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Abstract
Objective
The purpose of this in vitro study is to compare the shear bond strength of of air abraded
zirconia, acid etched zirconia (Piranha solution), phosphate monomers, and silanization to
enamel, all bonded with a phosphate-methacrylate resin cement.

Materials and methods
Seventy extracted intact human molars were collected, cleaned and mounted in
autopolymerizing acrylic resin, with the experimental surface of the teeth exposed. The
specimens were randomized and cemented to seven groups of zirconia specimens (4mm diameter
and 2mm thickness). Group 1: Air particle abrasion; Group 2: Airborn particle abrasion and ZPRIME Plus Group 3: Air particle abrasion and alloy primer; Group 4: Piranha solution 7:1;
Group 5: Piranha solution 7:1 and Z-PRIME Plus; Group 6: Piranha solution 7:1 and Alloy
primer; Group 7: Cojet and silan. The cemented specimens were stored in distilled water for one
day, then thermocycled (5ºC and 55ºC) for 500 cycles. Statistical analysis was performed using
one way ANOVA (α =0.05), and multiple comparisons were performed using Tukey’s HSD.

Results
Air particle abrasion and zirconia primer resulted in a significantly higher shear bond
strength (P <0.001) than the other surfaces. Cojet and silan showed high shear bond strength.
However, Cojet and silan showed no significant difference from air particle abrasion (control).
All mechanically treated experimental groups showed higher SBS than chemically treated
experimental groups. Failure mode was predominantly mixed in mechanically treated groups,
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and predominantly adhesive in the chemically treated groups. No cohesive failures were
observed.

Conclusions
Airborne-particle abrasion followed by the application of a zirconia primer resulted in the
highest shear bond strength. Therefore, this method represents a practical procedure resulting in
improved zirconia shear bond strength to enamel. The use of air particle abrasion and zirconia
primer can be recommended as a promising surface treatment method to achieve a durable bond
to densely sintered zirconia ceramics. The bond between zirconia treated with air particle
abrasion and zirconia primer, and resin cement is comparable to the bond between resin cement
and enamel.
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Chapter 1
Introduction
	
  
It is difficult to rationalize extensive reduction of adjacent teeth to support a conventional
fixed partial denture (FPD), if the adjacent teeth do not require crowns. A single tooth implant
offers a possible solution when restoring a small edentulous span, for patients with adequate
bone dimensions, and who are willing to undergo a surgical procedure. Nevertheless, oral implants are not the treatment of choice for many patients. Resin-bonded fixed partial denture
(RBFPD) is another alternative, with the advantage of minimal tooth reduction.
The development of resin bonded restorations has been one of the major advances in
modern restorative dentistry.1 The development of acid etching of enamel to improve the
retention of resin was first described by Buonocore in 1955, and was proven to be an effective
means of attaching FPDs to teeth with minimal preparation.2
The first RBFPD was an early conservative procedure developed by Howe and Denehy in
the 1970s.3 For this procedure, a bonded cast-metal periodontal splint concept was utilized.3 The
longevity of a RBFPD depends on various clinical and technological factors that are often
independent of each other. However, there have been a number of reports on the clinical
performance of the RBFPD. Seven years is the longest period of observation of the perforated
(Rochette) bridge (Williams et al., 1984), and 5 years the longest for the acid-etched cast
(Maryland) bridge (Barrack, 1985).4 Livaditis, recommends the preparation of parallel guide
surfaces on the interproximal and lingual aspects of the adjacent teeth, along with rests on the
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occlusal aspect to counteract dislodging forces and to enhance retention and resistance form of
posterior RBFPDs. 5
The technique resulted in doubling of the survival rate to 64 percent at 7.5 years.6	
   Resin
bonding of nonperforated cast frameworks of RBFPDs was further enhanced by specific metal
surface treatment and specially designed luting resins.7
Developments

in

computer-aided

design

and

computer-assisted

manufacturing

(CAD/CAM) technologies have made working with a high crystalline material, such as zirconia,
to construct dental restorative designs possible and simple.8 Yttria-stabilized zirconia ceramic is a
high performance material with peerless biocompatible, mechanical, and physical properties.
These properties make zirconia replacements of metallic framework in RBFPDs possible.
Zirconia’s desirable optical properties allow its application in several restorative dentistry
procedures where esthetics is a priority, and make it interesting for further research. Considering
the metallic nature of pure zirconium, it can be assumed that treatments originally performed for
conditioning metals or alloys might be beneficial for etching zirconium dioxide to increase its
surface roughness and mechanical bond.9

