of the core especially determines the strength of the whole restoration, and its shape
defines the support of the “weak” veneering. A consistent thickness of the veneering is a
result of an optimized core design and may help to reduce chipping. Ceramic materials are
susceptible to tensile and bending stress, and therefore, the location in which different thick
veneer layers are placed (on top means under pressure and on the bottom means under tensile
stress) may have a of significant influence on the strength of the restoration [108]. In contrast
to crowns, bridges may be especially exposed to bending stress due to the individual mobility
of the abutments. Considering a dental restoration, superficial wear or local disruption may be
an additional reason for chipping. This repeated occlusal loading in the contact areas can be
simulated with oral environments. This underlines why structural testing on dental
restorations may be of further interest in materials research. In this context, the influence of
cementation on the failure behaviour and marginal performance of zirconia restorations,
which, in contrast to glass-ceramic restorations, require no adhesive bonding, must also be
investigated.
The above factors emphasize the scope of this thesis for further investigations on zirconia, the
improvement of all-ceramic zirconia restorations, and especially the interaction of zirconia
and veneering and its influence on the performance of the whole restoration.
The introduction, chapter 1, gave a literature overview on zirconia ceramics.
In chapter 2, details about the interplay between high strength zirconia and comparable low
strength glass-ceramic veneer were investigated. The influence of veneering in press- and
layering techniques was studied. In this context, the influence of treatment and aging of
zirconia on the dynamic modulus was investigated. All tests were performed with dynamic
mechanical analysis.
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Chapter 3 is based on the idea that the results on laboratory specimens like bars may not be
translated directly to clinical restorations. The failure behaviour of zirconia restorations was
investigated in a clinical simulation, and the failure rates were compared to clinical data. The
fracture resistance after simulation was used to estimate the influence of artificial aging.
Based on the results of chapter 3, the influence of different types of veneering on the fracture
resistance of three-unit fixed partial dentures (FPDs) was investigated in chapter 4. The
restorations were fabricated with different veneering ceramics, which varied especially in
firing temperature and thermal expansion coefficients.
Chapter 5 develops this topic further by investigating the influence of a special framework
design, which improves the occlusal support of the ceramic veneering and which is thought to
reduce chipping problems. Alternative veneering in the press-technique was compared to
conventional layering methods. Special zirconia surface treatments were tested, which should
allow for the replacement of ceramic veneering by composite material.
Whereas the earlier investigations were performed on only one zirconia material, chapter 6
deals with the comparison of the fracture resistance of various available zirconia systems. It
should be evaluated whether there is an influence of the type of zirconia on the survival rate
or fracture resistance of three-unit FPDs. The effect of adhesive bonding and conventional
cementation on the fracture resistance was included.
Chapter 7 expanded the idea of investigating zirconia FPDs on the examination of various
crown systems with different cementation. Crowns instead of FPDs were investigated because
they factor out torsion as a reason for chipping or failure of FPDs, therefore supporting the
suggestion of ceramic wear and damage as a reason for failure. Therefore, aspects of
fractography in relation to crown size were tested.
Based on the earlier results, where it was found that both types of cementation (adhesive and
conventional) result in comparably good fracture resistance, chapter 8 dealt with the
investigation of the bonding strength between zirconia and different cements, especially socalled self-adhesive cements. Bond strength was determined even after a long-term storage.
Chapter 9 revives the proposal of minimizing failures due to chipping by omitting the
veneering on the zirconia framework. The framework may be deliberately exposed, for
example, in the connector area in order to increase the zirconia connector cross section. On
the other hand, grinding, which is applied for adjusting the occlusal fit, may accidentally
expose the underlying zirconia framework. The question of whether an exposed zirconia
framework is more susceptible to bacterial adhesion than a veneering ceramic was addressed.
All chapters can be read independently because they have been written in a form which suited
for publication in international scientific journals.
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2.1 Abstract
Objective. The aim of this investigation was to evaluate whether heat treatment during glassceramic veneering, the application of glass-ceramic for veneering or long term storage have
an influence on the storage modulus of zirconia.
Materials and Methods. Zirconia bars were fabricated and treated according to veneering
conditions. Heating regimes between 680°C and 1000°C (liner bake and annealing),
sandblasting and steam cleaning were used. The bars were investigated after 90 days of
storage in water and acid. To investigate the influence of veneering, the bars were veneered
by press or layer technique. Dynamic mechanical analysis was performed to determine the
storage modulus. All specimens were loaded on top and bottom (treatment on pressure or
tensile stress side). Scanning electron microscopy was used for evaluating the zirconia
surface.
Results. Sintered zirconia provided a storage modulus E’ of 215 (203/219) GPa. Sandblasting
reduced E’ to 213 GPa, while heating modulated E’ between 205GPa (liner) and 222 GPa
(dentin). Steam cleaning, annealing and storage changed E’ by between 4 and 22 GPa,
depending on the side of loading. After veneering, a strong E’ reduction was found down to
84 -125 GPa.
Conclusion. The veneering of zirconia with glass-ceramic, in contrast to heat treating during
the veneering procedure, had a strong influence on the storage modulus.

38

Influence of heat treatment and veneering on the storage modulus and surface of zirconia.

2.2 Introduction
Zirconia fixed partial dentures (FPDs) are used as alternatives for metal-supported dental
restorations. For protection and aesthetic aspects, the zirconia core is veneered with glass
ceramics that were adjusted in their thermal expansion coefficient (TEC) and firing
temperature (FT), e.g.. Insufficient tuning of these aspects may lead to fracture of the
veneering under clinical conditions [1-3].
During baking of the veneering, small differences in the TEC generally cause tensile stress on
the ceramic, improving the bond between glass-ceramic and the zirconia core. Veneering with
“weaker” glass ceramics (E<100GPa), in comparison to zirconia (E≈200GPa), may result in
reduced stability of the FPD [4], but contradicting opinions have been published [5]. The
location, i.e. whether the veneering is placed under pressure (on top) or tensile stress
(bottom), is reported to have a significant influence on the strength of the restoration [6].
Stress in the veneering may cause manifold failures: cracks that evolve in the glass ceramic
may run at the border between veneering and core (interfacial chipping), in a superficial layer
of the veneering (chipping) or even may jump into the core (fracture). Tensile or compressive
stress may develop due to different visco-elastic relaxation mechanisms in two-layer systems
[7]. The application of an opaquer as a stress-brake improved the bonding between zirconia
and layering glass ceramic, but the combination of opaquer and press veneering reduced
bonding results [4].
As the application of veneering material may cause weakening of a restoration, heat or
superficial treatments may influence the zirconia ceramic. Temperature loadings up to 250°C
[8] are regarded as not having any influence on the structure of zirconia, but the question
arises, whether heat treatment during veneering causes variations. According to the
manufacturers’ instruction the zirconia restoration is baked for applying the liner, shoulder,
dentin, glaze/stain, correction or final shoulder with decreasing temperature. During the
veneering process, the zirconia framework is subjected to a graduated thermal treatment
between 1000°C and 680°C.
Sandblasting of the surface is recommended before veneering or cementation of the FPDs.
This procedure modifies the surface after milling and reduces superficial defects or milling
traces, but it is also assumed to be responsible for both damaging the surface and causing
microcracks. Superficially induced damage is presumed to be the origin of tetragonal (t) to
monoclinic (m) transformations , which may spread into the bulk material [9]. Annealing at
1000°C/1h is supposed to repair this damage and for improve the strength and Weibull
modulus of zirconia [10].
These techniques may modify the zirconia surface, but it is not determined whether the
described treatments during veneering modify zirconia strength and brittle / elastic behaviour.
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The application of veneer ceramic, which results in the formation of a bi-layer system, may
have a strong influence on the elasticity of the whole restoration. The modulus of elasticity
was shown to be an important factor for the strength evaluation of a multi-layer system [11,
12]. Dynamic mechanical analysis (DMA) is used for evaluating the changes in visco-elastic
properties, subjecting the specimens to a defined, forced sinusoidal oscillation and measuring
the reduced and deferred output. The differences in phase angle and force amplitude between
input and output were used for calculating the storage modulus, which correlates with the
modulus of elasticity. DMA is a complex analytical method, which allows for determining
even small differences in the modulus. The aim of this study was to investigate the influence
of firing, sandblasting and storage on the storage modulus of zirconia. The influence of glassceramic press or layering veneering on the storage modulus should also be investigated.

2.3 Materials and Methods
Rectangular bars of the zirconia core material Cercon base (DeguDent, Hanau, Germany)
were milled with a water-cooled cutter (Leica SP1600, Bensheim, Germany) and sintered
(Cercon Heat¸ DeguDent, Hanau, Germany) to the final dimensions (height: 0.5 mm, width: 2
mm, length: 20 mm). The height of 0.5 mm was used as representative for a standard
thickness of the coping.
All specimens were divided into groups of three specimens each (Table 2.2). Blank zirconia
cores (#C) were subjected to a standard veneering temperature program without applying
veneering ceramic. Temperatures and times are provided in the Table 2.2.
Groups Cacid,

water, anneal

were formed for investigating the influence of heat treatment and

storage on a core without veneering. Group Canneal provides annealing of the sandblasted core.
Group Cwater investigates the samples after 90d of storage in water and group Cacid in acetic
acid (25%). In all these groups no veneering material was applied.
In group LT, zirconia specimens were investigated with additional veneering ceramic (Cercon
Kiss, DeguDent, Hanau, Germany) using the layering technique (=LT). Group PT was
designed for investigating the influence of a ceramic veneering that was applied by press
technique (=PT) (Cercon Xpress, surface treatment 50 µm/0.2 MPa glass pearls; DeguDent,
Hanau, Germany). Measurements in both groups PT and LT were performed using a core
thickness of 0.5 mm (although the specimens were thicker with additional veneering) and the
real thickness core with veneering (thickness 0.5 mm + veneering) as a direct comparison.
For investigating the superficial influence of each treatment, scanning electron micrographs
(Field emission -SEM Quanta, FEI Phillips; Eindhoven, Netherlands, magnification: 30 000x)
were made. The surface roughness was examined (Perthometer SP6; Perthen-Mahr,
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Göttingen, Germany), and energy dispersive X-ray spectroscopy (EDX/SEM; 30KV) was
performed for analysing the ceramic composition.
Table 2.2:

Study overview and classification of the different treatments (X indicates the
performed treatments)

Group

C

LT

PT

CAnneal

Temp [°C]/

Layering

Press

Annealing 90d

Time [min]

technique technique

Material

Core

Core + veneering

Core

Bar

0.5

0.5 and

0.5

thickness

Cacid

Cwater
90d

acid

water

X

0.5+veneering

[mm]
After treatment:
Sintering

X

X

X

X

X

Al2O3

X

X

X

X

X

X

X

X

X

(110µm/

0.25MPa)
Steam cleaned
Liner 1

970/1

X

Liner 2

960/1

X

Shoulder bake

850/1

X

Dentin first bake 830/1.5

X

Dentin

X

second

bake

820/1.5

Glaze/Stain

800/1

X

Correction

680/1

X

Final Shoulder

680/1

X

Annealing

1000/60

X

X

X

X

X
X

90days Water
90days Acid

X

X

All groups were investigated in a three-point bending test design where the specimen is
supported on two edges and the end of the push rod applies load centrally from the top
(amplitude: 20 µm, dynamic load: 6 N, static load: 0.2 N, Frequency: 1.66 Hz). The distance
between the two edges was 10 mm. Before testing, dimensions of the bars were determined
with accuracy up to 0.01 mm (micrometer gauge). All samples were subjected to a
temperature program between 25°C and 180°C in an air atmosphere with a heating rate of
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10K/min (Dynamic mechanical testing device DMA 242, Netzsch, Selb, Germany). All
measurements were repeated twice from each side. This procedure was performed to
investigate differences, when the surface treatment/veneering was located on top (pressure
zone) or bottom (tensile zone) of the bar. E’ was determined at a clinical relevant mouth
temperature of 37°C.
The complex modulus of elasticity (E*= E’+ iE’’) in three-point-bending configuration is
calculated as follows:
E*= (l3 x F)/(4 x w x h3 x a*)

{1}

where:
E* = complex elasticity modulus [Pa]
E’ = storage modulus [Pa]
E’’ = loss modulus [Pa]
a* = complex dynamic displacement [mm]
F

= dynamic load [N]

h

= sample height [mm]

l

= bending length [mm]

w

= sample width [mm]

Tan δ is calculated as the ratio of E’ and E’’. The application of veneering (groups PT and
LT) on the zirconia core changed the mono-layer system to a bi-layer where the influence of
the thickness of both layers had to be regarded in the calculation of E’. According to formula
{1}, the height of the specimen had to be considered with the power of three. Coherent, E’ of
the bi-layer system is further labelled E’bi. For estimating the influence of the veneering glassceramic on E’bi, we investigated the bars in relation to the real core thickness (0.5mm + height
of veneering ceramic) as well as on the original core height (0.5mm, E’bi ”effective”).
Specimens were excluded from further evaluation, when defects due to fabrication
(inclusions, air) or insufficient bonding between the two ceramic layers caused a significant
reduction of E’bi below E’ of the veneering ceramic.
Zirconia may show strong variations due to the Weibull strength distribution according to
fabrication, treatment or surface conditions. Therefore, the influence of the treatment was
investigated on every single bar by calculating E’ or the difference, ΔE’, after relevant
treatment in relation to the situation after sintering.
Median and 25-/75-percentiles were calculated and pairwise tests for statistics were carried
out using the Mann-Whitney-U-Test at a level of significance α ≤ 0.05.
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2.4 Results
The results and figures show the storage modulus (E’) at a temperature of 37°C. After
sintering, the median E’ was 215 GPa and the 25%/75% values were 203/219 GPa,
respectively. The storage modulus decreased about 10% with increasing temperature (from
30°C to 180°C). For sintered zirconia a tan δ of 0.04 was found at about 110°C (Fig. 2.1). In
further treatments, no shift of tan δ was found. The thickness of the tested specimens was
0.49±0.03 mm.
Fig. 2.1: Storage modulus E’ [GPa] and tan δ of zirconia after sintering (Cercon Base).
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The zirconia surface changed with sintering, milling, sandblasting, liner application, shoulder
bake, dentin bake and glaze/stain (Fig. 2.2).
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Fig. 2.2:

SEM figures of the zirconia surface (magnification 30,000x).

a) milled

b) sintered

c) sandblasted

d) liner bake

e) shoulder bake

e) dentin bake

f) glaze/stain bake
Sandblasting with Al2O3 caused a small reduction of median E’ to 213 GPa. The application
of liner bake 1 and 2 resulted in storage moduli of 205 GPa and 209 GPa, respectively.
Shoulder bake, as well as both dentin bakes and stain bake, increased E’, whereas the
maximum E’ was found after dentin bake 1 (222 GPa). A subsequent reduction of E’ to 209
GPa could be determined after the correction bake. With the final bake, E’ reached the level
after sintering (216 GPa). Steam cleaning changed E’ by about 4 GPa. None of the changes
were statistically significant (p>0.075) (Fig. 2.3).
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Fig. 2.3:

Change of E’ [GPa] in relation to E’ after sintering; influence of the surface or
heat treatment (median, 25%/75%).
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Fig. 2.4:

Change of storage modulus (dE’ [GPa]) in relation to E’ after sintering;
influence of aging conditions (annealing, 90 d storage in water or acid);
(specimens were loaded with treatment in pressure or in tensile zone; median,
25%/75%).
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Neither annealing (5 GPa) nor a 90d storage in acid (2GPa) or water (7 GPa) had a significant
influence on the ΔE’ (Fig. 2.4) when the specimens were investigated with the treated side on
top (pressure zone). Turning the specimens around and placing the treatment on the support
side under tensile stress caused a ΔE’ values of -6 GPa (annealing), 8 GPa (90 days acid) and
22 GPa (90 days water). The application of veneering resulted in a highly significant (p>0.75)
reduction of E’bi. With veneering, the thickness ratio of veneering:core of the bars was 1.2:1.
The application of the liner increased thickness by 0.05 ± 0.008 mm.
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The influence of the glass-ceramic veneering on the bi-layer system was stringent: under
optimal fabrication conditions, the storage modulus E’bi decreased to values between 84 and
125 GPa for both types of veneering (Fig. 2.5).
Fig. 2.5:

E’ [GPa] after veneering in layer- or press technique (specimens were loaded
with treatment in pressure or in tensile zone; median, 25%/75%).
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No significant differences were found between layering and press ceramic application when
the veneering was placed on the bottom of the bar. Influenced by the fabrication process, E’
decreased to values between 57 and 62 GPa for both types of veneering (Fig. 2.6; below). In
this case, when the veneering was placed on the bottom of the bar, a further decrease of E’bi
was found. The application of veneering in the press-technique caused a higher decrease of
E’bi in comparison to the layer application.
Effective E’bi increased when ignoring the increase of thickness due to veneering material and
relating E’bi on core thickness (0.5 mm). The plain increase in thickness due to application of
the liner, dentin or stain masses caused an increase of E’bi up to 268 GPa (liner), 592 GPa
(dentin) and 670 GPa (stain) with the veneering on the top side of the bar. Smaller increases
up to 248 GPa (liner), 391 GPa (dentin) and 422 GPa (stain) were found, when the veneering
was applied on the bottom. The main differences were caused by the application of dentin
masses, whereas stain ceramic had no further effect (Fig. 2.6, above).
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Fig. 2.6:

Storage modulus (E’ [GPa]): influence of applied liner, dentin or stain masses;
above: related to core thickness; below: related to thickness core + veneering
specimens were loaded with treatment in pressure or in tensile zone; median,
25%/75%).
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Surface roughness varied between 0.1 and 0.2 µm, but no significant differences between the
various heat treatments were found. EDX analysis revealed differences only after air
abrading. Alumina particles (1.6 wt%) could be detected on the zirconia surface. All other
treatment had no EDX-visible effects.