1. i. Resin-Bonded Fixed Partial Denture Design
The first use of wing-like retainers with funnel-shaped perforations through them to enhance
resin retention is attributed to Rochette who, in 1973, combined mechanical retention with a
silane coupling agent to produce adhesion to the metal.10
Livaditis and Thompson postulated that the retentive resin "rivets" extruding through the
perforated framework were exposed to increased stresses, as well as abrasion and leakage, which
diminished their longevity.7 A 3.5 percent solution of nitric acid with a current of 250 mA/cm2 for
five minutes, followed by immersion in an 18 percent hydrochloric acid solution in an ultrasonic
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cleaner for ten minutes, were used to etch the internal surfaces of solid base metal retainers for
RBFPDs. This type of etched-metal prosthesis is frequently called the Maryland Bridge.11 A
resin-alloy bond strength of 27.3 MPa was measured and compared with resin-enamel bonds of
8.5 to 9.9 MPa.12
Electrochemical etching is technique-sensitive. Over etching produces an electropolished
surface, and contamination of the surface reduces the bond strength.13 Because of the
unpredictability of the etching technique and its dependence on the use of certain base metal
alloys, there has been interest in alternative ways of creating metal surfaces capable of retaining
resin bonding materials.7 Retainers coated with pyrolized silane (Silicoater, Kulzer, Irvine, CA)
have been shown to be 47 to 104 percent more retentive than retainers treated by etching alone.
Air abrading metal increases bonding strength remarkably when used in conjunction with a
silane coupling agent.14
The tooth preparation includes axial reduction and guide planes on the proximal surfaces,
with a slight extension onto the facial surface to achieve a faciolingual lock. The preparation is
designed to cover the largest area of the enamel as possible, within the limits of esthetics and
occlusion, and to ensure precise insertion and seating of the framework. These aims can be
achieved by creating shoulders, grooves, pits, and occlusal trenches.12 Grooves were found to
increase resistance to displacement.12 Wilkes found rests to be the dominant feature in a
preparation, contributing to both resistance and rigidity.15 The occlusal rest directs the applied
force from the pontic to the abutments. Barrack strongly recommends the use of two rests.15 The
choice of a material for RBFPD procedures depends on the clinical context. Specifically, if the
dental arches already contain a restoration material, it is advisable to choose a prosthetic material
that is compatible with these in terms of corrosion.

	
  
	
  