2.5 Discussion
The storage modulus E’ of 216 GPa, which could be determined with DMA, correlates with
the modulus of elasticity of 210 GPa in the literature [13]. E’ showed a decrease of about 5%
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in the dental application temperature range between 5°C and 80°C. This decrease is associated
with a dimension change of 20 µm and a damping response that is shown by a dipole peak
(tan δ of 0.04) at about 120°C. This phenomena is described as a stress-induced reorientation
of elastic dipole moments (Yzr’ Vo’’) [14, 15] and may be a helpful tool to differentiate
between different types of dental zirconia.
Although SEM figures (Fig. 2.2) showed changes of the zirconia surface with different
treatments, only small variations of E’ could be determined. Sandblasting, which showed the
highest optical superficial changes and additional Alumina on the surface, as well as steam
cleaning had no effect on the storage modulus. Roughness due to surface treatment did not
change significantly.
The simulated liner bake (970°C) reduced the median E’ by about 5%. These results
corresponded with a reported 5% decrease of flexural strength with heat treatment [16], which
is caused by t-m transformation. Subsequent temperature programs with temperatures down to
830°C (dentin bake) increased median E’ again, whereas further heat treatments down to
680°C had only a small influence on E’. Sundh et al. showed that the temperature of a heating
treatment of zirconia had an influence on the fracture strength of fixed partial dentures. With
treatments above 900°C fracture strength halved, whereas treatments of about 750°C caused a
reduction of only approximately 23% [17]. However [5, 6], the same authors [17] found no
difference in fracture results dependent on whether a zirconia core was veneered or not.
It has been described that sandblasting improves the mean strength of zirconia at the expense
of its reliability [18], but we found only small, non-significant changes of E’. It was supposed
that particle abrasion may cause a superficial t → m transformation [16], creating a layer of
compressive strength that works against the previously induced flaws [9, 18]. Flaws, which
may not reach deeper than the compressive zone, may explain the strength increase with
abrading. Longer flaws, in contrast, would result in weakening of the material. However,
flaws on the tensile-loaded surface may grow to slow crack growth mechanisms [13, 19].
Abrading caused high deviation of the flexural strength and reliability, which might affect
clinical use [9, 16, 18].
No influence on E’ of storage in water or acid could be determined when the sandblasted
surface was tested in a pressure zone. Turning around the bar and subjecting the sandblasted
and stored surface to tensile loading resulted in partially different results. Storage in acid
showed only small changes, while storage in water resulted in a median change of about 10%
of E’. It was described that besides increased temperature (about 250°C) and high grain size,
water/humidity is responsible for transformation processes in the zirconia ceramic. Water
forms superficial zirconium hydroxides due to water chemisorption and causes strain energy
accumulation and m → t transformation. On the other hand water might react with yttrium
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forming yttrium hydroxide, which depletes the stabilization causing m->t transformation [9].
Ardlin et al. described that storage in ringer solution had no effect on zirconia [20]. In
contrast to wet storage, storage at 120°C for 120hrs caused only small variations [8] and even
after 30 months no substantial change in bending strength could be found [21]. In particular,
aging under low temperature had no effect on the flexural strength of zirconia bars [9]. Aging
is supposed to influence the amount of yttrium, which is responsible for the grain size, which
in turn influences zirconia transformation [22].
The nearly doubled thickness of the testing bar with veneering led to a seemingly strong
increase of E’bi with extreme variations up to 100%, regardless of whether the veneering was
placed on top or bottom of the bar. When E’bi was calculated with the real thickness of the
bar, E’bi was reduced by about 60% with veneering, reaching the modulus of the individual
veneering ceramics. Under optimal manufacturing conditions, small differences were found
between layering and press ceramics, which may be attributed partly to the application of liner
for the layering technique or the recommended glass-pearl treatment before performing the
press method. Dimensional influences, especially due to varying edge stability, may not be
excluded. Specimens with defects or insufficient bonding between the two ceramic
components caused an extreme decrease of E’. The results indicated, that the veneering with a
“weak” ceramic had a strong influence on the whole specimen. This is in accordance to
microtensile investigations [4], finite element analysis [23] or bending tests [6] where the
veneering had predominant effects on the properties. These results are significant for the
fabrication of bridges where one source of defects is the fracture of the pontic on the tensile
side of the connector [24, 25]. Chipping may be avoided by considering modulus and
veneering thickness, because both parameters have influence on the stress ability of the
restorations [12]. Although an increase of the core thickness (maintaining the total thickness
core + veneering constant) is not supposed to improve the stress of the bi-layered system [26],
the change in the modulus of elasticity in a bi-layer (or even multi-layer system taking cement
or tooth substance into account) may influence the strength of restorations [27]. Differences in
modulus cause variation of energy absorption/dissipation and, in the end, may cause chipping,
interfacial chipping or fracture.
It can be concluded that the veneering of zirconia with glass-ceramic materials may have a
strong influence on the modulus of the dental restorations. Long-term storage in water may
contribute to further deterioration. Especially for the application of the glass-ceramic in
tensile stress, a weakening of fixed partial dentures should be expected. Heat treatment of the
zirconia core during firing of the veneering had no significant influence on the storage
modulus.
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Approach for valuating the influence of laboratory simulation.
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3.1 Abstract
Objective. The aim of this investigation was to compare the clinical survival rate of allceramic FPDs during an in-vitro simulation. This study is only a first approach for valuating
the influence of a laboratory simulation.
Materials and Methods. Thirty-two FPDs were fabricated from a zirconia ceramic and a
corresponding ceramic veneering. The FPDs were adhesively bonded on human molars, and
artificial aging was performed for investigating the survival rate during thermal cycling and
mechanical loading (TCML1; 3.6 x 106 x 50 N ML). Survival rates were compared to
available clinical data, and the TCML parameter “mastication force” was adapted accordingly
for a second TCML run (TCML2; 3.6 x 106 x 100 N ML). The fracture resistance of the FPDs
that survived TCML was determined. FPDs were examined without TCML (control) or after
TCML according to the literature (1.2 x 106 x 50 N ML). Data were statistically analyzed
(Mann-Whitney-U test), and curve fitting/regression analysis of the survival rates was
performed.
Results. TCML reduced survival rates down to 63% of the control group. Failures during
TCML were chipping of the veneering ceramic, but no zirconia framework was found. The
fracture resistance was significantly reduced from 1058 N (control) to values between 320 N
and 533 N after TCML.
Conclusions. The results indicate that TCML with 1.2 x 106 mechanical loadings à 50 N
provides a sufficient explanatory power. TCML with prolonged simulation time may allow
for the definition of a mathematical model for estimating future survival rates.
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3.2 Introduction
A clinical trial is the first choice for evaluating the effect of medical treatment or usability of
new materials. The results of significant clinical investigations are often restricted by high
investments and expenditure, sometimes combined with low outcome due to small number of
subjects or high deviations of the results [1]. Therefore, in-vitro simulations are becoming
more and more important for advanced time-lapsed testing of new materials. In times of the
ephemerality of dental materials, computer-controlled (Finite Element Analysis FEA) [2] or
laboratory simulations were used for pre-clinical investigations of materials or restorations,
trying to predict at least catastrophic failures [3]. Various systems for simulating the oral
environment were introduced for example by DeLong and Douglas [4,5], Krejci et al. [6] and
others [7-10]. Some devices even are commercially available (EGO, G; EnduraTEC, USA;
Willytech, G; SDE, USA). The variation of simulation parameters such as chewing frequency,
thermal loading, moisture, lateral jaw motion, type of abutment, periodontium or antagonistic
denture may cause different outcomes [11], but chewing force, especially, had a significant
influence on the fracture resistance of all-ceramic restorations. Measurable in-vivo mean
mastication forces vary between 12 N and 70 N [12, 13]. Data of correlations between in-vitro
results and in-vivo experiences are rare [3, 14], underlining the limited validity of laboratory
tests. A comparison between clinical data and in-vitro results may be tied up with events
during the application, but this may assume remarkable failure rates e.g. up to 10-20 % in five
years. An overview comparing in-vitro tests of conventional fixed partial dentures (FPD)
listed material related failures (loss of retention, fracture) up to 11% in a mean observation
time of eight years [15]. Higher failure rates are found only for experimentally enlarged
indications or newly introduced materials like zirconia with, in the beginning particularly,
insufficient veneering ceramics. Clinical investigations showed cracking of the veneering
glass-ceramic culminating in failure rates up to 10% after 48 months [16-19].
It is known that the survival rate of medical surgery is given by an exponential dependency
from the period of application (y = a x ex) [20-22], which means that clinical failures
predominantly occur in the first years after insertion. The knowledge of in-vitro / in-vivo
correlation may therefore allow a mathematical failure prospect to be formulated.
The aim of this investigation was to compare the clinical survival rate of all-ceramic FPDs
with failures during standard simulation procedures. The simulation parameter “mastication
force” was modified for estimating the influence on the simulation and calculation of
correlation parameters. The fracture resistance of the FPDs was determined to investigate the
influence of the simulation.
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3.3 Materials and Methods
The roots of human molars were coated with a 1 mm thick layer of polyether material
(Impregum, 3M Espe, G) for simulating the human periodontium, and inserted into PMMA
resin (Palapress Vario, Heraeaus-Kulzer, G). Molars (n=64) were arranged to form a lower
jaw posterior situation (teeth 5/7) with an oral gap of 10 mm. Human teeth with comparable
size and root dimensions were used. Beyond this, teeth ensure a clinically relevant modulus of
elasticity of the abutments and guarantee a relevant interface between fixed partial dentures
(FPDs) and teeth. Varying dimensions of the teeth were, therefore, tolerated. All teeth were
prepared according to the directives for ceramic restoration techniques, using a 1mm deep
circular shoulder crown preparation.
Thirty-two posterior FPDs of the yttria-stabilized zirconia (Cercon base, DeguDent, G) were
fabricated according to the manufacturer’s instructions. The zirconia frameworks were
veneered with an experimental glass-ceramic (Cercon Ceram, DeguDent, G) that had, in
contrast to the actual released veneering ceramic Cercon Ceram Kiss, a reduced thermal
expansion (8.7 [µm/mK] 25-500°C) and firing temperature (750 [°C]). The connector had a
height of 3.6±0.4 mm and a width of 3.7±0.5 mm (connector area: 13.4±2.8 mm2). The
veneering thickness was 1.4 ±0.5 mm.
The abutments were sandblasted (2 HPa, 50 µm) and the FPDs were conventionally cemented
with glass-ionomer cement (Ketac Cem; 3M Espe, G). Type of restoration and cementation
were chosen for meeting the available clinical data.
Human molars were adjusted as antagonists in the centre of the FPD pontic using a dental
articulator (Girrbach, G) and both tooth and FPD were transferred to the simulator. The
antagonist-tooth relation was controlled with an occlusal foil. Thermal cycling and
mechanical loading (TCML, Chewing Simulator, EGO, G) was performed for simulating the
aging of the FPDs. The loading parameters were based on data from the literature (1,200,000
mechanical loadings [ML] of 50N and 6,000 thermal cycles [TC], 2 min each cycle with
distilled water between 5°C and 55°C [6]), which are suggested to simulate five years of oral
service. The simulation time was prolonged in a second and third run up to 3,600,000
loadings. The parameter “ML” was adapted for a third run by comparing in-vivo and in-vitro
failure rates as described below. Ten specimens of each group were investigated:
0) without TCML (control)
1) after 1 200,000 mechanical loads of 50N/6,000 TC (≈5 years according to Krejci)
2) after 3 600,000 mechanical loads of 50N/18,000 TC
3) after 3 600,000 mechanical loads of 100N/18,000 TC.
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During TCML all specimens were controlled for failure detection after 100,000 cycles each.
Percent failure rates during TCML were compared to pooled in-vivo data available from
Medline [16-19] (Table 3.1).
Table 3.1:

Clinical data of zirconia 3-5 unit FPDs.

Author

Number of Number of
FPDs

Cementation

Total Observation

veneer chipping

time [months]

Bornemann [18] 46

2 (after 6months) ZnPh

18

von Steyern [16] 20

3

ZnPh

24

Pospiech [17]

38

1

GIC

24

Sailer [19]

44

7

Conventional

36

Both, simulation and in-vivo data showed an exponential decrease of survival rate (SR= ae-bx),
which agrees with the literature [20-22]. a and b are constants and x gives the loading time in
months (in-vivo) or the number of loading cycles (in-vitro). Correlation and curve fitting was
calculated with SPSS providing a mathematical model with a and b for in-vitro and in-vivo
data. Arranging equations SRin-vivo = SRin-vitro gives
(ln a in-vitro - ln a in-vivo + b in-vitro * x in-vitro)
x in-vivo =
b in-vivo
This equation expresses the correlation between x in-vitro [number of thermal cycles] and x in-vivo
[months] and provides a relation factor (f) between in-vitro and in-vivo. This factor was used
to adapt the mastication force of the modified simulation.
Fracture testing: All FPDs were loaded until failure using a testing machine (Zwick, Ulm, G,
v=1mm/min). The force was applied using a steel ball (d=12 mm) while a 1 mm thick tin foil
between pontic and antagonist was used to prevent force peaks. The FPDs were optically
examined before and after fracture testing. Failure mode was divided into fracture of the
veneering or the core. Medians and 25/75 percentiles of the fracture resistance [N] were
calculated. Statistical analysis was performed using regression/curve fitting models and Mann
Whitney-U test for comparing pair wise differences between the results (α=0.05).

57

Chapter 3
3.4 Results
TCML:
All groups showed failures of the veneering during TCML. The survival rate was 70% after
TCML 1) and 30% after TCML 2) and 3). All failures during aging were chipping of the
veneering ceramic. No fracture of the core material could be determined. Fig. 3.1 gives a
comparison of the percent survival rate of in-vivo and in-vitro data. In-vitro data were
converted from number of mechanical loading to a monthly chart as described above. As a
result of the calculation of the relation factor, the mastication force of the third simulation was
doubled (f=2; 100 N).
Fig. 3.1: Survival rate in-vivo [months] and in-vitro [mechanical loadings]
in-vitro
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The mathematical calculation of SR resulted in a very good fitting with a correlation R2 of
0.892 (in-vivo data), 0.969 (simulation #2) and 0.983 (simulation #3). Parameters a and b are
shown in Table 3.2.

58

Approach for valuating the influence of laboratory simulation.
Table 3.2:

Simulation, type of failure and calculated curve-fitting parameters.
In-vitro

Simulation #

In-vivo

0

1

without

1,200,000 ML 3,600,000 ML

3,600,000 ML

TCML

of 50N/

of 50N/

of 100N/

(control)

6,000 TC

18,000 TC

18,000 TC

--

3 veneering

7 veneering

7 veneering

--

Failure

all

all veneering

2 x veneering

2 x veneering

--

during

veneering

1x core

1x core

Failure

2

3
--

during
TCML

fracture
testing
Parameter a
Parameter b

---

---

112.766

100.501
6

0.4 x 10

101.385
6

0.42 x 10

0.004

Fig. 3.2 gives an impression of the veneering fracture during TCML. The calculated
correlation between the 5-years in-vivo survival rate and TCML was about 750,000 ML for
the 50N simulation and 590,000 ML for the 100 N simulation.
Fig. 3.2:

Zirconia FPD after TCML (1,200,000 ML of 50N/6 000 TC).
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Fracture test:
The median fracture resistance (25%/75%) without TCML (#0) was 1058 N (841/1505),
which was significantly higher compared to the values after aging. After the first simulation
fracture results of 533 N (424/1169) were found. The median fracture resistance after
simulation #2 was 517 N (single results were 392 N, 517 N and 540 N), and after TCML (#3)
a median of 320 N was found (320 N, 270 N and 441 N). Significant differences could be
determined between the groups #1 and #3. After fracture testing one fracture of the core was
found for each group (Fig. 3.3).
Fig. 3.3:

Fracture Force [N] (without TCML and after TCML with 50N/100N and 1.2 x
106 or 3.6 x 106 ML); identical letters indicate non significant differences
(median, 25%/75%).
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3.5 Discussion
The influence of TCML on the tested FPDs was obvious: on the one hand increasing the
failure rate up to 70% and on the other hand significantly reducing the fracture resistance after
1.2 x 106 ML to 50% and after 3.6 x 106 ML to only 70% of the initial values without TCML.
Fig. 3.1 showed that the 100 N simulation led to a faster decrease of the survival rate
compared to the in-vivo situation and, therefore, may underestimate the tested materials. The
survival rate after the 50 N simulation showed a sufficient approximation after 30 and 60
months.
The aging effects on the investigated FPDs were comparable between in-vitro simulation and
in-vivo behaviour. No failures of the zirconia core were found, but cracks and fracture of the
veneering ceramic were observed. Especially affected areas were the cusps, where antagonists
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caused selective loading or wear, and lateral tooth movement furthermore resulted in shear
loading on the veneering. These fracture types may point out the necessity of using (human)
antagonists or at least articulated clinical relevant situations with standardized tooth-shaped
antagonists. Crack propagation may be supported by irregular veneering thickness [2] or
insufficiently adjusted thermal expansion coefficient and firing temperature of zirconia and
glass-ceramic veneering [23, 24]. Newer ceramic veneering (Ceram Kiss) for Cercon zirconia
clearly showed improved properties as a consequence of changes in both processing
parameters. Beyond this, a special framework design that supports the veneering ceramic may
further improve survival rates.
The calculation with exponential decay gave a correlation between in-vivo data and in-vitro
simulation. Using 50 N, a total of 750 000 ML were necessary for simulating five years of
oral service. 590 000 ML were adequate, using a mastication force of 100 N. The calculated
survival rates after ten years were about 70% for interpolated in-vivo data and comparable
with 50 N simulation (73%). Using 100 N during simulation reduced survival rate obviously
stronger to 63%. This data may conform to the assumption of in-vivo chewing forces between
12 N and 70 N [12, 13]. Nevertheless, the results indicate that a reduced simulation force of
about 35 N (calculated f= 0.7) may match the long-term in-vivo data negligibly better. That
means that weaker materials may be aged with lower loading force for achieving relevant
simulations.
Despite the few clinical data available and the small number of in-vitro samples, the
correlation between clinical and in-vitro failures led to a good correlation (R=0.983). The
assumption of a mathematical model (SR=formula) may allow a restricted estimation of a
future behaviour of the tested restorations. With the help of the mathematical model, a failure
rate of approximately 70% after ten years of service is estimated for zirconia FPDs with partly
insufficient glass-ceramic veneering. By that time, only ongoing clinical investigations may
confirm or disprove these results. As suggested by the manufacturer, the newer veneering
material shows distinctly improved in-vitro and in-vivo failure behaviour.
Even though the individuality of abutment teeth and FPDs is reflected in a high variation of
the fracture results, a clear tendency to a strong TCML-dependent aging of the combination of
zirconia – glass-ceramic veneering could be determined. This does conform to other authors
describing a strength decrease of ceramic materials after aging [25] or the interface between
core and veneering. Even high strength zirconia underlies aging due to phase transformation
and crack growth [26]. Assuming maximum bite forces between 70 N and 909 N, depending
on the type of measurement, sex, denture, or food and others factors [27], all new FPDs
(without TCML) may provide no clinical problems. After aging the median fracture was
significantly reduced to 533N or lower, indicating increasing deterioration of the restoration
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(veneering or interface between core and veneering). Strength of the FPDs (core and
veneering) is reduced to such an extent, that cracking of the veneering during clinical loading
may be pre-programmed. The single core failures in fracture testing after simulation may
promise a calculated lifetime of the zirconia core of higher than 30 years (3.6 x 106 ML with
50 N). However, beyond this, other clinical parameters such as bonding and sealing qualities
(secondary caries) contribute to the survival of restorations and should be considered in
further studies.
The results show that the explanatory power of simulations with 1.2 x 106 times 50 N may
provide adequate estimations. The quality of the tested material is rather underestimated and
catastrophic failures should be excluded. Enhanced TCML with prolonged simulation time
(and increasing number of failures) allows the definition of a mathematical model for
estimating future survival rates. Detailed clinical data with gradual failure results would be
preferable for improving the valuation. Modified simulation parameters such as an adapted
chewing force should allow a distinct view on the properties of dental restorations. However,
this study is only a first approach for valuating the influence of a laboratory simulation.
Further verification of other simulation parameters and transfer to other dental materials
seems necessary.
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4.1 Abstract
Objective. Clinical data show good experience with zirconia FPDs, but clinical failures due to
chipping of the ceramic veneering occur. The aim of this study was to compare the fracture
resistance of zirconia cores with various veneering after thermal cycling and mechanical
loading (TCML).
Materials and Methods. Sixty-four three-unit zirconia FPD frameworks (Cercon Base,
Degudent) were milled and veneered with different layering ceramic variations. Thermal
expansion coefficient (TEC; 8.7 - 9.9 µm/mK) and firing temperature (FT; 750 – 830 °C)
were varied. As a reference, porcelain fused to metal three-unit FPDs was used. All
restorations were adhesively luted to human molars, thermally-cycled with synchronous
mechanical loading, and finally fractured in a universal testing machine. To investigate the
influence of the artificial aging, one zirconia group was loaded without aging.
Results. TCML reduced the median fracture force from 1735N to 1227N. All-ceramic
zirconia FPDs with ceramic veneering showed no significant differences compared with the
porcelain fused to metal reference. The fracture force increased with increasing thermal
expansion coefficient and firing temperature from 8.7 µm/mK / 750 °C (533 N), over 9.3
µm/mK / 780 °C (1098 N) to 9.7 µm/mK /830 °C (1227 N). A significant Pearson correlation
was found between fracture force and firing temperature (p = 0.039) but not between force
and TEC (p = 0.067).
Conclusion. To avoid chipping, TEC and FT of the veneering need to be adapted to the
zirconia framework.
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4.2 Introduction
High-strength zirconia core materials are well known in medical applications (e.g. hip joints),
but only limited evidence-based data is available for their dental use [1-4]. In comparison with
glass ceramics, polycrystalline yttria tetragonal zirconia (Y-TZP) shows three to four times
higher flexural strength (800-1200 MPa) and flexural toughness (>10 MPa x m1/2). Therefore,
it is preferred as the core material for all ceramic restorations in stress-bearing posterior areas.
Most zirconia ceramics need to be processed by computer-aided manufacturing (CAM), in
combination with computer-aided design (CAD). They are milled in the hot isostatic pressed
or partially-stabilized pre-sintered state. Milled zirconia has high fracture strength with a
small range of strength variation and high structural reliability compared with conventional
dental ceramics [5, 6].
Zirconia cores promise high-strength restorations, but veneering with “weaker” conventional
glass-ceramics (with crystalline phases), which are used for aesthetic appearance, function
and protection, may influence the resistance to fracture of the restoration in service [7].
Zirconia cores may be veneered with various firing ceramics (Sakura, Ceramco, Cercon Kiss,
Cercon Ceram S) or pressable alternatives (Cercon Ceram Express), but an inappropriate
combination of core and veneer may show unpredictable failure of the veneer [8]. This may
be a reason for the clinically reported chipping of up to 15% in zirconia FPDs [1-4]. In-vitro
bond strength investigations between core and veneering have shown the influence of the
thermal expansion coefficient, zirconia transformation, and sintering temperature on the
integrity of the zirconia veneer interface [9-11]. The influence of veneer thickness [12] and
core pre-treatment [13] has been discussed. The failure mode between zirconia and veneer is
supposed to be predominantly interfacial [9, 14], but exceptions were found on fixed partial
dentures (FPDs) [8]. During mechanical loading, local occlusal stress may superpose with
global compressive residual stress resulting in lateral cracks and chipping [15]. The veneering
ceramic with a small reliability (Weibullmodul m ~ 1 MPa x m1/2) may be associated
especially with pre-existing bulk or surface defects [16].
Significant decisions for evaluating the usability of dental materials or restorations have been
made using evidence-based information, but clinical studies are cost- and time- expensive.
Artificial oral environments, which combine thermal cycling with mechanical loading
(TCML), are used for the prompt and cost-effective estimation of the usability of dental
reconstructions. At least, they may help to avoid catastrophic failure of the restoration in
service [17].
The aim of this study was to evaluate the influence of various veneer material properties on
the fracture resistance of three-unit zirconia FPDs. An artificial mouth was used for a timelapsed aging of the restorations, simulating the influence of chewing force and temperature on
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the FPDs. Restorations were monitored during aging, and fracture resistance was determined
after aging. The results after TCML were compared with available clinical data.

4.3 Materials and Methods
The roots of human molars were coated with a 1 mm thick polyether layer (Impregum, 3MEspe, Seefeld, Germany) to simulate human periodontium. Loaded to 50 N, the layer allows a
maximum mobility of the single tooth in axial and vertical directions of 0.1 mm. Two teeth
were inserted into polyethylene-methacrylate resin (Palapress Vario, Kulzer, Wehrheim,
Germany) forming a gap of 10 mm. Human molars were used to ensure clinical conditions
including the mechanical performance of the abutments and bonding between FPD and tooth.
Varying dimensions of the teeth were therefore accepted.
All teeth were prepared according to the directives for ceramic restoration techniques, using a
1 mm deep circular chamfer preparation. Sixty-four zirconia ceramic three-unit FPDs cores
(Cercon Base, DeguDent GmbH, Hanau, Germany) were fabricated according to the
manufacturer’s instruction. The cross-section of the connector was 12 mm2 (height: 4 mm).
The yttria-stabilized zirconia Cercon cores were milled in “white“ ceramic condition (Cercon
Brain milling machine) and sintered to final dimensions (Cercon Heat oven). This procedure
is a time- and tool-saving fabrication process in comparison with milling of sintered highstrength zirconia ceramics. Frameworks were veneered with various ceramic materials using a
conventional layering technique. The veneering ceramics varied in thermal expansion
coefficient (8.7 - 9.7 µm/mK) and firing temperature (750 - 830 °C). Two materials from
different manufacturers were used (Table 4.1). As a reference (#1), eight FPDs were
fabricated in a gold alloy (Degudent H, DeguDent) and veneered with a layering ceramic
(Duceram Plus, DeguDent). The thickness of all veneering was in a clinically relevant range
of 0.5 to 1.5 mm. Liner was used in all cases. To investigate the influence of TCML, one
zirconia group with the recommended veneering was investigated without aging (#0). All
FPDs were adhesively luted to the abutment teeth using the dual curing composite cement
Variolink II (high viscosity) and the dentin adhesive system Syntac classic (both IvoclarVivadent, Schaan, Liechtenstein) after total etching. The fitting of the FPD abutments was
checked (Silasoft, Detax, Ettlingen, Germany), and the FPDs were adjusted and sandblasted
with 50 µm / 2 HPa.
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Reference

without TCML

veneering/core

Type of Fracture

8/0

8

8

Number of FPDs which

4/4

1395

1891

75%

survived TCML

1218

1329

910

1305

1735

830

13.0

25%

median [N]

Fracture force

FT [°C]

Firing temperature

[µm/mK] 25-500°C

Thermal expansion TEC 9.5

DeguDent GmbH, Germany

Manufacturer

H

Degudent

Cercon Base

Core materials

Plus

Cercon Ceram S Duceram

PFM

Reference

Comments

Veneering material

1

0

#

5/0

5

976

436

533

750

8.7

4

5

2/5

7

1498

976

1236

760

9.7

3/1

4

1488

857

1098

780

9.3

3/5

8

1467

1115

1227

830

9.5

Ceram S

experimental experimental Cercon

3

Cercon Base

Ceram

Cercon

2

Sakura

7

1/7

8

1428

1224

1331

830

9.2

Ceramco PFZ

8

0/8

8

1550

1294

1440

920

9.9

4/4

8

1710

940

1380

900

10.5

Elephant, NL Ceramco, USA

Ceram Kiss Interaction

Cercon

6

Table 4.1: Materials, manufacturer, thermal expansion, firing temperature and results (fracture results; pattern).
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Artificial aging was used to simulate a 5-year period of oral service. The settings were [18]:
1,200,000 mechanical loadings with 50 N and a simultaneous thermal cycling with distilled
water between 5°C and 55°C (3,000 times with 2 min each cycle). A human molar was
adjusted as antagonist in a three-point contact relation on the pontic of the FPD in an
articulator (Amann-Girrbach, Koblach, Austria) and both tooth and FPD were transferred to
the simulator. Antagonist-tooth relation was controlled using occlusal foil. All restorations
were visually monitored during aging. Failure of the veneering was checked during aging, and
the number of loading cycles was recorded. Fractured restorations were excluded from further
testing.
After aging, all undamaged FPDs were loaded to failure using a testing machine (Zwick, Ulm,
Germany, v=1mm/min). The force was applied using a steel ball (d = 12 mm) while a 1 mm
thick tin foil between pontic and antagonist was used to reduce stress concentrations. The
FPDs were visually examined before and after fracture testing. Failure mode was classified as
fracture of the veneering or the core. Medians, 25% and 75% of the fracture resistance [N]
were calculated. Statistical analysis was performed using Mann Whitney-U test and Pearson
correlation (α = 0.05).

4.4 Results
The Table 4.1 shows the median fracture results and the number of FPDs which survived
TCML. No correlation was found between failure type (core / veneer) and fracture force.
TCML reduced the median fracture force from 1735 N (control without TCML #0) to 1227 N
(#5), but the difference was not statistically significant (p = 0.195). Neither all-ceramic
zirconia FPDs (#5) nor porcelain fused to metal (PFM #1 1329 N) reference FPDs showed no
significantly different results (p = 0.789). Different commercially available ceramic layer
materials, Cercon Ceram S 1227 N, Cercon Ceram Kiss 1331 N, Ceramco PFZ 1380 N or
Sakura Interaction 1440 N had no significant influence on the fracture force of the FPDs.
The fracture force increased with increasing thermal expansion coefficient and firing
temperature from 8.7µm/mK / 750°C (#2 533 N), throuth 9.3 µm/mK / 780°C (#4 1098 N) to
9.7 µm/mK /830°C (#5 1227 N). The two materials with firing temperature of 750°C and
760°C had significantly different fracture results with different thermal expansion coefficients
of 9.7 µm/mK (#3 1498 N) or of 8.7µm/mK (#2 533 N), respectively. A significant Pearson
correlation was found between the fracture force and firing temperature (p = 0.062) but not
between the fracture force and TEC (p = 0.044). No linear regression was found: R2 = 0.731
(FT) and R2 = 0.768 (TEC) (Fig. 4.1). During TCML chipping was found for group #4 (4
times), group #3 (1x) and group #2 (3x).
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Fig. 4.1:

Correlation between thermal expansion (TEC), firing temperature (FT) and fracture
force.
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4.5 Discussion
It has been shown that the loading capacity of ceramic specimens suffers from moisture and
dynamical loading. Zirconia-based ceramics lose about 50% of their flexural strength with
increasing number of loading cycles [19, 20] and show low-temperature degradation [21].
Similar behaviour is observed for zirconia FPDs: aged with TCML, their fracture resistance is
reduced about 30% from 1735 N (#0) to 1227 N (#5). The mechanical degradation over time
may be caused either by spontaneous transformation of the tetragonal into monoclinic phase
[22, 23] or interactions between core and veneering, but it may also be influenced by
processing reactions on the zirconia surface [6, 7, 24]. A further explanation would be a
limitation of the partial stabilization. In spite of the TCML-induced degradation, only three
out of 64 tested FPDs failed below the assumed chewing force of about 500 N in posterior
areas [25]. Most FPDs fractured at a maximum load above 1000 N and thus provided fracture
results comparable to PFM FPDs. A bridge construction achieves most of its strength by the
core, but a strong influence of the veneer on the fracture potential of the entire construction is
shown in finite element analysis [26, 27]. Some authors reported an improvement of the FPD
fracture resistance after veneering the core material [5, 28]. The influence of the veneer on the
strength of the FPD is underlined by a finite element analysis which showed that constant
veneer thickness is requested to achieve optimal, even distribution of the occlusal forces [26].
Bi-layered ceramic systems may be susceptible to chipping due to the combination of a
“weak” veneering ceramic with a stronger zirconia core [2]. It has been shown that bi-layered
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glass-ceramics deteriorate due to loading in the contact areas. Cracks develop at the contact
surface or at the boundary layer between the two ceramics [29-31].
It may be presumed that good bonding between the core and veneering is therefore dependent
on the calibration of the two components. In laboratory tests on zirconia, the influence of
thermal expansion coefficient (TEC) or transformation processes during sintering has been
shown on micro-tensile specimens [9, 32, 33]. Regarding FPDs in TCML, similar findings are
noticeable: although the median fracture resistance of the TCML-surviving FPDs was above
1000 N, the variants with 9.3µm/mK /780°C and 9.7µm/mK /760°C showed severe failures of
the veneer during TCML. Group #2 provided median loadings of only 533 N until chipping of
the veneering. The low fracture resistance of this core-veneering combination may be one
explanation for the clinically-reported chipping. The results of this study indicate that the
firing temperature for ceramic layering technique of zirconia may not be lower than 830°C
combined with a minimal thermal expansion coefficient of 9.2-10.5µm/mK. It may be
supposed that the higher firing temperature may cause a better adaptation of the veneering on
the core or the low temperature melting glasses may have a better wetting of the zirconia
surface. The higher temperature may influence stress concentrations in the bonding, perhaps
in combination with a different heating/cooling regime. The smaller TEC of the veneer in
comparison to zirconia (10.5µm/mK) results in slight tangential compressive stress, which is
supposed to interrupt crack propagation. The results for Sacura Interaction (9.9µm/mK
/920°C) or Ceramco PFZ (10.5/900) veneering showed that higher setting of the firing
temperature may be effective, too. It is supposed that components that were added for
modifying TEC can be excluded for influencing the bonding to the core material directly.
The bonding mechanism between zirconia and veneering glass-ceramics is deficient. The inert
zirconia core surface and the glass-ceramic veneering may show only limited chemical
adhesion. The bond between two materials is, particularly, a result from differences in the
elastic/visco-elastic behaviour between the two layers or, as described, shrinkage of the
veneering onto the core material. A small influence of the core surface roughness (due to
milling or surface treatment) can be assumed. Extreme roughening of the core on one side
may improve the micromechanical interaction, change the surface energy and enhance
wetting. On the other side it may damage the core by crack initiation or may reduce the bond
to the veneering due to splintering of superficial ceramic layers in the long term. Some
investigations showed that sandblasting improved the flexural strength of the zirconia [34] but
the enhancement seemed not to be permanent [35]. Beyond this, high pressure or large
particle size may damage the zirconia surface or induce crack growth.
Tensile bonding tests mainly showed interfacial failures between the core and veneer [32, 33,
36]. The bond strength between the zirconia and veneer is even reduced to the strength of the
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veneer itself [32] and depended on the core treatment, e.g. with liner. It has been shown that
the application of some selenium-based feldspatic porcelain liner/opaquer favourably effects
the bonding [9]. In contrast to the reported interfacial failures of specimens, the fracture
analysis of the tested FPDs showed partly different results. FPDs with high fracture resistance
provided exposed zirconia core, but also thin layers of the veneering on the zirconia surface
(Fig. 4.2).
Fig. 4.2:

Three-unit FPD after fracture test: above: chipping of the veneering ceramic; below:
fracture of the core.

Thus, besides the interfacial failure, reverse interpretations of the failure mechanism [8, 27]
may be discussed. Guzatto showed that the tetragonal–monolithic transformation is
accompanied with localized stress, which may consequently result in micro-cracks at the glass
phase of the veneer. This is supposed to lead to a fracture in the veneering layer at a depth of
some hundred micrometers above the core [7]. The damage and sub-critical crack growth in
the long term or with repeated loading may result in chipping – with the result of a thin
veneering layer on the zirconia surface. This may indicate that the bonding between core and
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veneering developed to such a high degree that the weak point of the restoration may be
shifted towards the strength of the veneering ceramic.
Although in - vitro failures of glass-ceramic FPDs have been investigated [27, 28, 39], no
detailed information was provided about zirconia-based FPDs. The clinically available data
for zirconia report of 22 adhesively cemented posterior bridges up to one year [2] without any
failures. Two chippings were found after one year for 39 conventionally cemented three-unit
FPDs and 14 conventionally cemented four-unit FPDs [1] without any further chipping after
18 months [1]. Sailer et al. reported about 11% chipping in 44 FPDs after 42 months [2, 40].
All data are based on the material Cercon Base with Cercon Ceram (#3) or an experimental
earlier veneering. The clinical studies coincidently showed no fractures of the high-strength
core materials over the whole observation time. Alternative zirconia-based products (Lava;
DCZirkon) also show comparable chipping of the veneer [3, 4].
The results suggest that the strength of a zirconia-based FPD might suffer from aging. A
correlation between chipping and adapting FT / TEC, as well as the strength of the veneering
may be supposed.
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5.1 Abstract
Objectives. Zirconia frameworks are used as alternatives for conventional metal-supported
restorations, but clinical results indicate that chipping of the veneering may not be fully
excluded. The aim of this study was to investigate the capability of pressable veneering
ceramics, modified core design and composite veneering as alternatives for zirconia three-unit
fixed partial dentures.
Materials and Methods. Three-unit zirconia FPDs (n=48; Cercon Base, Degudent) were
milled and eight cores per group were veneered with a laboratory composite using selective
infiltration etching (CSIE) surface treatment or a phosphoric acid acrylate (CPA). FPDs with
pressable ceramic veneering were investigated in press on, press over and cut-back
techniques. One framework was modified by milling an additional circular embossment for an
occlusal support of the ceramic layering veneering. FPDs with conventional frameworkdesign and layering ceramic veneering were used as a reference. All restorations were
adhesively luted on human molars, thermally cycled with synchronous mechanical loading
and, finally, fractured in a universal testing machine.
Results. After TCML, median fracture results between 987 N and 1482 N were found.
Composite veneering revealed values between 1136 N (CSIE) and 1443 N (CPA). For the
pressable ceramic veneering 987 N, 1089 N and 1149 N were found, respectively. FPDs with
modified framework showed fracture values of 1482 N.
Conclusion. Layering and pressable ceramic veneered FPDs showed only small differences in
fracture resistance. Composite veneering on zirconia may profit from additional bonding
when zirconia surface pre-treatment is performed. The core design furthermore improved the
fracture resistance of FPDs.
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5.2 Introduction
Yttria-stabilized tetragonal zirconia ceramics are gaining importance as alternative core
materials for dental applications. These high-strength ceramics (flexural strength: 800-1200
MPa) are indicated as core for all ceramic fixed partial dentures (FPDs) in stress-bearing
posterior areas [1, 2]. Veneering of the zirconia core is performed for protection, function and
aesthetical aspects with weaker glass ceramics with crystalline phases. For veneering, a broad
offering of products is available using layering techniques, pressable alternatives or a
combination of both variations. Although clinical data show no fracture of the zirconia
framework, up to 15% chipping of the veneering is reported with early introduced layering
veneering materials [3-7]. These failures may be a result of an inadequate relation between
core and veneering, mismatch between thermal expansion coefficient, firing temperature or
modulus, superficial zirconia transformation, or an influence of the integrity of the zirconia
veneer interface [8-11]. The veneering ceramic with a tenfold lower reliability
(m ~ 1 MPa x m1/2) in comparison to zirconia, may be affected especially with pre-existing
bulk or surface defects [12]. During chewing, local occlusal stress may superpose with global
compressive residual stress resulting in lateral cracks and chipping [13, 14].
Finite element analysis [15], fracture tests [16] and microtensile investigations [17] show a
strong influence of the type of veneering, pressable or layering, as well as for the combination
with liner. It has been supposed that the tensile bond strength is extremely influenced by the
strength of the veneering material, reducing the strength of the combination zirconia-glass
ceramic to the strength dimension of the veneering itself [17]. The question arises as to
whether veneering with comparable materials but different application (press or layering
technique) or different materials (composite or ceramic) with layering application may
influence the overall strength and failure behaviour of FPDs, too. Furthermore, may the
surface treatment of the core allow improvement of the strength of the restoration even with
the application of a comparable low-strength composite material? In comparison to ceramic
veneering, an occlusal composite veneering is easy to handle and may prove beneficial when
the removable antagonist denture should be protected against high loading and wear. Beyond
this, press techniques on frameworks with alternative marginal and occlusal design (press on,
press over or press over and cut back) are supposed to influence the strength of the
restoration. In comparison to layering veneering, press ceramic is applied at a 90°C higher
firing temperature in combination with pressure and may, therefore, allow a better
circumfluence of the core and improved adaptation. Moreover, the slow cooling rate caused
by the investment may prevent large temperature differences between the core and veneer
resulting in lower stress formation due to differences in thermal expansion coefficients.
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Although an interfacial failure is supposedly responsible for chipping, investigations on FPDs
reported failures with a thin veneering layer remaining on the zirconia core [9]. Chipping may
be a result of the material combination, but it is additionally influenced by the applied load
during application. Guzatto et al. [2] showed that a tetragonal–monolithic transformation is
accompanied with localized stress, which may cause micro-cracks at the glass phase of the
veneer. Localised stress in a bi-layer system is supposed to lead to failures in the veneering
layer at a depth of some hundred microns above the core [18, 19]. Identical thickness of the
veneering is reported essential for an equal distribution of the loading [15, 20], but a
veneering supporting core design may further improve the strength of a restoration. The
lateral chewing movement predominantly causes chipping in lingual-buccal direction.
Therefore, it is supposed that an experimental modification of the framework with 1 mm
circular embossment may support the veneering and increase the loading capability of a FPD.
The aim of this study was to investigate the potential of veneering press ceramics, modified
core design or composite veneering alternatives for zirconia three-unit FPDs. An artificial
mouth was used for a time lapsed aging of the restorations simulating the influence of
chewing force and temperature loading on the restoration. FPDs were controlled during aging
and fracture resistance was determined after aging.