5	
  

1. ii. Adhesion to Zirconia
Zirconia as a material of choice for RBFPD has increased, probably due to the ease and
simplicity of its design using CAD/CAM technology.
Cementation is an important process for the longterm clinical success of all-ceramic
restorations such as zirconia based restorations. Bonding of ceramic restorations to the tooth
structure depends on the composition of the ceramic material, the type of cement or luting agent
used, and the tooth structure. Water based cements, such as zinc phosphate or glass ionomer
cements, work mainly by frictional force, so that when they are used, mechanical retention is
necessary. Adhesive luting systems are recommended if mechanical retention is compromised.
The bond of the resin luting cement to the tooth structure is enhanced by acid etching of enamel
or dentin, and by using dentin adhesives. Penetration of monomers into the demineralized
dentinal matrix, followed by polymerization, promotes the micromechanical bond via hybrid
layer formation. Similarly, the internal surface of the ceramic restoration must be prepared to
optimize the micromechanical bond between the ceramic surface and the resin.
Several surface treatments have recently been investigated, and concerns still exist
regarding the selection of the most appropriate zirconia surface pre-treatment. Airborne particle
abrasion was used to enhance the surface area available for bonding.9 Although an improvement
in the average surface roughness has been recorded on a micrometer scale, the treatment
appeared inadequate to establish reliable ceramic-cement bonds.9 Hydrofluoric acid etching and
silanization did not result in a satisfactory resin bond to zirconia, due to its high crystalline
content and limited vitreous phase.8,9 The application of hot etching solution, a mixture of
methanol, HCl, and ferric chloride, also resulted in increased zirconia surface roughness. The
action of this hot acid solution is believed to be a corrosion-controlled process.16 Piranha
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solution, in combination with the luting agent Multilink (Ivoclar, Liechtenstein), reported an
increase in bond strength. The action of Piranha solution is believed to be surface hydroxylation.
Piranha solution, well known as a technical cleaning reagent used in scientific
research,17,18 is a mixture of sulfuric acid (H2SO4 96 percent) and hydrogen peroxide (H2O2
percent), which is a strong oxidizer and corrosive. Piranha solution (peroxymonosulfuric acid,
H2SO5) hydroxylates most surfaces, making them extremely hydrophilic. Piranha acid is also
utilized as a pre-treatment for biomaterial implant surfaces, to modify and increase bone
ongrowth and cell attachment.17 It represents an effective method for conditioning zirconia
surfaces and enhancing retention.
The success of zirconia resin-bonded prostheses is dependent not only upon the
zirconia/resin retention system, but also on a preparation design that ensures retention and
stability of the framework. The basic framework design for the RBFPD procedure consists of
four major components: the occlusal rest or cingulum rest (for resistance to gingival
displacement); the connector area (for resistance to fracture); the retention area (for resistance to
occlusal displacement); and the proximal wrap (for resistance to torquing).19 Whenever possible,
opposite grooves should be prepared.11 The grooves are to be nearly parallel and have flat
bottoms. The rests must be large enough to resist against greater occlusal forces.11 In all anterior
teeth, the enamel surface of the abutment is prepared with a light chamfer, and its curves are
emphasized to enhance the stability and the rigidity of the framework. In posterior teeth, the
palatal surface must be slightly reduced by preparation of two angulated planes, to enhance the
stability and rigidity of the framework.11 However, the most suitable framework design for
RBFPDs has not yet been established.20,21,22 The two-retainer framework design, as opposed to
the cantilever design, was suggested for high-strength all ceramic RBFPDs.23 Different
	
  
	
  

7	
  

movements of the abutment teeth during occlusal excursive movements can cause shear and
torque forces on the pontic and connectors, resulting in high rates of fracture, bending and
debonding, or stress at the resin-RBFPD interface.23 Consequently, the framework design
influences the fracture strength of RBFPDs.20
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Chapter 2
Literature Review and Background