5.3 Materials and Methods
For simulating the periodontium, the roots of human molars were coated with a polyether
layer (1 mm thick, Impregum, Seefeld, 3M Espe). This layer allowed maximum tooth
mobility in axial and vertical directions of 0.1 mm when the teeth were loaded with 50 N.
Two treated teeth were inserted into PMMA resin (Palapress Vario, Kulzer, Wehrheim,
Germany) forming an oral gap of 10 mm. Human molars were used to ensure a clinically
relevant modulus of elasticity of the abutments and simulate a relevant bonding between FPD
and tooth.
Ninety-six teeth were prepared with a 1 mm deep circular chamfer preparation for ceramic
restorations. Forty-eigth zirconia ceramic three-unit FPDs cores (Cercon Base, DeguDent
GmbH, Germany) were fabricated according to the manufacturer’s instruction with a
connector cross-section of 12 mm2 (height 4 mm). The Yttria-stabilized zirconia cores were
milled in „white“ ceramic condition (Cercon Brain) and sintered to final dimensions (Cercon
Heat) (Table 5.1).
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Table 5.1: Group design, veneering material, thermal expansion and firing or polymerisation temperature.
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The frameworks showed a conventional design according to standard ceramic or porcelain
fused to metal (PFM) techniques. For an improved mechanical support of the ceramic
veneering an experimental framework was provided with a circular embossment (Fig. 5.1)
with a height and depth of 0.8-1 mm.
Fig. 5.1:

Core design (waxup) with circular embossment.

This framework was veneered with ceramic in the layering technique (Cercon Ceram S).
Three framework groups were veneered with a pressable ceramic (Cercon Ceram Express)
using different marginal and occlusal design: press on zirconia core (Pon), press over zirconia
with reduced core shoulder (Pover) and press over core and cut the back occlusal contour
(finally veneered with Cercon Ceram S) (Pcut) (Fig. 5.2).
Fig. 5.2:
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Two frameworks were veneered with a composite veneering material (SR Adoro, IvoclarVivadent, Schaan, FL) as an antagonist protecting veneering alternative. The laboratory
veneering composite was polymerized under light and heat (104°C, Targis Power; IvoclarVivadent, Schaan, FL). The treatment for the veneering was a commercially available
phosphoric acid acrylate-based metal/zirconia primer (Ivoclar-Vivadent Schaan, FL) (CPA).
The primer contains < 70 % tert. butyl alcohol, < 25 % methyl isobutyl ketone, < 6 %
phosphonic acid acrylate and 2 % benzoylperoxide.
For the frameworks of group CSIE a special surface treatment of the framework was
performed called selective infiltration etching (SIE; Aboushelib MN et al.: Selective
infiltration etching technique for a strong and durable bond to zirconia-based materials. J
Prosth Dent, 2007; submitted). The basic idea of SIE is to use the grain boundary sliding
mechanism that occurs during fast heating. This method is used to infiltrate the superficial
layer of the PTZ framework with a glassy phase that is subsequently removed by acid etching.
After removal of the glassy phase, a nanoporous surface remains, which provides interlocking
with resins or other materials.
The thickness of all veneering was in clinically relevant dimensions between 0.5 and 1.5 mm.
Liner was used in pressable veneering (Pover). As a reference, zirconia FPDs with a standard
framework and layering ceramic veneering (Cercon Ceram S) were investigated. All FPDs
were adhesively luted to the abutment teeth using the dual-curing composite cement Variolink
II (high viscosity) and the dentin adhesive system Syntac classic (Ivoclar-Vivadent,
Liechtenstein) after total etching. All abutments were fit checked (Silasoft, Detax, Germany),
adjusted and sandblasted with 50 µm / 2 HPa before cementation.
Thermal cycling and mechanical loading (TCML) was performed to simulate a 5-year period
of oral service (loading parameters: 1,200,000 mechanical loadings with 50 N and a
simultaneous thermal cycling with distilled water between 5°C and 55°C; 3,000 times with 2
min each cycle). A human molar was adjusted as antagonist in a three-point contact relation
on the pontic of the FPD in an articulator (AmmanGirrbach, Koblach, Austria) and both tooth
and FPD were transferred to the simulator. Antagonist-tooth relation was controlled with an
occlusal foil. All restorations were optically controlled during aging and failure during aging
was recorded.
After aging, all FPDs were loaded until failure using a testing machine (Zwick, Ulm,
Germany, v=1 mm/min). The force was applied using a steel ball (d=12 mm) while a tin foil
(1 mm thickness) between pontic and antagonist was used to prevent force peaks. The FPDs
were optically examined before and after fracture testing. Failure mode was divided into
fracture of the veneering or the core. Medians and 25%/75% of the fracture resistance [N]
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were calculated. Statistical analysis was performed using Mann Whitney-U test and twovariant Pearson correlation (α=0.05).

5.4 Results
The investigated systems showed fracture values after TCML from 987 N up to 1482 N.
There were no statistically significant differences between the two types of composite
veneering CPA and CSIE (p=0.083), although the treatment with phosphoric acid acrylate
revealed about 300 N higher median values. No significantly different results were found for
the three press veneering techniques (p>0.279), regardless of whether the ceramic was pressed
on without liner (987 N), pressed over with liner (1149 N) or pressed over and cut back for
subsequent veneering with layering technique (1089 N). The press systems provided the
lowest distribution of the fracture results. Press techniques had lower results compared to the
reference layering technique (1227 N), the variation with circular embossment (1482 N) and
both types with composite veneering (CPA: 1443 N and CSIE: 1136 N) The circular
embossment showed the highest median fracture results and highest individual value
combined with an extreme distribution of the results. All systems survived TCML without
any visible cracks or fracture of the veneering. The composite veneering showed a higher
occlusal wear in comparison to the ceramic veneering. After fracture testing, two types of
fracture, namely the chipping of the veneering in the connector area as well as fracture of the
core was found. For all press systems and CPA five chippings and three fractures of the core
were found. The layering ceramic and FPDs with CSIE treatment provided three chippings and
five fractures. FPDs with embossment showed seven core fractures and only one chipping.
Number and type of failure are provided in Fig. 5.3 and 5.4.
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Number of FPDs with different facture pattern (core fracture and chipping).

FPD design

Fig. 5.3:
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Fig. 5.4:

Fracture force of the tested FPDs according to type and material of veneering
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5.5 Discussion
All tested veneering variations on zirconia core, whether composite, layering or pressable
veneering, showed median fracture resistance between 987 N and 1482 N. These results are in
the same range as for other zirconia FPDs [21] and may be clinically applicable since all
tested FPDs should withstand posterior chewing forces of about 500 N [22] without damage.
In general, varying results between 706 N and 1900 N [23, 24] were found for zirconia FPDs
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without veneering according to the testing design and material. The influence of the veneering
is stated in FEA [15] and experimental investigations [10]. It was reported, that the
application of a veneering ceramic increased [1] or decreased the fracture resistance of allceramic FPDs.
Contrary to expectations, the press ceramic veneering provided only comparable or lower
fracture resistance in comparison to the conventional layering technique. Although higher
bond strength was found between the zirconia and press ceramic [17], the higher application
pressure and temperature that are supposed to affect flow behaviour of the ceramic and
wetting of the core did not improve the strength of the FPDs. A possible explanation might be
that a higher TEC of the press ceramics in comparison to the layering ceramics may have
caused different residual stresses on the ceramic interface. Only a marginally different
fracture pattern was found between the layering technique (5x) in comparison to press
veneering (3x), in what may be a small amount of evidence for variations of the bonding
between the core and veneering.
No significant differences, neither in fracture force nor fracture pattern were found between
the three different types of press veneering applications. This may suggest that the application
technique and marginal design are subordinate for achieving sufficient fracture resistance
under the applied testing conditions. Typical FPD fracture pattern [8, 25], which are chipping
and fracture from the connector area to the occlusal centre of the FPD, confirmed that the
marginal areas are not involved in the damage behaviour of FPDs. Repeated mechanical
loading on FPDs with inaccurate marginal adaptation would cause stress on the FPD margin.
In the long term fractures from the preparation line would be initiated especially when the
margin of the restoration consists of low strength veneering ceramic (press over technique).
Although liner is supposed to decrease the bonding strength in combination with the pressable
veneering [17], we found no reduction of fracture resistance when the liner was applied.
Astonishing results were found for the composite veneering. Although composite provided a
lower modulus of elasticity than ceramic, the fracture resistance of the composite veneered
FPD was in the same range as the results for the ceramic veneered FPDs and even somewhat
higher than some press ceramic veneered FPDs. Reasons may be explained by a minimal or
lacking chemical bonding between the inert zirconia and glass-ceramic veneering. Physically,
the bond between two materials is a result from differences in the brittle/elastic/visco-elastic
behaviour and shrinkage of the veneering onto the core. An influence of the core surface
roughness (due to milling or surface treatment) can be assumed and sandblasting of the core
may improve the micromechanical interaction. However, surface roughening may damage the
core by crack initiation or reduce the bond to the veneering due to splintering of superficial
ceramic layers in the long-term. During mechanical loading, local occlusal stress may
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superpose with global compressive residual stress, resulting in lateral cracks and chipping
[26]. The veneering ceramic with a small reliability may be affected especially with preexisting bulk or surface defects [27]. In contrast, the composite showed a good adaptability on
the zirconia core, and polymerization should cause shrinkage with mechanical interlocking
onto the core. Induced local polymerization stress, which may lead to stress cracking on alloy
FPDs during TCML [28], could not be found on the zirconia cores. In contrast to earlier
assumptions, thermal conductivity may influence stress cracking instead of thermal expansion
(alloy: ~15 x 10-6 K-1, zirconia: ~10 x 10-6 K-1 and composite ~65 x 10-6 K-1). A striking result
is found regarding the pre-treatment of the zirconia before the composite was applied. The
SIE treatment, which uses a grain boundary sliding mechanism that occurs during fast heating
to infiltrate the superficial layer of the PTZ framework with a glassy phase, showed good
fracture resistance. Superior values were found with a phosphoric acid acrylate. These results
underline the necessity of the core treatment on the bonding and, finally, strength of the FPDs.
Phosphoric acid treatment might improve the wetability of the zirconia surface with the
composite, but more probable is the fact that a chemical bonding is achieved between
phosphoric parts of the bonding agent and the zirconia surface on the one side and the
bonding agent and the composite on the other side [29]. Although SEM pictures illustrate the
difference between the zirconia surface with SIE or phosphoric acid acrylate treatment,
further investigations should be performed.
Beside the influence of veneering material and zirconia treatment on fracture resistance,
modified FPD design caused surprising results. Although median values were in the same
range of all other tested systems, extreme high forces – up to 2692 N! - were found. These
results may, on one hand, be attributed to an increased cross-section of the core, but on the
other hand, may confirm the influence of a veneering supporting core design on the overall
strength of FPDs. Especially in applications for patients with high chewing forces, such
framework design may help to avoid early failure of the veneering. It may be supposed that
the high deviation of the results may be attributed to the thickness variations and crack
initiation during milling of the embossment. Further investigations on this topic should be
performed.
Summarizing, the results indicate that small increases in fracture resistance of FPDs may be
achieved with layering ceramic veneering in comparison to press-ceramic alternatives. The
strength of the FPDs seemed to depend on the properties of the veneering ceramic itself.
Composite veneering on zirconia may profit from additional bonding after the zirconia
surface treatment, and the design of the framework may furthermore improve the fracture
resistance of FPDs.
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Fracture force and marginal adaptation of
computer aided manufactured zirconia FPDs.
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6.1 Abstract
Objective. The aim of this in-vitro study was to compare the fracture resistance and marginal
adaptation of zirconia three-unit fixed partial dentures (FPDs).
Materials and Methods. Sixteen FPDs were fabricated from three different zirconia systems
and corresponding ceramic veneering. Eight FPDs of each system were adhesively bonded or
cemented. After artificial aging, the fracture resistance of the FPDs was determined. The
marginal adaptation at the interfaces between cement-tooth and cement-crown was evaluated
with scanning electron microscopy using replica specimens before and after aging.
Results. The three tested zirconia systems Cercon (1525 N), Digizon (1332 N) and Lava
(1062 N) showed no significantly different fracture force with conventional cementation. The
fracture force with adhesive bonding was about 60-90% lower when compared to
conventional cementation. Prior to aging, all systems showed about 85%-95% perfect margins
at the interfaces of cement-tooth or cement-crown. After aging, the interfaces of the
conventionally cemented restorations and the adhesively bonded Lava FPDs deteriorated by
about 5%.
Conclusion. Conventional cementation or adhesive bonding showed only limited influence on
fracture resistance and the marginal adaptation of zirconia FPDs.
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6.2 Introduction
High aesthetics and good biological compatibility, which are confirmed by long-term
experience, recommend pressable all-ceramics for clinical application. However, a low
fracture resistance restricts the indication of these all-ceramics to anterior indications and
posterior crowns. The use of high-strength hot isostatic pressed (hip) or partly stabilized
zirconia ceramics in combination with computer-aided manufacturing (CAM) allows for
enlarging the indication of all-ceramics to replace posterior teeth and to fabricate longer span,
tooth–coloured restorations. Zirconia has high fracture strength with a small range of strength
variation and a high structural reliability compared to conventional dental ceramics [1, 2]. The
fabrication concepts reach from manufacturing pre-sintered ceramics (Cercon, DeguDent,
Germany; Lava, 3M Espe, Germany) to the milling of high-strength hipped zirconia (Digizon,
Girrbach, Germany). All systems use CAM, but modelling of the restoration may follow a
different philosophy, such as scanning a wax-up (Cercon) or computer-aided design (CADLava, Digizon). For aesthetics, function and protection, the zirconia cores are veneered with
modified conventional glass-ceramics in a layering or press technique.
Compared to press ceramics, where adhesive bonding is required for increasing the strength
of the entire restoration [3], alternative (conventional) cementation is permitted for zirconia
ceramics [4]. Strong differences in modulus of elasticity, film thickness, fracture toughness,
compressive strength and others [5-7] were found between the available types of cements. All
of them might influence the strength of a restoration, but e.g. finite element analysis [8]
showed only small influence of film thickness or modulus on the stress of the restoration.
Good bonding was found for zirconia with adhesive bonding [9, 10], but also some
deterioration was described after in-vitro aging [11]. Conventional cementation of zirconia
crowns showed comparable retentive strength compared to adhesive bonding [12].
Admittedly, a conventional cementation may be restrained due to the obtuse preparation angle
applied in the data digitizing process. Loading under clinical conditions, as well as in-vitro
mechanical and thermal loading or moisture deteriorate the strength of the zirconia and may
decrease the marginal adaptation of the restoration. Scarce clinical reports of zirconia dental
materials [13-15] are provided, and the long experience of zirconia in surgery allows no
conclusions to the in-vivo behaviour in a dental application.
The aim of this investigation was to compare different competitive zirconia core materials
with corresponding veneering after a simulated wearing period of five years. The influence of
the cementation on the marginal adaptation and the fracture resistance were determined.
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6.3 Materials and Methods
The roots of the human molars (n=96) were coated with a 1 mm thick layer of polyether
material (Impregum, 3M Espe, Seefeld, Germany) to simulate human periodontium and then
they were inserted into PMMA resin (Palapress Vario, Kulzer, Wehrheim, Germany) forming
an oral gap of 10 mm. Loaded with 50 N, the layer allows a maximum mobility of the single
tooth in axial and vertical directions of 0.1 mm. Human molars were used to ensure a
clinically relevant modulus of elasticity of the abutments and to simulate a relevant bonding
between fixed partial dentures (FPDs) and tooth. Varying dimension of the teeth was,
therefore, accepted. All teeth were prepared according to the directives for ceramic restoration
techniques using a 1 mm deep circular shoulder crown preparation. Sixteen FPDs of each
zirconia material group listed in Table 6.1 were fabricated according to the manufacturer’s
instructions.
The yttria-stabilized Cercon and Lava cores were milled in a pre-sintered ceramic condition
and sintered to the final dimensions. Digizon FPDs were milled of a sintered, high-strength
hipped zirconia ceramic. All zirconia frameworks were veneered with the corresponding
veneering ceramics (Table 6.1).
Table 6.1:

Materials, manufacturer, cementation and pre-treatment.

Material/

Manufacturer Conventional

Adhesive

Zirconia

Cementation

Bonding

Pre-treatment

Veneering
Lava/

3M Espe, USA Glass-ionomer Ketac Syntac classic/
Cem, 3M Espe, USA Variolink2,

Lava Ceram

Rocatec Soft,
3M Espe, USA

Digizon/

Amman-

Resin-modified

Ivoclar-

Al203 (110 μm,

GC Initial

Girrbach,

Glass-ionomer: Fuji

Vivadent, FL

2 bar)

Austria/

Plus, GC, USA

GC, USA
Cercon/

DeguDent,

Zinc Phosphate:

Al203 (50µm,

Cercon Ceram S

Germany

Harvard, Richter &

2bar)

Hoffmann, Germany
For comparing the type of cementation, eight FPDs of each group were adhesively luted with
dual-curing composite, and eight FPDs were cemented with a conventional cement that was
recommended by the manufacturer.
An artificial aging was performed to simulate a 5-year period of oral service. The loading
parameters were [16] 1,200,000 mechanical loads with 50 N and a simultaneous thermal
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cycling with distilled water between 5°C and 55°C (3,000 times with 2 min each cycle). A
human molar was adjusted as antagonist on the pontic of the FPD in a dental articulator
(Amann-Girrbach, Koblach, Austria) and both tooth and FPD were transferred to the artificial
simulator. Antagonist-tooth relation was controlled with an occlusal foil.
Fracture testing: After aging, all FPDs were loaded until failure using a testing machine
(Zwick, Ulm, Germany, v = 1 mm/min). The force was applied using a steel ball (d = 12mm)
while a tin foil (1 mm) between pontic and antagonist was used to prevent force peaks. The
FPDs were optically examined before and after the fracture testing. Failure mode was divided
into the fracture of the veneering or the core. Medians and 25%/75% of the fracture resistance
[N] were calculated.
Marginal adaptation: For the semi-quantitative analysis of the marginal adaptation [17] both
the cement-tooth- and the cement-restoration-interfaces were examined using the scanning
electron microscope (SEM) Stereoscan 240 (Cambridge Instruments, Nußloch, Germany).
Therefore, replicas (Epoxy VP 1031; Ivoclar-Vivadent, Schaan, Liechtenstein) of the
approximal marginal areas distal of the replaced teeth of the FPDs were made before and after
TCML by taking impressions (Permadyne, 3M Espe, Seefeld, Germany). The replica were
prepared for the analysis in the SEM and the marginal areas were classified as „perfect
margin“ (= smooth transition, no interruption of continuity) or „marginal gap“ (= separation
of the components due to adhesive and/or cohesive failure) [18]. Statistical analysis was
performed using Mann Whitney-U test (α=0.05).

6.4 Results
Fracture Force: The three tested zirconia systems Cercon (1525 N), Digizon (1332 N) and
Lava (1062 N) showed no significantly different fracture force after conventional
cementation. The median fracture forces with adhesive bonding were 1227 N (Cercon), 843 N
(Digizon) and 992 N (Lava). Only Digizon had significantly higher fracture force (P=0.003)
with conventional cementation compared to adhesive bonding. No failures occurred during
TCML. The failure mode of all restorations after the facture test was a chipping of the
veneering ceramic or a fracture of the zirconia core. No flamboyant differences were found
between the failures of adhesive bonded or cemented FPDs: Lava FPDs showed two
chippings and six core fractures when either adhesively bonded or conventionally cemented.
The hipped zirconia Digizon provided two core and six chippings with adhesive bonding and
three core fractures and five chippings with conventional cementation. Cercon had five core
fractures and three chippings with resin bonding and five chippings and three core failures
with zinc-phosphate cementation. Details are given in Table 6.2.

97

Chapter 6
Table 6.2:

Fracture force [N] of FPDs with different cementation (median, 25%/75%);
number and type of failures; (ZnPh: Zincphosphate cement; RGIC: Resin
modified glass-ionomer cement (GIC)).

Material

Cementation

Fracture force 25%
[N] median

75%

Failure mode:
core/veneering [number]

Digizon

Adhesive
RGIC
Adhesive
GIC
Adhesive
ZnPh

843
1332
992
1062
1227
1525

945
1474
1596
1146
1467
1802

2/6
3/5
6/2
6/2
5/3
3/5

Lava
Cercon

738
1131
815
941
1115
1323

Marginal Adaptation: results and statistical information of the marginal adaptation are shown
for the interfaces between cement-crown (Fig. 6.1) and cement-tooth (Fig. 6.2).
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Fig. 6.1:

Marginal adaptation (Perfect Margin (%)) at the interface: Cement-Crown
Above: conventional cementation; below: adhesive bonding (statistics: MannWhitney U-test, p=0.05; median, 25%/75%).
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0.073

60

0.110

0.072
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Perfect Margin [%]

40
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TCML

conventional
cementation
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after

0
Digizon

Lava

0.800

0.265

Cercon

100
90
80
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0.926

50

Perfect Margin [%]

40
30
20

adhesive bonding

TCML

10

before
after

0
Digizon

Lava

Digizon

Cercon

Lava

Before/after TCML adhesive

conventional

Lava

0.000/0.000

0.897/0.451

Cercon

0.151/0.287

0.752/0.202

adhesive

conventional

0.000/0.000 0.809/0.507

The adhesively fixed Digizon and Cercon FPDs had a perfect margin of 100% at the
interfaces, cement-tooth and cement-crown, before and after TCML. Only Lava showed
significantly lower values (90%) before aging, which deteriorated further to about 85%
perfect margin after TCML.
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Fig. 6.2:

Marginal adaptation (Perfect Margin (%)) at the interface: Cement-Tooth
Above: conventional cementation; below: adhesive bonding (statistics: MannWhitney U-test, p=0.05; median, 25%/75%).
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Prior to aging, more than 95% perfect margins were found for all conventionally cemented
FPDs, without significant differences among the three ceramics. TCML caused a max. 5%
decrease of the median perfect margin for all materials, but at the cement-crown interface,
Lava and Cercon FPDs showed a wider distribution of the results. At the cement-crown
interface, a spreading between 85% (1st quartile) to 98% (2nd quartile) was found for
conventionally cemented Cercon FPDs.
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6.5 Discussion
The results of the zirconia restorations were twice and thrice as high as the values of
comparable FPDs made of pressable ceramic (Empress2: 387 N) [19] and exceeded the
loading requirements of 500 N for replacing posterior teeth [20]. The broad distribution of the
fracture results restricts the significance of our results, but it represented the individuality of
the clinically relevant FPDs. Differences in fracture resistance of the three zirconia materials
with identical adhesive bonding may be attributed to the milling process (milling traces) or
material properties (grain size distribution). The Digizon FPDs, which were milled of the
hipped sintered ceramic, showed no advantages compared to the two other systems that were
fabricated in pre-sintered state. Milling of high-strength hipped zirconia is supposedly for
inducing cracks and superficial roughness, reducing the strength of the FPDs [21, 22]. For
decreasing superficial stress, annealing of the cores is proposed [23] but not recommended by
all manufacturers.
Adhesive bonding with resin-composite cement did not improve the fracture strength of the
zirconia FPDs. In contrast, the median fracture force in tendency was higher with the
conventional cementation. A reason may be a limited chemical conversion caused by
restricted light activation of the dual curing composite cement through the opaque zirconia
ceramic. It was found that not all resins polymerize adequately under different polymerization
conditions [24]. It is supposed that hydrophilic conventional cements may show a better
wetting capability of the zirconia surface. Phosphoric acids/monomer derivates were
discussed for improving the wetability and bonding quality of the zirconia surface further [9,
10, 25]. Laboratory tests showed a higher bonding strength of zinc phosphate or glass
ionomer compared to adhesive bonding [26], but pull-off tests of zirconia crowns
demonstrated no different retentive strength using different types of cements [12]. Varying
properties (Young’s modulus, compression strength etc. [5-7]) or bonding of the cement
contribute to the fracture resistance of glass-ceramics [27], but an influence on the stability of
high-strength zirconia may be excluded. Resilience of the cement may raise the mobility of
the restoration, increasing torsion and the danger of fracture. In SEM marginal analysis, we
found no failures in the matrix or between matrix and particles in glass-ionomers and microfractures of the zinc phosphate cement, both are damages which might contribute to a
deterioration of especially highly loaded margins [5]. Polymerization stress, which is caused
by thickness variations of the cement layer [28], is described, but we found sufficient
marginal adaptation of the resin cement before and after TCML. An insufficient fitting of the
FPDs as a result of the framework configuration [29] may cause resilience [30] and strength
reduction in the long term. SEM analysis showed that the adaptation between the zirconia and
cement was good, with 95% perfect margin. Nevertheless, a small decrease was found after
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aging, indicating a deterioration of this interface. The adhesively bonded Lava restorations
showed a lower but sufficient share of a perfect margin compared to the other zirconia
systems. The application of alternative adhesive bonding systems may provide significantly
better marginal adaptation [31]. Superficial ceramic treatments, such as hydrofluoric etching,
do not activate the inert zirconia surface, whereas soft air- abrasion with small Al2O3particles, tribochemical treatments [10] or pyrosil technologies [32] were supposed to
improve bonding properties. The clinical consequences of the lower marginal adaptation were
estimated as small, but the ultimate importance of this deterioration must be cleared in clinical
tests. Caution is required when conical, low retentive preparation designs were used as
contribute to the digitizing process. A separation of the interface may be supported under
tensile load, e.g. taking off impressions.
The results indicated that adhesive bonding, as required for other non-zirconia ceramic
systems, is not necessary for the cementation of zirconia. An easy application of zirconia
FPDs even under subgingival or moisture conditions with conventional cementation seems
possible. The use of three different conventional cements confined the comparability of the
results, although clinical relevance was improved using the recommended cements.
Summarizing the results, all tested zirconia FPDs showed good to sufficient fracture
resistance and marginal adaptation and might not be restricted for clinical application.
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Fracture performance of computer aided manufactured
zirconia and alloy crowns.
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7.1 Abstract
Objective. The aim of this in-vitro study was to compare the fracture resistance and fracture
performance of CAD/CAM zirconia and alloy crowns.
Materials and Methods. One electrophoresis alumina ceramic (Wolceram) and four zirconiabased systems (ce.novation, Cercon/Cercon Ceram Kiss, Digizon/GC Initial and Lava/Lava
Ceram) were investigated. A porcelain-fused-to-metal method (Academy/Vita Omega) was
used either in the conventional casting technique or in laser sintering. Sixteen crowns of each
material were fabricated and veneered with the corresponding ceramic. Crown and root
dimensions were measured. Eight crowns of each system were adhesively bonded or
conventionally cemented. After artificial aging, the fracture resistance and fracture pattern
were determined. Defect sizes were analyzed and investigated by fractographic means (SEM).
Results. The fracture force of the tested systems after aging varied between 1111 N and 2038
N with conventional cementation and 1181 N and 2295 N with adhesive bonding. No
significant differences were found between adhesive or conventional cementation. Fracture
patterns were in most cases a chipping of the veneering ceramic and, in single cases, a
fracture of the core. Only in one case could a fracture of the tooth be determined.
Conclusion. Fractographic analysis revealed that the fracture origin was located on the
occlusal surface. Conventional cementation showed no disadvantages in respect to the
fracture behaviour.
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7.2 Introduction
Long-term experience, as well as high aesthetics and good biological compatibility
recommend press ceramics for clinical application as adhesively bonded posterior crowns.
With the promise of new and faster technologies (computer-aided design/manufacturing:
CAD/CAM), as well as easier handling (no adhesive cementation required) and strength
increase, new materials try to capture the market. Standardized computer-controlled ceramic
fabrication processes such as milling (Lava, Cercon), ceramic built-up (Ce.novation) or
computerized slip casting/electrophoresis (Alumina-ceramic Wolceram) are discussed for
optimized quality in contrast to technician-made restorations. High-strength hot isostatic
pressed (hip) or partly stabilized zirconia ceramics have a high fracture strength with a small
range of strength variation and a high structural reliability compared to conventional dental
glass-ceramics [1, 2]. Metal-based restorations can be fabricated conventionally via casting
techniques or alternatively with Laser-sintering (Bego Medical, G). There should be only
small differences in composition and final structure of the alloys, independent of whether they
are laser-sintered or conventionally melted.
The computer-based fabrication process is started by digitizing the clinical situation with a 3D scanner, and then the cores of the restorations are then CAD-designed and finally fabricated
in the particular CAM process. One system allows for the alternative scanning of wax-upmodels (Cercon). A weak point in view of processing and strength may be that the
CAD/CAM cores had to be veneered with comparable low-strength conventional glassceramics in press- or layering technique. Chipping of the veneering ceramic has already been
reported in the past with porcelain fused to metal (PFM) restorations [3], but especially
chipping of veneering ceramic from zirconia is widely discussed [4-6] with the rise of the
actual zirconia systems. Basic effects of the veneering on the interface core/veneering [7] as
well as on fracture performance of two- or three-layer specimens are reported and help in
understanding the failure mechanisms [8-10]. Laboratory results allow for predicting the
combination of different material layers, but failure type and pattern may vary for clinically
relevant restorations. A main reason may be found in the individual design and dimension of a
special restoration where, for example, the compliance of veneering thickness is difficult to
achieve. On the other side, the in-vivo conditions may differ from loadings in the laboratory.
For investigating the performance of new materials, fracture benchmark tests were performed.
However, these static test on dental restorations may reveal a different failure pattern in
comparison to the in-vivo situation [11, 12]. Beyond this, the influence of improper,
alternative tooth abutment material (e.g. steel) [13-15] may falsify the results. Simulation
procedures with dynamic loading and thermal cycling with clinically relevant chewing forces
and bath temperatures may help for aging the specimens and cause a clinical-approximated
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performance of the restorations [16, 17]. Failures, which appear during simulation can be
compared to failures during oral application and may help to estimate the lifetime of new
materials. If no failure occurs during simulation, a subsequent static fracture test may allow
for locating initiated weak points or at least compare the tested materials to clinically wellknown systems. Basic fractographic information [18, 19] that describes ceramic failures as
initiated by flaws or damages from the marginal side or occlusal surface [12] contribute to
valuating the results.
The aim of this investigation was to evaluate the failure force and fracture performance of
different all-ceramic- and metal-based crowns after simulation of oral service. The influence
of the crown dimension and type of cementation on the fracture should be determined.

7.3 Materials and Methods
The roots of the human molars (n=96) were coated with a 1 mm thick layer of polyether
material (Impregum, 3M Espe, Germany) to simulate human periodontium, and inserted into
PMMA resin (Palapress Vario, Kulzer, Wehrheim, Germany). This layer allows a maximum
mobility of the tooth in axial and vertical directions of 0.1 mm at a load of 50 N. Human
molars were used to ensure a clinically relevant modulus of elasticity of the abutments and to
simulate a relevant bonding between crowns and tooth. All teeth were prepared according to
the directives for ceramic restoration techniques, using a 1 mm deep circular shoulder crown
preparation. Sixteen crowns of each material group listed in Table 7.1 were fabricated
according to the manufacturer’s instructions. All frameworks were veneered with the
corresponding veneering ceramics.
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Table 7.1:

Materials, manufacturer and type of cementation.

Core/

Manufacturer

Conventional

Adhesive

Cementation

Bonding

Bego, G/ Vita

Harvard,

Syntac classic/

Zahnfarbik, G

Richter &

Variolink2,

Biopont/Vita Omega

Bego, G/ Vita

Hoffmann, G

Ivoclar-

Lasersintering

Zahnfarbik, G

Cenovation

ce.novation, G

Cercon/

DeguDent, G

Veneering
Biopont/Vita Omega

Vivadent, FL

Cercon Ceram Kiss
Digizon/

Girrbach, G/

GC Initial

GC, USA

Lava/

3M Espe, USA

Lava Ceram
Inceram (Wolceram) /

Wolceram, G/ Vita

Vita Alpha

Zahnfabrik, G

For comparing the type of cementation, eight crowns of each group were adhesively luted
with dual-curing composite (Variolink2, Syntac classic, Ivoclar-Vivadent, FL), and eight
crowns were cemented with conventional zinc-oxide-phosphate cement (Harvard, Hoffman&
Richter, Germany). The dimensions of the investigated teeth and crowns were determined for
the adhesive/conventional cementation: height of the crown [mm]: 6.8 ± 1.1 / 6.9 ± 1.0; length
of the root [mm]: 11.5 ± 2.2 / 10.9 ± 2.0; length distal-mesial [mm] 9.4 ± 1.4 / 9.0 ± 1.6; and
length palatinal-buccal [mm]: 9.9 ± 1.0 / 9.9 ± 1.1.
An artificial aging was performed to simulate a 5-year period of oral service. The loading
parameters were [16]: 1 200 000 mechanical loads with 50 N and a simultaneous thermal
cycling with distilled water between 5°C and 55°C (3,000 times with 2min each cycle). A
human molar was adjusted as antagonist in a dental articulator (Girrbach, G) and tooth and
crown were transferred to the simulator. Antagonist-tooth relation was controlled with an
occlusal foil. Aging was interrupted each 100,000 mechanical loadings and the crowns were
optically investigated for failures (fracture, chipping).
Fracture testing: After aging, all crowns were loaded until failure using a testing machine
(Zwick, Ulm, Germany, v=1 mm/min). The force was applied using a steel ball (d=12 mm)
while a tin foil (1 mm) between crown and antagonist was used to prevent force peaks. The
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crowns were optically examined before and after fracture testing. Failure mode was divided
into initial crack, chipping in the veneering ceramic, chipping down to the framework and
fracture of the core or the tooth (Fig. 7.1). The location and the size of failure were analyzed
in mesial, distal, buccal or lingual direction.
Fig. 7.1: Type of failure
crack

fracture in the veneering
fracture between framework and
veneering
fracture tooth/crown

Medians and 25%/75% of the fracture resistance (N) were calculated. Statistical analysis was
performed using One-way ANOVA and Kruskal Wallis test (α=0.05) (15).

7.4 Results
The mean fracture resistance of the tested systems varied between 1111 N and 2118 N with
the conventional cementation and 1181 N and 2295 N with adhesive bonding. All tested
systems showed no significant different fracture force after either conventional or adhesive
cementation. The fracture force with adhesive bonding was lower for the systems Biopont
laser, Digizion and Lava compared to conventional cementation, whereas the other systems
revealed higher fracture strength with adhesive bonding (Fig. 7.2).
Main failure types were chippings of the veneering ceramic. For Cercon and Wolceram, one
fracture of the framework could be found with both types of cementation. For Cennovation,
one core fracture could be determined with conventional cementation and two core fractures
with adhesive bonding. In only one case of the Cercon group with conventional cementation
was a tooth fractured observed. The detailed fracture pattern is shown in Table 7.2.
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Fig. 7.2:

Fracture force [N] after TCML (mean, standard deviation std).
Cement

3500.00

Variolink
Harvard

Fracture Force [N]

3000.00

2500.00

2000.00

1500.00

1000.00

500.00
Biopont

Table 7.2:

Biopont
laser

Cennoation

Cercon
Kiss

Digizon

Lava

Wolceram

Number [n] and type of failure (defect type see Fig. 7.2.).

adhesiv /
tooth core chipping crack fracture in the fracture between
conventional
veneering
framework and
veneering
ad
8
3
5
Digizon
co
8
2
4
2
ad
8
8
Lava
co
8
8
ad
2
6
2
4
Cenovation
co
1
7
2
5
1
ad
1
7
5
1
Cercon
Kiss
co
1
1
6
2
4
ad
1
7
1
7
Wolceram
co
1
7
8
ad
8
2
6
Biopont
co
8
8
ad
8
8
Biopont
laser
co
8
8
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The share of the failed veneering was related to the surface of the whole crown. Here we
found failures between 5% and 32% (Fig. 7.3).
Fig. 7.3:

Crown area [%], which was affected by failure (mean, std).
Cement

50,00

Harvard
Variolink

Failure Crown Area [%]

40,00

30,00

20,00

10,00

0,00
Wolceram

Lava

Cercon Kiss

Cennovation

Digizon

Bio_laser

Bio_melt

PFM restorations and Cercon Kiss (adhesive) provided the lowest share of failed veneering
with values of about 10% or lower. No significant differences in the propagation of the
defects could be determined whether adhesive bonding or conventional cementation was used.
The defects in tendency were broader on mesial and distal tooth-sides compared to labial or
palatinal sides (Fig. 7.4a/b).
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Fig. 7.4a:

Crown area [%], which was affected by failure (mean, std; distal / mesial side)
distal
mesial

1,0
0,8

Harvard

0,6
0,4

0,0

Cement

failure size [%]

0,2

-0,2

1,0
0,8

Variolink

0,6
0,4
0,2
0,0
-0,2
Wolceram

Lava

Cercon Kiss Cennovation

Digizon

Bio_laser

Bio_melt

Material

Fig. 7.4b:

Crown area [%], which was affected by failure (mean, std; palatinal / labial
side)
palatinal
labial

1,0
0,8

Harvard

0,6
0,4

0,0

Cement

fialure size [%]