2. i. Zirconia as a Restorative Material
Zirconia crystals can be organized into three different patterns: monoclinic (M), cubic
(C), and tetragonal (T). Great molecular stability can be achieved by mixing ZrO2 with other
metallic oxides, such as MgO, CaO, or Y2O3.24 Yttrium-stabilized zirconia, also known as
tetragonal zirconia polycrystal (TZP), is presently the most studied combination. Yttria-stabilized
zirconia ceramic is a high performance material with peerless biocompatibility, and excellent
mechanical, and physical properties. These propertires make zirconia replacements of metallic
framework in crowns and bridges possible. Zirconia’s desirable optical properties have led to its
application in several restorative dentistry procedures where esthetics is prioritized, and are of
interest for further research.
Since it is not possible to fabricate custom direct “on dies” dental designs, computer
aided design and computer assisted manufacturing (CAD/CAM) technology make working with
this high crystalline material not only possible, but simple, when constructing dental restorative
designs.8 Restorations are processed either by the hard machining of fully sintered blanks 25,26,27
or by the soft machining of pre-sintered blanks followed by high temperature sintering.27 A
technique that allows frameworks to be ground out of zirconia in its soft state was developed.
The procedure requires soft machining followed by sintering of the frameworks to full density, in
order to reach optimal material properties. This development was made to help overcome hard
machining problems. However, post-grinding sintering results in shrinking of approximately
fifteen to thirty percent of the framework. In order to compensate for shrinkage, the size of
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presintered milled frameworks must be larger by this difference.28 Hard machining produces
restorations that have good internal and marginal adaptation, but processing zirconia in its fully
sintered state makes the grinding procedures difficult, time consuming, and leads to severe wear
on milling instruments. Also, restorations produced through hard machining have been shown to
contain a significant amount of monoclinic zirconia, which may be associated with surface micro
cracking, higher susceptibility to low temperature degradation and lower reliability.29
Because of zirconia's high strength, it enables the clinician to place the ceramic
restoration almost anywhere in the mouth. Single crowns, implant abutments and bridges can be
fabricated from zirconia.24 Although some manufacturers indicate that zirconia ceramics allow
for the fabrication of a prosthesis involving the full arch, FPDs with a maximum of five units
seem to be more reliable.24,30 This material can also be used for posts and cores or implant
abutments in prosthetic dentistry.24
Zirconia ceramics can be colored to simulate tooth structure and radiopaque. This
radiopacity can be very useful for monitoring their marginal adaptation through radiographic
analysis, especially when intrasulcular and proximal preparations are performed. On the other
hand, opacity might limit the esthetic outcome of zirconia restorations compared with those
made of conventional dental ceramics. Additionally, zirconia has been shown to be
biocompatible,24 without any reported cases of toxicity, patient allergy, or sensitivity. 31

2. i. a. Biocompatibility
Zirconia is used as a prosthetic implant for many medical and dental applications. Its
chemical stability makes it an optimal material, particularly in corrosive environments.
Furthermore, zirconia has a hard and dense surface that is ideal for resisting wear and contact
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damage. Together, these qualities have made zirconia the material of choice where high
functional demands are to be satisfied.	
  
Zirconia was introduced to the medical field four decades ago, proposed as a new
material for hip head replacement, instead of titanium or alumina prostheses.32 During in vivo
evaluation, tests of the effects of zirconia on bone and muscle did not show any unfavorable
results. Additionally, during in vitro evaluation, zirconia did not show cytotoxicity.24

2. i. b. Mechanical and Physical Properties
Zirconia has mechanical properties similar to those of stainless steel. Its resistance to
traction can be as high as 900-1200 Mpa, and its compression resistance is about 2000 MPa.33
Cyclic stresses are also tolerated by this material. Applying an intermittent force of 8kN to
zirconia substrates, Cales found that around fifty billion cycles were necessary to break the
sample, but with force in excess 90 kN structural failure occurred after 15 cycles. 24
Zirconia is similar in color to tooth enamel, and it is also a semitranslucent substance that
is only slightly more opaque than dentin.34 This can be an advantage when a dischromic tooth or
a metal post must be concealed. If translucency is absolutely needed, it can be attained with other
ceramic materials such as alumina or lithium disilicate.

2. i. c. Transformation Toughening
The 3 mol% yttria-stabilized zirconia exhibits a very important feature, related to the
polymorphic transformation for the monoclinic phase when a mechanical stress is applied. This
phenomenon, known as transformation toughening, gives the yttria-stabilized zirconia superior
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mechanical properties compared with other ceramics,35 and explains why this material is referred
to as a “ceramic steel”. 24 Zirconia can prevent the growth of cracks, resulting in a material with
high toughness and mechanical strength. At a crack tip, the matrix constraint on the tetragonal
particles and the transformation to the monoclinic structure take place. This transformation
produces a local four percent increase in volume, which results in compressive stresses within
the matrix, thereby increasing the energy necessary for further crack growth.36 On the other hand,
this transformation also alters the phase integrity of the material, and increases its susceptibility
to aging.