0,2

-0,2

1,0
0,8

Variolink

0,6
0,4
0,2
0,0
-0,2
Wolceram

Lava

Cercon Kiss Cennovation

Digizon

Bio_laser

Bio_melt

Material
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7.5 Discussion
Neither the fracture force nor the fracture pattern revealed significant differences between the
adhesive and conventional cementation of the tested crowns. Assuming that the strength of
the tested ceramic crowns was reduced by cycling loading [20, 21], which in our case was
supposed to simulate oral service of about five years [17] the fracture loading of the tested
systems after TCML was high enough to resist chewing forces in posterior applications. The
results exceed postulated requirements of 500N for replacing posterior teeth [22].
All results showed that a broad distribution of the fracture values restricts the significance of
the investigation, indicating the high individuality of the restorations. On the other hand, the
measured dimensions of the crowns had no significant influence on the fracture results, as
described for crown material or thickness [14]. The wide distribution of the results may be
explained by the Weibull distribution for ceramic materials in combination with individual
veneering dimensions of the crowns. This means that the distribution of the results already
starts at low values, increases to a maximum and finally shows a steep decrease [23]. Beyond
this, the fracture behaviour of a ceramic is strongly influenced by fabrication and defect size
(density, severity, flaws, voids or cracks) [24]. Improper finishing of the abutment or occlusal
surface may cause additional microstructure damages.
The hipped sintered zirconia (Digizon) showed no strength advantages compared to the other
systems that were milled in a pre-sintered state (and sintered to the final dimensions after
milling) or fabricated in a grow-up process. The electrophoretically manufactured alumina
crowns and one zirconia system provided lower fracture values between 1180 N and 1310 N,
but they were not statistically different from the PFM crowns [25]. Comparing the two PFM
crown types with each other, there was also no statistically significant difference.
Contrary to expectations the fracture results were comparable to adhesively bonded glass- or
leucit-reinforced all-ceramic systems [15, 26, 27]. In contrast to results for ceramics with a
lower modulus of elasticity (~100GPa) [14], different cement properties with differences of
Young’s modulus or compression strength did not contribute to the fracture resistance. It can
be argued that the fracture strength depended on the strength of the weakest part of the crown.
Whereas glass-ceramic is reported to fracture, the tested systems with higher strength core
ceramic provided chipping of the comparable low-strength veneering ceramic in most cases in
contrast to the fracture of the high-strength core. This confirms laboratory bonding results
where reduced bond strength is described as related to the veneering ceramic [7].
The SEM fractographic analysis showed that the fracture origin was located on the occlusal
surface in most cases. Here, the antagonist caused wear or superficial flaws during TCML,
which in the following fracture test was the origin of the fracture or chipping (Fig. 7.5).
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Fig. 7.5:

SEM figure of a typical crown failure (Cercon; magnification: 10x)

These results are partly in agreement with investigations on in-vivo failures on glass-ceramic
systems where a failure pattern from occlusal and marginal areas was described [12].
SEM pictures also demonstrated that chipping may be divided into two different types: on one
side, chipping was interfacial between cores and veneering ceramic. On the other side, the
crack ran in the veneering itself. In this case, a thin layer of the veneering ceramic remained
on the core material. It is supposed that the fracture strength of these high-strength
restorations is therefore influenced by the strength of the veneering material itself and the
veneering-core bonding. Both failure patterns are described in laboratory investigations on
specimens [9, 10], but some authors describe mainly interfacial [7] or inter-veneering failures
[26]. The results underline the requirement for a core design that supports the occlusal
veneering ceramic [28, 29]. Insufficiently performed occlusal adaptation of the veneering may
cause superficial defects that may cause chipping damage in long term [30]. Among others,
the survival of a high-strength zirconia restoration is therefore dependent on the quality and
the handling of the low-strength veneering.
It can be concluded that adhesive bonding, as required for other non-zirconia ceramic
systems, seems unnecessary for high-strength ceramics and may therefore allow an easier
application even under subgingival or moist conditions. The described failure modes indicate
a high strength of the core materials as well as the sufficient bonding between the zirconia and
veneering. Summarizing the results, all tested systems showed good to sufficient fracture
resistance and no influence of the type of cementation on the fracture resistance or fracture
pattern. For reducing chipping and increasing fracture resistance, an occlusal supporting
framework design should be guaranteed.
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Shear bond strength between cement and zirconia.
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8.1 Abstract
Objective. This study investigated the shear bond strength of various cements to zirconia
ceramic.
Materials and Methods. Eighty coplanar zirconia disks (20 mm x 10 mm x 2 mm; n = 8 per
group) were bonded to CoCr-cylinders. All bonding areas were sandblasted using 110 µm
Al2O3. Four self-adhesive resin cements and four resin cements were investigated, partly in
combination with a tribochemical/silane treatment. All cements were auto-polymerizing. The
shear bond strength (SBS) was determined after 24 h, 30 and 90 days of water storage, and
after 12 000 thermal cycles. Statistics: Mann Whitney U test; α=0.05.
Results. SBS after 24 hours varied between 9.5 MPa for the control and 37.3 MPa for
Multilink. After thermal cycling, the values for Maxcem, Variolink with Rocatec and RelyX
increased between 0.9 (Variolink with Rocatec) and 6.3 MPa (Maxcem). SBS for all other
bonding systems decreased between 1.0 (RelyX HM) and 16.8 MPa (Multilink). Thirty days
of storage in water reduced the SBS in comparison to the results after 24 h for all materials.
Only RelyX and Variolink with Rocatec showed an increase between 3.4 and 11.6 MPa. After
90 days of storage, the different systems provided a SBS above 9.1 MPa. All samples of
Maxcem failed after 90 days of storage. The failure mode in most cases was adhesive.
Conclusions. The systems with additional procedure steps are not superior to the simple selfadhesive methods. Some self-adhesive bonding concepts can successfully bond to the
zirconia. The durability of the bonding between resin and zirconia can only be judged after
long-term water storage.
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8.2 Introduction
During the 1950s, standards for crown retention were described on the basis of taper, height,
and surface area [1]. Decreasing taper and increasing both the preparation height and surface
area increased the retention of the conventionally cemented crowns. Investigations by
Palacios [2] and Ernst [3] evaluated the axial retention stress of low tapered (10° Palacios, 5°
Ernst) abutments. They found that resin-modified glass ionomers retained experimental
crowns as well as adhesive resin cements. It has been reported that the retentive values of
adhesive resins at 24° taper were 20% higher than the retention values of conventional
cements at 6° taper [4]. The retention standards of tapers less than 10 degrees cannot be
fulfilled in all clinical cases and, therefore, adhesive bonding is promoted to safely lute a
restoration if the mechanical retention is insufficient. In contrast to cast dentures, CAD/CAM
restorations have a rough surface, due to the manufacturing process [5] that promotes an
additional micromechanical interlocking of the luting agent. Nevertheless, for the restoration
of ceramic implant abutments, the standards of crown retention are often not ensured: the
height of an abutment is often low, the surface area is small due to screw channels or small
diameters and depending on the implant insertion path the taper-degrees are high.
Additionally a contamination during try-in may reduce bond strength [6]. Therefore, the
cementation of the zirconia restorations on teeth, but especially on zirconia abutments/
implants may require special bonding technologies. In these cases, the chair-side treatment is
improved if the dentist may resign to expensive ceramic pre-treatments.
Hydrofluoric acid etching does not work with zirconia surfaces because of a lacking glass
phase. Some investigations describe roughening with sandblasting to achieve a resin-tozirconia bond [5]. Good bonding qualities are described with these treatments [7, 8], but their
application may also change the state and phase of the zirconia surface and damage the
ceramic in the long-term [9, 10]. Sandblasting may damage thinly designed crown margins,
and if it is applied in-vivo, it may harm the gingival tissue or implant body.
Silane coupling agents are wetting the bonding surface and lower the surface tension. It was
demonstrated that silane can strengthen the bond between silica-based ceramic and resin
cement [11, 12]. However, silanes in general fail to link between the resin and zirconia oxideceramic [13]. A sufficient bond between these components was demonstrated only for special
silane coupling agents and after short term water storage [12], but this bond fails with
increasing storage time due to hydrolysis [8, 13, 14]. Other pre-treatment methods are plasma
spray treatment, addition of low-fusing porcelain layers [15], tribochemical silica coating
(Rocatec, 3M Espe) [5, 13], or phosphate acid ester monomers [8, 16]. The latter was
described to successfully bond resin to zirconia [13, 16]. However, Kern and co-workers
emphasized that all these procedures can only be judged if a water storage time was prolonged
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over a period of 30 days [13]. Unfortunately, many investigations only take thermal cycling
and storage less than one week into consideration. Therefore, they were not able to show the
impact of hydrolysis on the zirconia-to-resin bond.
This study investigated different zirconia-to-resin bonding concepts after different storage
conditions. The aim was to favour methods which are easy to use. Self-adhesive composite
cements were compared with silicoating and phosphate-ester monomer systems. The
hypothesis was stated that after thermal cycling or long-term water storage of 90 days, the
shear bond strength of easily applied self-adhesives could not maintain the level of
sophisticated multi-step systems.

8.3 Materials and Methods
Specimen preparation
Eighty coplanar specimens of a zirconia ceramic (Cercon base, colour white; 93 wt %
zirconium oxide, 5 wt % yttrium oxide, > 2 wt% hafnium oxide, > 1 wt % aluminium oxide
and silicon oxide, DeguDent, G) were cut. The specimens were ground flat using a trimming
device (Reco GMT 5330, Ritter, G) and sintered for six hours (1350°C) to their final
dimensions (thickness 2 mm, length 20 mm, width 10 mm). The resulting surface was
comparable to the surface after milling. The surface roughness was 0.9 µm.
A total of eighty cobalt-chromium (CoCr; Dentitan; 69.5 wt % Co, 24 wt % Cr, 4.5 wt % Mo
and 2 wt % Ti; Krupp, G) cylindrical specimens were cast (Globocast HF3, Krupp, G). The
specimens had a diameter of 5 mm and a height of 3 mm. The front sides of the cylinders
were ground flat using a Motopol grinding machine (Al2O3, grain 800). The surface roughness
after treatment was 1.2 µm.
The zirconia specimens and the front sides of the CoCr cylinders were all airborne particle
abraded with 110 µm Al2O3 for 10 seconds at 2.8 HPa. A punched tape coated the zirconia
specimens in order to restrict the working area to a diameter of 5 mm (bonding area: 19.625
mm2). The CoCr surface was treated with Metal Primer (GC, Tokyo, J).
Application of the luting agents
All resin cements (Table 8.1) were mixed and applied at room temperature under orange
room light to hinder light-triggered polymerisation and to guarantee auto-polymerization. A
thin cement layer was placed onto the front side of the CoCr cylinder and then pressed onto
the bonding area of the zirconia specimens. The cement was allowed to set under a constant
weight of one kilogram for five minutes. Surplus cement was removed. The specimens were
randomly assigned into four subgroups with eight specimens per group. Group 1 was stored
for 24 hours in distilled water at 37°C. The second group underwent 12,000 thermal-cycles in
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distilled water with an alternating temperature of 5°C/55°C changing every 2 minutes. The
entire thermal cycling process lasted 17 days. The third group was stored for 30 days and the
fourth group for 90 days in distilled water at 37°C.
Table 8.1:
Resin

Resin cements and their application procedure on zirconia.
Manufacturer Primer on zirconia

cements
Maxcem

Mixing
procedure

Kerr, Orange,

No primer

Self-mixing

CA, USA
Multilink

Linking agent

Ivoclar-

Phosphategroups

SR Link allow to dry

Vivadent,
Schaan, FL

No primer

Rely X

3M Espe,

No primer

Unicem

Seefeld, G

Multilink
Sprint

automatic mixing
15s (Aplicap

Rely X

Rocatec Plus 13s

Unicem

Silane: Espe Sil

Rely X

No primer

Silicoating
hand-mixing 15s

Phosphategroups

Unicem
hand-mixing
Variolink II

Ivoclar-

Rocatec Plus 13s

low viscosity

Vivadent,

Silane: Espe Sil

Variolink II

Schaan, FL

No primer

Silicoating
---

CONTROL

low viscosity
Calibra

hand-mixing 20s

Dentsply,

Two times silane, 40s

Silane coupling

Konstanz, G

allow to dry mixture

agent

of Prime&Bond XP
and SCA (self-cure
Activator)
Panavia F

Kuraray,

No primer

Di-phosphate

Osaka, J
Shear bond strength test
Shear bond strength (SBS) was determined following ISO TR 11405. The specimens were
fixed in a shear bond device that allowed the shear chisel to strike the CoCr cylinder. The
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distance between chisel and alloy panel was 0.1 mm to avoid a cantilever effect on the
adhesive surface. The universal testing machine Zwick 1446 (Zwick, G) pushed the chisel
down at a cross-head speed of 1 mm/min. SBS was calculated using the formula:
Shear strength [MPa] = maximum force [N] / bonding area [mm2].
The fracture type was analysed using a Stereoscan reflected-light microscope (Zeiss, Jena, G).
A fracture was defined “adhesive” if more than 75% of the alloy surface (of the restricted
area) was visible. A “cohesive” fracture showed more than 75% of the surface covered with
resin. All other cases were classified as “mixed fractures”. Means and standard errors of
means were calculated. Statistical differences were determined using one-way ANOVA. The
level of significance was set at α = 0.05.

8.4 Results
Detailed information about the SBS results is provided in Fig. 8.1.
Fig. 8.1:

Shear bond strength (means, standard error of means, *: total failure; Roc=
Rocatec; cont=control; TC = thermal cycling).
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The shear bond strength after 24 hours varied between 9.5 MPa for the control and 37.3 MPa
for Calibra. The lowest values were found for the control Variolink without bonding (9.5
MPa) and Variolink with Rocatec treatment (13.2 MPa). Significantly highest results could be
determined for Calibra with bonding pre-treatment (37.3 MPa).
After thermal cycling (TC), the values for Maxcem, Variolink with Rocatec and RelyX
increased by between 0.9 (Variolink with Rocatec) and 6.3 MPa (Maxcem). The shear bond
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strength for all other bonding systems decreased by between 1.0 (RelyX HM) and 16.8 MPa
(Multilink).
30 days of storage in water reduced SBS in comparison to the results after 24 h for all
materials except Variolink with Rocatec and RelyX, where an increase of between 8.5 and
11.6 MPa was found.
After 90 days of storage, the different systems provided a SBS above 9.1 MPa. The systems
RelyX and RelyX with Rocatec showed the highest values between 24.3 and 28.6 MPa. All
samples of Maxcem failed after 90 days of storage.
With the exception of encapsulated Rely X, all samples failed at the ceramic, but not on the
alloy side. Cohesive fractures were observed only for Rely X. All other systems showed
adhesive or mixed failure modes.

8.5 Discussion
The results of the shear bond test cannot be transferred directly to the clinical situation, but
this investigation allows for ranking and comparing different bonding concepts. The shear
bond test may be limited when the bending influence of the components increases with
increasing inner stress of all components (cylinder, coplanar plates, resin) under high shear
forces [17]. The measured SBS then represents the resistance of the single components
against bending and not the adhesive properties of the bonding itself. Therefore, cobaltchromium (E~ 200GPa) was used instead of composite cylinders as described elsewhere [15,
18] in order to try to concentrate the stress at the bonding area. The loading on the bonding
between the zirconia and adhesive was verified by the failure mode, which showed that the
interface alloy-resin was stronger than the interface ceramic-resin. The influence of the
surface roughness on the bond strength, which is a limiting factor of the quality of the testing
procedure, was reduced by guaranteeing surface roughness values of about 1 µm. These
values were achieved on zirconia by a sandblasting treatment with 100-150 µm grit Al2O3 [8].
Self-adhesive composite cements promise a simple luting procedure, because they allow a
bond between the resin and zirconia without additional primer application. Both types of Rely
X Unicem, Multilink Sprint and Panavia F seemed to fulfil this promise and they simplified
the luting procedure on the zirconia surface. These systems showed stable SBS values under
different conditions or at least sufficient values after 90 days of storage in water. The results
may presumable be an effect of phosphate groups in the cement that have been described
earlier [7, 13, 16, 19]. Indeed, the low results for Maxcem may allow the suggestion that
phosphate components alone may not produce a sufficient long-term bond to the zirconia.
This study indicated that the different bonding systems have different sensitivity to
hydrolysis. Some systems showed a strong (Panavia, RelyX handmixing or Multilink) or even
127

Chapter 8
drastic (Calibra) reduction of SBS compared to the results after 24 hours but remained on a
good or at least sufficient bonding level. This is in agreement with other studies [13, 19].
Astonishingly, one self-adhesive system totally failed after 90 days of water storage.
Sandblasting of zirconia results in a remarkable initial SBS to a dual-curing composite like
Variolink. Sandblasting may activate and modify the zirconia surface, but beyond this,
sandblasting effects may not be stable and the SBS may be reduced after long-term storage [9,
10]. The addition of a silane coupling agent does not enhance the bond strength in the longterm. The initially high SBS of Calibra with Silane was not durable. This indicates that the
silane coupling agent used did not bond to zirconia in contrast to silica-based ceramics. These
results are in agreement with other investigations [20] and studies where sufficient bond
values were reported only with special silane agents [12].
The tribochemical treatment provided no advantages for the combination with the selfadhesive cement RelyX and only some minor advantages when it was combined with the
resin cement Variolink. These results may be explained by the hard/inert zirconia surface and
support earlier investigations where tribochemical treatment did not enhance bond strength [3]
or even did not result in durable bonding [13]. A similar result is reported on alloys where
tribochemical silica coatings work more successfully with softer alloys than with harder ones
[21]. In contrast to these results, Atsu and co-workers [18] recommended these treatments to
increase the adhesive resin bond strength to zirconium-oxide ceramic. These investigations
were performed only after 24 hours storage in water, leaving unconsidered the long-term
hydrolysis. Some authors even reported that an auto-polymerizing resin cement exhibited high
bond strength regardless of the surface treatment such as silica coating, airborne particle
abrasion, HF etching or grinding with a diamond bur [20].
Overall, the systems with additional procedure steps are not superior to the simple selfadhesive methods, and, therefore, the hypothesis stated in the introduction had to be rejected.
Some self-adhesive bonding concepts can successfully bond to zirconia. The durability of the
bonding between the resin and zirconia can only be judged after long-term water storage.
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In vitro adherence of oral streptococci to zirconia core
and veneering glass-ceramics.
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9.1 Abstract
Objective. Plaque formation on dental ceramics may cause gingival inflammation and
secondary caries. This in vitro study compared the susceptibility of various dental ceramics to
adhere oral streptococci and verified the influence of substratum surface roughness and
hydrophobicity.
Materials and Methods. Three zirconia ceramic materials and their veneering glass-ceramics
were investigated. Fifteen test specimens were prepared, polished, and surface roughness and
surface hydrophobicity were determined. Samples were incubated with suspensions of
Streptococcus gordonii, S. mutans, S. oralis or S. sanguinis, respectively, in a thermo-shaking
device for 2 h at 37°C. Adherent bacteria were quantified using a fluorescence dye for viable
cell quantification (Alamar Blue/Resazurin). Statistical analysis: Mann-Whitney-U test
(α=0.05).
Results. Median surface roughness ranged between 0.08 μm and 0.42 μm, median water
contact angles between 63.9° and 91.8°. Low relative fluorescence intensities indicating low
adhesion of streptococci were found for all ceramics compared to a glass reference. Few
significant differences were determined either between the different zirconia ceramics or
between the glass-ceramics. Only individual differences were found between the glassceramics and zirconia.
Conclusion. Rather similar adhesion of streptococci to the zirconia and glass-ceramics was
found, which suggests that no restrictions in the clinical performance of exposed zirconia
ceramic restorations concerning plaque formation are to be expected.

132

In vitro adherence of oral streptococci to zirconia core and veneering glass-ceramics.

9.2 Introduction
Ceramic materials are extensively used in current dentistry for restoring lost tooth substance.
Today, the scope of this material class ranges from restoration of single crowns to widespread
bridge- and implant-restorations. Special ceramics either made of lithium disilicate,
aluminium oxide or zirconia oxide have been developed for meeting high fracture resistance
requirements and are commonly referred to core ceramics. Zirconia ceramic frameworks are
fabricated using CAD/CAM techniques, and their strength allows indications reaching to the
application in posterior fixed partial dentures. These zirconia ceramics differ in terms of
doping and grain size as well the milling process, where soft pre-sintered or hard finally
sintered materials are manufactured. The opaque oxide-ceramic frameworks are veneered for
aesthetical and protective purposes using conventional glass ceramics. However, settings are
thinkable where core ceramics are exposed to the oral environment. For example, in cases of
insufficient space requirements dental technicians may renounce veneering (anterior resin
bonded bridges, gingival areas of FPDs, implants, abutments). In addition, after polishing
marginal areas of dental ceramic restorations, core layers may be exposed. That exposure,
particularly, may take place in areas near the preparation limit where dental restorations need
to be thin and gracile. Framework ceramics may rarely be exposed because of veneering
chipping, too; however, these surface defects are usually small and may allow for leaving the
restoration in situ. Exposed core ceramic areas may promote enhanced deterioration [1, 2] and
provide an interface between the ceramic framework and the oral environment.
It is desirable that all dental restorative materials feature low susceptibility to adhere oral
micro-organisms since plaque formation on dental restorations may lead to secondary caries
and periodontal inflammation [3]. The adsorption of saliva constituents to tooth and
restorative surface is considered as the first step in oral biofilm formation that is followed by
the adhesion of facultative anaerobic pioneer bacteria [4, 5] such as Streptococcus gordonii,
Streptococcus oralis and Streptococcus sanguinis [6]. Streptococcus mutans has been
discovered in early plaque, too, and has furthermore been found to be one of the major
causative agents for dental caries [7].
Compared with other dental materials, such as composites or methacrylate systems, numerous
in vitro and in vivo studies found low adhesion of oral bacteria to ceramic surfaces [8, 9], but
to date there is little information in the literature dealing with potential differences in bacterial
adhesion to different types of ceramics and, in particular, high-strength oxide ceramics. Along
with conventional material properties, bacterial colonization may be regarded as a further
factor determining the clinical performance of dental materials. This research intended to
evaluate some surface properties such as roughness and wetability of dental ceramics and to
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rank the adhesion of early colonizing streptococci to these substrata. High-strength zirconia
core materials were compared to their corresponding veneering ceramics.

9.3 Material and Methods
Sample preparation
Three oxide ceramics and their corresponding veneering glass-ceramics were used in this
research (Table 9.1). Fifteen rectangular specimens (5x10 mm) of each product were
prepared according to the manufacturers` instructions and polished using silicone carbide
grinding paper (grain 1,000 and 4,000, successively; Buehler GmbH, Düsseldorf, G) and a
rotating grinding disc apparatus (Motopol 8, Buehler Ltd., Coventry, UK). Peak-to-valley
surface roughness (Ra) was determined at three spots for each sample using a profilometric
contact surface measurement device (Perthometer S6P, Feinprüf-Perthen, Göttingen, G). For
evaluating surface wetability, water contact angles were measured using an automated contact
angle measurement device equipped with a video camera and an image analyzer (OCA 15
plus, Dataphysics Instruments GmbH, Filderstadt, G). For each substratum, three drops of
deionised water (500 μL) were analyzed on five randomly selected specimens (fifteen
measurements in total per each product), and the left and the right contact angle of each drop
were averaged.
Table 9.1:

Material, manufacturer, application and type of ceramic.

Material
Cercon Base
Digizon
Inceram Y-TZP
Cercon Ceram S
Omega 900
GC Zirconia
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Manufacturer

Application

Type

DeguDent, Hanau, G

Core

Zirconia

AmannGirrbach,

Core

Zirconia

Vita Zahnfabrik, Bad Core

Zirconia

Pforzheim, G
Säckingen, G
DeguDent, Hanau, G

Veneering

Glass-ceramic silicate
based

Vita Zahnfabrik, Bad Veneering

Glass-ceramic

Säckingen, G

based

GC, Alsip, IL, USA

Veneering

Glass-ceramic

leucite
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Bacterial adhesion
The strains S. gordonii (DSMZ 6777), S. mutans (DSMZ 20523), S. oralis (DSMZ 20627)
and S. sanguinis (DSMZ 20068) (all by DSMZ Deutsche Sammlung für Mikroorganismen
und Zellkulturen, DSMZ, Braunschweig, Germany) were grown the day before the
experiment in sterile DSMZ-medium (#92, Trypticase Soy Yeast Extract Medium, containing
30 g tryptic soy broth (Becton Dickinson Microbiology Systems, Sparks, USA) and 3 g yeast
extract (Sigma-Aldrich, St. Louis, USA)). For inoculation of bacteria cultures a pre-culture
was used, which had been freshly inoculated in medium 92 every week. 100 μL of this preculture were mixed with 25 mL of medium 92 and incubated for 12 h at a temperature of
37°C. Subsequently, the various cells were harvested by centrifugation (2200 rpm, 19°C, 5
min; Hettich Rotixa P, Tuttlingen, G), washed twice with Phosphate Buffered Saline (PBS,
Sigma-Aldrich, USA) and re-suspended in the same buffer. Cell suspensions were subjected
to low intensity ultrasonic energy to disperse streptococcal chains [10], and the optical density
of the suspensions was adjusted to 0.3 at 550 nm with a spectrophotometer (Genesys 10S;
Thermo Spectronic, Rochester, NY, USA), which corresponds to a microbial concentration of
3.65x108 microorganisms/mL [11].
For quantification of adherent bacteria Resazurin reduction (Alamar Blue) was used as
described earlier [9]; measurements were carried out using a fluorometric measurement
device (Fluostar Optima, BMG Labtech, Offenburg, G). In brief, Resazurin reduction is based
on the reduction of the blue, non-fluorescent redox indicator Resazurin (maximum absorbance
at 605 nm) into the violet, fluorescent pigment Resorufin (maximum absorbance at 573 nm)
by metabolically active, viable cells [12].
Specimens were equilibrated with ethanol for removing traces of lipids and proteins from the
substratum surfaces and auto-fluorescence was measured. The specimens were incubated with
streptococcal suspension (1 mL) and Resazurin (15 μL; Resazurin, Sigma-Aldrich, USA) for
2.5 h and, subsequently, carefully rinsed twice with PBS for removing non-adhering bacteria.
Adherence of streptococci was quantified by measuring the dimensionless fluorescent signal.
Fluorescence intensity linearly correlates to the number of adhered bacteria [13].
Medians and 5%/95% were calculated and displayed using SPSS 13.0 for Windows (SPSS
Inc., USA). Statistical analysis was performed using the Mann-Whitney-U test (α<0.05).

9.4 Results
Surface Roughness
The investigated ceramics may be divided into three groups according to their different
surface roughness (Fig. 9.1). Significantly highest surface roughness was found for Vita
Omega 900 (median 0.42 μm). Lower values could be determined for YZ Cubes (0.23 μm),
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Cercon Ceram S (0.19 μm) and Cercon Base (0.19 μm). Significantly lowest surface
roughness was detected for Digizon and GC Zirconia (both 0.08 μm).
Fig. 9.1:

Surface roughness [µm]; (grey bars indicate core ceramics, hatched bar
veneering ceramics) (median, 5%/95%).
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Contact Angle Measurements
Significantly lowest contact angles were measured for Digizon (median 63.9°). Higher angles
were determined for Cercon Base (71.1°) and GC Zirconia (73.7°). Intermediate contact
angles were found for YZ-Cubes (89.1°), which were similar to Cercon Base (p=0.132), but
significantly higher than for GC Zirconia (p=0.003). Significantly highest values were
measured for Omega 900 (98.1°) and Cercon Ceram S (91.8°). Lowest contact angles were
found for the glass control (61.4°) (Fig. 9.2).
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Fig. 9.2:

Contact angle [°]; (grey bars indicate core ceramics, hatched bar veneering
ceramics) (median, 5%/95%).
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Streptococcal adherence
A strong variation in the adherence of streptococci was found for the different ceramic
materials. Furthermore, the adhesion was dependent on the streptococcal strain. For all strains
evaluated, the glass control featured significantly higher values compared with all ceramic
materials (Fig. 9.3).
Investigating Streptococcus mutans adhesion, the significantly lowest fluorescence intensity
(indicating lowest adhesion) was determined for GC Zirconia (median 4288). Significantly
higher values were measured for Digizon (6994), which were comparable to Cercon Base
(9376; p=0.393) and YZ Cubes (10725; p=0.280), but significantly higher than values for
Omega 900 (18591; p=0.043). No significant differences were found between Cercon Base,
YZ Cubes and Omega 900. Cercon Ceram S (18367) yielded significantly higher fluorescence
than the other ceramics with the exception of YZ Cubes (p=0.075) and Omega 900 (p=0.853).
Lowest fluorescence intensities for Streptococcus sanguinis were found for Omega 900
(2813), GC Zirconia (5565) and Cercon Ceram S (3666), which did not differ significantly
from each other. Higher values were recorded for Omega 900. No significant differences were
found between YZ Cubes (30988), Digizon (27571) and Cercon Base (14095). Relative
fluorescence intensities measured for the core materials YZ Cubes, Digizon and Cercon Base
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were significantly higher than values measured for the veneering ceramics Omega 900,
Cercon Ceram S and GC Zirconia.
No significant differences in Streptococcus gordonii adhesion could be found between Cercon
Base (1698) and Digizon (6875). Cercon Base revealed significantly lower values than YZCubes (12011), Omega 900 (11051), Cercon Ceram S (8997) and GC Zirconia (14518).
Similar values were found for Digizon compared with Omega 900 (p=0.089) and Cercon
Ceram S (p=0.143), but the values were significantly lower than for YZ Cubes (p=0.029) and
GC Zirconia (p=0.035). No significant differences in fluorescence intensities were determined
between YZ-Cubes, Omega 900, Cercon Ceram S and GC Zirconia.
For Streptococcus oralis the lowest fluorescence intensities were measured for GC Zirconia
(8258), Digizon (12175) and YZ-Cubes (12716). Significantly higher results were found for
Cercon Base (22502), Omega 900 (12993) and Cercon Ceram S (10425). Similar values were
determined for YZ Cubes, Omega 900 and Cercon Ceram S. Significantly higher values were
found for Cercon Base than for Digizon (p=0.019), YZ-Cubes (p=0.015), Cercon Ceram S
(p=0.002) or GC Zirconia (p=0.000).
The smoothed materials provided the lowest contact angles. No significant correlation could
be determined between the contact angle or surface roughness and bacterial adhesion.
Fig. 9.3:

Relative fluorescence intensity [ ] with different types of bacteria (median,
5%/95%).
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9.5 Discussion
Streptococcal adherence to dental restorative surfaces has often been addressed in dental
materials science. In this study, the focus was set on the adhesion of representative oral
streptococci to zirconia ceramics and their corresponding veneering ceramics with regard to
substratum surface properties such as surface roughness and hydrophobicity.
Evaluating initial streptococcal adhesion to various ceramic surfaces, a representative
selection of bacteria has been used. These have been either counted among early colonizing
oral bacteria [6] or have been associated with the pathogenesis of caries [7]. The microbial
suspension was adjusted to an optical density of 0.3, corresponding to 3.65 x 108
microorganisms/mL [11], which is in accordance with the total bacterial concentration per ml
saliva [14, 15]. In order to achieve a better differentiation between the various ceramic
substrata and in order to allow for a higher influence of individual surface properties on
bacterial adhesion, it was decided not to coat the specimens with saliva, as the salivary
pellicle is known to level substratum surface properties and reduce overall bacterial adhesion
[16]. This approach is justified by a phenomenon called the “shine through effect”, which
describes the transfer of original substratum properties through a levelling protein film on the
substratum surfaces [17, 18].
Surprisingly, only a poor correlation between surface properties and bacterial adhesion could
be determined. It has been reported that surface free energy, and in particular surface
roughness, are regarded as the most decisive substratum properties influencing bacterial
adhesion [19]. High values for substratum surface roughness have been associated with
increased adhesion of oral bacteria [19]. Similar surface roughness was found for zirconia and
glass-ceramic materials, which was in a range that can be achieved by polishing using ultra
fine burs [20]. Surface roughness differed significantly among the various ceramics, but was
not dependent on ceramic type. Although some ceramics exceeded the threshold value at 0.2
μm [21], our results provided no influence of substratum surface roughness on the bacterial
adhesion. Bollen and co-workers found that a surface roughness lower than 0.2 μm does not
influence adhesion of oral bacteria to solid surfaces [21]. It has been supposed that high
substratum surface free energy, which corresponds to hydrophilic surface properties, is
associated with increased plaque formation [22]. Although hydrophobicity varied
significantly among the various ceramics, no correlation between substratum hydrophobicity
and streptococcal adhesion could be determined.
Only small differences concerning streptococcal adhesion were found between the various
materials. Identical Streptococcus mutans adhesion to all zirconia ceramics was determined.
For the other streptococci, few differences were found between the zirconia materials Digizon
and YZ Cubes; only Cercon Base showed higher adhesion of Streptococcus sanguinis and
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Streptococcus gordonii but lower values for Streptococcus oralis. These differences may be
attributed to minor differences in ceramic structure, which differ in grain size or yttria doping.
In contrast to the industrially manufactured hot isostatic pressed (hip) Digizon, YZ Cubes and
Cercon Base are fabricated in talcum-like “white” condition; however, stronger influences of
different fabrication and quality of the zirconia ceramics on streptococcal adhesion could not
be confirmed. If the materials are used directly after milling, variations in surface properties
dependent on individual milling strategies may not be excluded. The few differences in
streptococcal adhesion to the various ceramics that have been found in this study concur with
other laboratory investigations using Streptococcus mutans, Streptococcus sanguinis,
Actinomyces viscosus, Actinomyces naeslundii and Porphyromonas gingivalis, finding lower
adhesion of bacteria to zirconia in comparison to titanium. In vivo studies found less
accumulation of bacteria to zirconia than to titanium implant material, too [23].
It has been reported that glazed zirconia shows a tendency towards increased accumulation of
bacteria than untreated zirconia [24]. These observations are merely in partial agreement with
the results of this study, as adhesion of streptococci to the glass-ceramics was found to be
similar to the zirconia ceramics. However, slight individual differences were found, observing
similar results for Cercon Ceram S and Omega 900 but differences compared to GC Zirconia.
These differences in streptococcal adhesion may be attributed to individual ceramic
components, but there is no detailed information concerning ceramic composition available in
the literature which helps for the interpretation of these results.
Within the limitations of this study, we found low bacterial adhesion on glass-ceramics as
well as on zirconia ceramics. Although some differences in surface roughness and contact
angle exist, the results indicate that there was no influence of these criteria on the bacterial
adhesion. Generally, zirconia and glass-ceramics provided no strong differences in the
bacterial adhesion. In the aspect of bacterial adhesion, there may be no limitations when
zirconia ceramic is exposed in the oral cavity.
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Zirconia has been used for about ten years for the fabrication of dental restorations. The fast
development of material and fabrication techniques has promoted zirconia restorations in this
short time period as alternatives for metal-based fixed partial dentures (FPDs). As a
consequence of this rapid development and as a reaction to rapidly growing markets,
shortcomings may appear, and users have to learn to cope with the application. This thesis has
been performed to improve the knowledge about zirconia ceramics. Clinical studies and invitro simulation provide information regarding “where the shoe pinches,” and dental material
science responds by attempting to find solutions for the problems.
Chapter 1 presents an overview on zirconia and its dental applications. Zirconia is reported to
be a high strength material, with promising properties in the fields of strength and
biocompatibility, but it also has limitations in terms of aesthetics, bonding, and deterioration.
The available clinical data reveal that zirconia cores provide high strength, and fractures have
only been reported in isolated cases. The current major reason for failures of zirconia
restorations is the chipping of the veneering ceramic in about 10-15% of the restorations.
Research has focused on the reasons for chipping, and therefore, chapter 2 presents data from
investigations of the basic properties of the zirconia core material and its glass-ceramic
veneering. This part of the thesis shows that the individual steps of heat treatment during
glass-ceramic veneering have only a small influence on the storage modulus. The application
of the veneering changed the modulus of the specimens and reduced the overall modulus of
the combined zirconia glass-ceramic specimen significantly. A constant thickness of the
veneering may therefore help to improve the performance of FPDs. The influence of the
loading side, whether the treatment was located on the tensile side or on the pressure side, was
of interest when the specimens were steam cleaned, annealed, or stored. This is of interest for
the laboratory fabrication of dental restorations, especially FPDs. Further studies should deal
with the question of whether dynamic mechanical analysis (DMA) allows for the
investigation of the influence of the cooling rate on the interaction between the zirconia core
and glass-ceramic veneering. Other aspects to be investigated in DMA studies would be the
differentiation and mechanical behaviour of differently doped zirconia.
The study described in chapter 3 was performed in order to verify the subsequent tests with a
chewing simulation. It was a first approach for evaluating the influence of laboratory
simulation by comparing the clinical survival rate of all-ceramic FPDs with failure rates
during in-vitro simulation. A mathematical model based on an exponential decrease of the
survival rate was established, which may allow a calculated prognosis of prolonged chewing
simulation and in-vitro performance of dental restorations. The significance of this research is
limited by the amount of available clinical data, indicating the necessity of evidence, based on

144

Summary and conclusions.
long-term in-vivo investigations. For detailed validation of in-vivo data by in-vitro data, we
suggest that clinical trials should be accompanied by in-vitro simulation on identical
restorations. Thermal cycling and mechanical loading as structural testing may prove to be a
helpful tool to bridge the gap between laboratory tests on standardized specimens (ISO,
ASTM) and clinical application. The influence of the geometry or bio-mechanics on the
performance of dental restorations can be simulated, but clinical or biological aspects may not
be considered up to now.
In the study described in chapter 4, the fracture resistance of zirconia cores has been
compared with various veneering ceramics. The results on zirconia FPDs, which were
veneered with different ceramic variations in the layering technique, showed that the
adaptation of the thermal expansion coefficient and firing temperature of the veneering
ceramic helps to avoid interfacial chipping. Higher firing temperatures (>830°C) and thermal
expansion between 9.2-10.5 µm/mK should be preferred for the investigated type of zirconia.
Further research may focus on thin ceramic layers, which promote the bonding between the
zirconia and glass-ceramic veneering. These coatings should be applied in layer- or press
techniques at higher baking temperatures and may allow for a better adaptation or wetting of
the zirconia core. It should be noted that baking the veneering at a temperature below the
required firing temperature carries special risks for the quality of the veneering. In most cases,
the veneering and core combination, which is provided as a system by the manufacturer, is
recommended, but the application of alternative veneering glass-ceramics from different
manufacturers proved to have good results as well.
The results of the study described in chapter 5 show that FPDs that were veneered in layering
or press techniques showed small differences in fracture resistance. Variations of press
techniques such as press-on or press-over, as well as combinations of press and layering
techniques (cut-back-technique) achieved good to sufficient performance during thermal
cycling and mechanical loading (TCML) as well as good fracture results after TCML. A
modified framework design, which supports the occlusal veneering ceramic, improved the
fracture resistance of FPDs, but also showed a higher deviation of the results. Further
investigations in this field should be performed, with the goal of finding an optimal zirconia
core design. Additional development concerning the strength of the veneering glass-ceramic
or innovative types of ceramic for the veneering of zirconia are required. Even alternative
veneering with a conventional laboratory composite resulted in fracture values that were in
the range of those of glass-ceramic veneering. Composite veneering may be a helpful tool to
preserve antagonists, which are at risk and may also enhance the possibility of repairing
damaged veneering. Zirconia surface pre-treatment using selective infiltration etching or a
phosphoric acid acrylate contributed to the good results.
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Chapter 6 deals with the influence of the core ceramic on the performance of the restoration.
The study revealed no significant different fracture resistances for three different zirconia
FPD systems, including two systems which were manufactured in a “white” configuration or
one industrially fabricated “hipped” zirconia. There were no significant differences when the
FPDs were conventionally cemented, but adhesive bonding provided an approximately 6090% lower fracture force compared to conventional cementation. These results may lead to
questioning the bonding between zirconia and cement (chapter 8) and the inhibition of the
light activated adhesive systems in combination with a non-translucent zirconia framework.
The investigation of the marginal adaptation with scanning electron microscopy revealed that
85%-95% of the margins between cement-tooth and cement-crown interfaces had no
interruptions or discontinuities and were thus qualified as “good”. The results indicated that
under normal conditions, the type of cement had only a limited influence on fracture
resistance and the marginal adaptation of zirconia FPDs. These results were confirmed in
chapter 7, where the fracture resistance and fracture performance of various ceramic and
alloy crowns are compared. This investigation reveals differences in the fracture resistances
between the different prosthetic materials, but for the high fracture resistance of the tested
zirconia systems, no strength limitations should be expected. There were no significant
differences in the fracture resistance between adhesively or conventionally cemented crowns,
and therefore, from the clinical point of view, no adhesive bonding should be required for the
tested systems, in contrast to glass-ceramic systems. This would therefore allow for easier
clinical application, even under moist or sub-gingival conditions. The high strength of the
cores was underlined by a fracture pattern, which, in most cases was a chipping of the
veneering ceramic and, only in isolated cases, was a fracture of the ceramic core itself.
Fractographic analysis revealed that the fracture origin was located on the occlusal surface
and caused by superficial wear or disruption in the region of the contact points. Follow-up
investigations on clinical failures in this context would help to clarify the type of in-vivo
failures in order to increase survival rates.
In chapter 6 there was a hint that adhesive bonding is restricted in combination with zirconia
ceramics. Therefore, the study in chapter 8 was performed to investigate the bonding
between zirconia and different cements, emphasizing the idea of an easy-to-perform chairside application of self-adhesive systems. The results indicate that the systems with additional
procedure steps are not superior to the simple self-adhesive methods. Three of four tested selfadhesive bonding concepts bonded successfully to zirconia, even after long term storage. The
necessity to perform bonding tests after storage longer than 90 days became obvious. It may
be assumed that the bonding between zirconia and resin cement is based on cement
components such as phosphoric acid acrylate derivatives. The results of chapter 5, where a
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zirconia pre-treatment for composite veneering showed good results, underlines this
assumption. For providing an etchable surface, a thin glass-ceramic surface layer on the inner
side of the zirconia core may be investigated in further studies.
If in the clinical situation zirconia is accidentally exposed to chipping, marginal polishing, or
occlusal adjustment, or if it is exposed deliberately by omitting veneering in the connector
area, questions regarding the effects of the interaction between zirconia and the oral
environment arise. The stability of zirconia under moist conditions is described in chapter 1.
However, an accumulation of bacteria may result in increasing plaque formation, causing
gingival inflammation and secondary caries. In chapter 9, few significant differences in
bacterial adhesion were determined between the different zirconia ceramics. Only individual
subject differences were found between glass-ceramics and zirconia. No influence of the
substratum surface roughness and hydrophobicity could be determined when the ceramics
were polished. Thus, exposed zirconia should not be considered clinically restrictive in terms
of bacterial adhesion risks. Investigations should be performed on the consequences of long
term and direct zirconia contact with the gingiva.
Summarizing the results, this study supports the assumption that the veneering has a strong
influence on the survival rate of zirconia restorations. The chewing simulation showed high
survival rates and good clinical behaviour of the zirconia core but also underlined the
necessity of an occlusal supporting zirconia core design. This automatically results in an
explicit requirement of a constant thickness of the veneering. To achieve good clinical results,
further optimization of the veneering ceramic in terms of firing temperature and thermal
expansion coefficient is desirable. It is supposed that investigations on the stress distribution
between core and the veneering, for example, due to the uncontrolled cooling after veneering,
may provide some further information to avoid chipping. Improvements should be achieved
by increasing the firing temperatures or strengthening the veneering ceramic. Alternative
zirconia manufacturing (e.g. 3D-ceramic plotting) may allow for formation of a zirconia
occlusal shape and thus omission of the glass-ceramic. For aesthetic aspects, the application is
indeed restricted to posterior areas until a translucent zirconia will be available.
Besides these material aspects, education and training of dentists and technicians may help to
improve the survival rates of zirconia restorations. It has to be emphasized that copying
porcelain-fused-to-metal techniques is insufficient to fabricate optimized zirconia based allceramic restorations. Tooth preparation and fabrication of the restorations must be adapted
and application guidelines must be adhered to in order to ensure the quality of zirconia
restorations and utilize the high potential of zirconia ceramics.
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Zirconia is ongeveer tien jaar in gebruik voor de vervaardiging van tandheelkundige
restauraties. De snelle ontwikkeling van het materiaal en de fabricagetechnieken hebben in
deze korte periode het gebruik van zirconia restauraties als alternatief voor opbakbrugwerk op
metaalbasis bevorderd. Als gevolg van deze snelle ontwikkeling en als reactie op de snel
groeiende markt komen tekortkomingen aan het licht en de gebruikers moeten leren omgaan
met deze toepassing. De samenstelling van dit proefschrift werd ondernomen om de kennis
rond zirconia restauraties te vergroten. Klinische studies en in-vitro simulatie leveren
informatie “waar de schoen wringt” en de tandheelkundige materiaalwetenschap antwoordt
door te proberen oplossingen voor de problemen te vinden.
Hoofstuk 1 presenteert een overzicht van zirconia en zijn tandheelkundige toepassingen. Van
zirconia wordt gerapporteerd dat het een materiaal is met een grote sterkte met veelbelovende
eigenschappen met betrekking tot sterkte en biocompatibiliteit, maar ook met beperkingen
aangaande esthetiek, hechtkracht en slijtage. De beschikbare klinische gegevens laten zien dat
een zirconia kap een hoge sterkte levert en fracturen daarvan slechts in geïsoleerde gevallen
gerapporteerd worden. De belangrijkste reden nu voor mislukking van zirconia restauraties is
chipping van de keramiek opbaklaag (veneer) in 10-15% van de restauraties. Research richt
zich op de redenen voor chipping, en daarom presenteert hoofdstuk 2 gegevens van
onderzoek naar de basiseigenschappen van het zirconiakap materiaal en de aangebracht glaskeramiek veneer. Dit gedeelte van het proefschrift laat zien dat de afzonderlijke stappen van
de hittebehandeling tijdens het opbakproces slechts een geringe invloed hebben op de storage
modulus. Het aanbrengen van de veneer veranderde de modulus van de monsters en
reduceerde de overall modulus van het zirconia-glaskeramiek monster significant. Een egale
laagdikte van de opbaklaag kan daarom helpen de prestaties van het brugwerk te verbeteren.
De invloed van de belaste zijde, of de behandeling nu gelocaliseerd was aan de trek- of
drukzijde, was van belang als de monsters met stoom waren gereinigd, uitgegloeid of
bewaard. Dit is van belang voor de vervaardiging in het laboratorium van tandheelkundige
restauraties, met name brugwerk. Nadere studies zouden moeten gaan over de vraag of
Dynamic Mechanical Analysis (DMA) onderzoek mogelijk maakt naar de invloed van de
mate van afkoeling op de interactie tussen de zirconiakap en de glas-keramiek veneer. Andere
te onderzoeken aspecten in DMA studies zouden moeten zijn de differentiatie en het
mechanisch gedrag van op verschillende wijzen voorbehandeld zirconia.
De studie in hoofdstuk 3 werd uitgevoerd om de opvolgende tests te verifiëren met een
kauwsimulatie. Het was een eerste benadering om de invloed van laboratoriumsimulatie te
evalueren door de mate van klinische overleving van volledig keramisch brugwerk te
vergelijken.met die tijdens in-vitro simulatie. Een mathematisch model werd ingevoerd,
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gebaseerd op een exponentiële afname van de mate van overleving, dat een berekende
prognose mogelijk maakt van langdurige kauwsimulatie en in-vitro prestaties van
tandheelkundige restauraties. De betekenis van dit onderzoek wordt beperkt door de
hoeveelheid beschikbare klinische gegevens, hetgeen de noodzaak aangeeft van evidence
gebaseerd op lange-termijn in-vivo onderzoek. Voor gedetailleerde bevestiging van in-vivo
gegevens door in-vitro resultaten suggereren we hierbij om klinisch onderzoek gepaard te
laten gaan met in-vitro simulatie op identieke restauraties. Thermocycling en mechanische
belasting als structurele tests zouden kunnen bewijzen nuttig gereedschap te zijn om de kloof
te overbruggen tussen laboratoriumtests op gestandaardiseerde monsters (ISO, ASTM) en
klinische toepassing. De invloed van de configuratie of biomechanica op de prestaties van
tandheelkundige restauraties kan worden gesimuleerd, maar klinische of biologische aspecten
tot dusverre niet. In de studie in hoofdstuk 4 werd de breukweerstand van zirconiakappen
vergeleken met diverse opbakkeramieken. De resultaten van zirconia brugwerk, die waren
opgebakken met verschillende keramische variaties in de layering techniek, toonden aan dat
de aanpassing van de thermische expansie coëfficiënt en de opbaktemperatuur, chipping op de
grensvlakken helpt voorkomen. Hogere opbaktemperaturen (>830°C) en een thermische
expansie tussen 9.2-10.5 µm/mK zouden de voorkeur moeten hebben voor het onderzochte
type zirconia.. Nader onderzoek zou zich moeten richten op dunne keramische lagen, die de
hechting tussen de zirconia en de opbaklaag bevordert. Deze coatings zouden moeten worden
toegepast in layering- of perstechnieken bij hogere baktemperaturen en zouden een een betere
adaptatie of wetting van de zirconiakap mogelijk moeten maken. Hierbij wordt aangetekend
dat het opbakken bij een temperatuur beneden de vereiste opbaktemperatuur een bijzonder
risico met zich brengt voor de kwaliteit van de opbaklaag. In de meeste gevallen is de
combinatie van opbaklaag en kap, als systeem geleverd door de fabrikant, aanbevolen, maar
de toepassing van alternatieve glas-keramische opbaklagen van verschillende fabrikanten
bewees eveneens tot goede resultaten te leiden.
De resultaten van de studie in hoofdstuk 5 laten zien dat brugwerk dat was geveneered met
layering- of perstechnieken, kleine verschillen vertonen in breukweerstand. Met variaties in
de perstechniek, zowel press-on of press-over, als combinaties van pers- en layering
technieken (cut-back-technique) werden goede tot voldoende prestaties bereikt tijdens
thermocycling en mechanical loading (TCML) en ook goede breukresulaten na TCML. Een
gemodificeerde kapstructuur, die het occlusale opbakkeramiek ondersteunt, verbeterde de
breukweerstand van brugwerk, maar toonde tevens een grotere spreiding in de resultaten.
Verder onderzoek op dit gebied zou moeten worden uitgevoerd met als doel de optimale
kapgeometrie te vinden. Aanvullende ontwikkeling met betrekking tot de sterkte van glaskeramiek veneers of innovatieve typen opbakkeramieken voor zirconia zijn gewenst. Zelfs
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alternatieve veneering met een conventioneel laboratoriumcomposiet resulteerde in met
glaskeramiek vergelijkbare afbreukwaarden. Composiet veneering kan behulpzaam zijn bij
het sparen van bedreigde antagonisten en verbetert bovendien de mogelijkheid tot reparatie.
Voorbehandeling van zirconia door middel van selective infiltration etching of met
fosforzuuracrylaat droegen bij aan de goede resulaten.
Hoofdstuk 6 behandelt de invloed van het kapkeramiek op de prestaties van de restauratie.
De studie liet geen significant verschillende breukweerstanden zien voor drie verschillende
zirconia brugwerksystemen, inclusief twee systemen die waren vervaardigd in een “white”
configuratie of een industrieel vervaardigde “hipped” zirconia. Er waren geen significante
verschillen onderling als de bruggen conventioneel werden gecementeerd, maar adhesieve
bevestiging zorgde voor een 60-90% lagere breukkracht vergeleken met conventioneel
cementeren. Deze resultaten kunnen ertoe leiden de hechting tussen zirconia en cement ter
discussie te stellen (hoofdstuk 8) en de remming van de door licht geactiveerde systemen in
combinatie met een niet-doorschijnend zirconia kap. Onderzoek naar de randaansluiting met
de scanning electronen microscoop liet zien dat 85%-95% van de randen, zowel op de
cement-kroon-overgang als op die van cement naar tand, geen onregelmatigheden toonde en
dus als “goed” gekwalificeerd kunnen worden. De resultaten gaven aan dat onder normale
omstandigheden het type cement een beperkte invloed heeft op de breukweerstand en de
randaansluiting van zirconia brugwerk.. Deze resultaten werden bevestigd in hoofdstuk 7,
waar de breukweerstand en breukbeeld

van verschillende volkeramische en metaal-

porseleinkronen warden vergeleken. Dit onderzoek onthulde verschillen in de breukweerstand
tussen de verschillende prothetische materialen, maar voor de hoge breukweerstand van de
geteste zirconia systemen hoeven geen sterktebeperkingen te worden verwacht. Er waren geen
significante verschillen in de breukweerstand tussen adhesief en conventioneel gecementeerde
kronen en daarom is, vanuit klinisch oogpunt, geen adhesief cementeren vereist voor de
geteste systemen, in tegenstelling tot glas-keramische systemen. Daarom maakt dit een
eenvoudiger klinische toepassing mogelijk, zelfs onder vochtige of subgingivale
omstandigheden. De hoge sterkte van de kappen werd benadrukt door een breukpatroon, dat
in de meeste gevallen bestond uit chipping van het veneerkeramiek en in slechts enkele
gevallen uit een breuk van de kap. Fractografische analyse maakte duidelijk dat de oorsprong
van de breuk was gelegen op het occlusale vlak en veroorzaakt door oppervlakkige slijtage of
een onregelmatigheid in het gebied van het contactpunt. Nader onderzoek bij klinische
mislukkingen kan helpen deze te verklaren en de mate van overleving te vergroten.
In hoofdstuk 6 was een aanwijzing dat adhesief cementeren beperkt is in combinatie met
zirconia. Daarom werd de studie uit hoofdstuk 8 uitgevoerd om de hechting tussen zirconia
en verschillende cementen te onderzoeken, met de nadruk op gemakkelijk gebruik van
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zelfhechtende systemen. De resultaten gaven aan dat de systemen met extra stappen in de
procedure niet superieur zijn aan de eenvoudige zelfhechtende methoden. Drie van de vier
geteste zelfhechtende concepten hechtten met succes aan zirconia, zelfs na langdurig bewaren.
De noodzaak om hecttests uit te voeren na een bewaarperiode van meer dan 90 dagen werd
duidelijk. Aangenomen mag worden dat de binding tussen zirconia en composietcement is
gebaseerd op cemnetcomponenten zoals derivaten van fosforzuuracrylaat. De resultaten van
hoofdstuk 5, waar een zirconia voorbehandeling voor composiet veneers goede resulaten
opleverde, onderstreept deze aanname. Om een etsbaar oppervlak te verkrijgen zou een dunne
glas-keramische laag op de binnenzijde van de zirconiakap moeten worden onderzocht in
verder onderzoek.
Als in de klinische siuatie zirconia onbedoeld wordt blootgesteld aan chipping, polijsten van
de randen of occlusale aanpassingen of met opzet blootligt door niet op te bakken in het
gebied van de connector, rijzen vragen met betrekking tot de effecten van de interactie tussen
zirconia en het mondmilieu. De stabiliteit van zirconia onder vochtige omstandigheden is
beschreven in hoofdstuk 1. Maar een accumulatie van bacteriën kan resulteren in het vormen
van plaque, tandvleesontsteking veroorzaken en secundaire cariës In hoofdstuk 9 zijn slechts
enkele significante verschillen in bacteriële adhesie aan verschillende soorten zirconia
vastgesteld. Slecht individuele verschillen warden gevonden tussen glas-keramieken en
zirconia. Als het keramiek werd gepolijst kon geen invloed worden vastgesteld van de
ruwheid op het substraatoppervlak en het hydrofobe karakter daarvan. Dus aan de mond
blootgesteld zirconia kan niet worden beschouwd als klinisch beperkend in termen van
bacterieel risico. Onderzoek zou moeten worden uitgevoerd naar de consequenties van direct
en langdurig contact tussen zirconia en gingiva.
Samenvattend ondersteunt deze studie de aanname dat veneering een sterke invloed heeft op
de mate van overleving van zirconia restauraties. De kauwsimulatie toonde een hoge mate van
overleving en goed klinisch gedrag van de zirconiakap, maar onderstreepte tevens de
noodzaak van een goed ontwerp van de zirconiakap met voldoende occlusale ondersteuning.
Dit resulteert automatisch in een expliciet vereiste van een constante laagdikte van de veneer.
Om goede klinische resultaten te bereiken is verdure optimalisatie van de opbaklaag in de
vorm van opbaktemperatuur en thermische expansiecoëfficiënte gewenst. Aangenomen mag
worden dat onderzoek naar de stressverdeling tussen kap en veneer, bijvoorbeeld ten gevolge
van ongecontroleerde afkoeling na opbakken, verdure informatie zal opleveren om chipping
te voorkomen. Verbeteringen kunnen worden bereikt door door toename van de
opbaktemperatuur of vertserking van het opbakkeramiek. Alternatieve zirconiafabricage (bijv.
3D-ceramic plotting) zou het mogelijk kunnen maken het occlusale vlak in zirconia uit te
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voeren, waardoor het glas-keramiek kan worden weggelaten. Om esthetische redenen is die
toepassing beperkt tot de posterieure gebieden totdat een translucente zirconia beschikbaar is.
Naast de materiaalkundige aspecten kunnen opleiding en training van tandartsen en
tandtechnici de overleving van zirconia restauraties helpen verbeteren. Hier wordt benadrukt
dat het kopiëren van de metal-porselein-techniek onvoldoende is om optimale volkeramische
restauraties op basis van zirconia te vervaardigen. Het prepareren van gebitselementen en de
vervaardiging van restauraties moet worden geleerd, net als toepassing van de richtlijnen om
de kwaliteit van zirconia restauraties te verzekeren en het hoge potentieel ervan te gebruiken.
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