2. i. d. Aging or Low Temperature Degradation (LTD)
This is a phenomenon exacerbated notably by the presence of water.37 The consequences of
aging are many, and include surface degradation with grain pullout and micro cracking, as well
as strength degradation.31
Low termperature degradation, along with the transformation toughening, results in
reverse transformation of the material from the tetragonal to the monoclinic phase, with
simultaneous volumetric expansion. Transformation toughening that is initiated by a crack is
desirable, because the excess volume ‘‘seals’’ the crack. However, LTD is generally considered
unfavorable, because the excess volume causes micro and macro cracking at the surface that
proceeds to the interior, reducing the material’s mechanical properties.
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2. i. e. Fracture Toughness

The fracture toughness of zirconia is between 8 and 10 MPa, almost twice the strength
of aluminum oxide ceramics. This is due to transformational toughening, which gives zirconia its
unique mechanical properties.38

2. i. f. Flexural Strength
The flexural strength of zirconia has been reported to be in the range of 900 to 1,100
MPa. This is approximately twice as strong as alumina oxide ceramics currently on the market,
and five times greater than standard glass ceramics. These values exceed the maximal occlusal
loads during normal chewing.39
In addition, without any glass matrix, zirconia oxide materials are generally stronger and
offer more resistance to cracking than other ceramics. Furthermore, chemical corrosion occurs on
glass substrates, which can lead to clinical failure. The aqueous component in saliva can react
with glass in ceramic material, causing corrosion. This can increase the rate of crack propagation
and lead to failure of the material. 31

2. i. g. Type and Fabrication of Zirconia Blanks
By CAD/CAM milling from a solid block, the fully sintered zirconia is milled at a 1:1
ratio. The partially sintered zirconia is milled 20 percent to 25 percent larger than the desired
final size, due to shrinkage caused by the sintering process. For both the partially and fully
sintered techniques, the die is scanned, and then the computer program designs the framework or
the coping.19
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Three types of zirconia blanks are available for the CAD/CAM system. Though they are
chemically identical, they have slightly different physical properties (i.e. porosity, density,
purity, strength), which may or may not be clinically relevant.31 One type is a completely
sintered dense blank for direct machining by CAD/CAM (hard machining). The other two types
of blanks for CAD/CAM fabrication require post machining sintering (soft machining) to obtain
final products with sufficient strength. These are blanks at the green stage, or pre-sintered blocks;
while the other type includes blanks at the raw stage, in the form of partially stabilized zirconia
powder mixed with binder.40

2. i. g. i. Soft Machining
Since its development in 2001,41 direct ceramic machining of pre-sintered yttria-stabilized
zirconia has become increasingly popular in dentistry, and is now offered by a growing number
of manufacturers. Briefly, the die or a wax pattern is scanned, an enlarged restoration is designed
by computer software (CAD), and a pre-sintered ceramic blank is milled by computer aided
machining (CAM). The restoration is then sintered at high temperature. Several variations of this
process exist, depending on how the scanning is performed and how the large sintering shrinkage
of yttria-stabilized zirconia (about 25 percent) is compensated for. Contact scanners and noncontact scanners are available. Overall, non-contact scanners provide a higher density of data
points and greater digitizing speed, compared to contact scanners.40
Typically, the 3Y-TZP powder used in the fabrication of the blanks contains a binder that
makes it suitable for pressing. The binder is later eliminated during the pre-sintering step. These
powders have only minor variations in chemical composition. The blanks are manufactured by
cold isostatic pressing.40 The binder is eliminated during a pre-sintering heat treatment. This step
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has to be controlled carefully by manufacturers, particularly the heating rate and the pre-sintering
temperature. If the heating rate is too fast, the elimination of the binder and associated burn out
products can lead to cracking of the blanks. Therefore, slow heating rates are preferred. The presintering temperature of the blanks affects hardness and machinability. These two characteristics
act in opposition: adequate hardness is needed for the handling of the blanks; but if the hardness
is too high, it might be detrimental to machinability. The temperature of the pre-sintering heat
treatment also affects the roughness of the machined blank. Overall, higher pre-sintering
temperatures lead to rougher surfaces. The choice of a proper pre-sintering temperature is thus
critical. The density of each blank is carefully measured so that the appropriate compensating
shrinkage is applied during final sintering. The final density of the pre-sintered blanks is about
40 percent of the theoretical density.40
Machining is better accomplished in two steps. First, rough machining is done at a low
feed rate, followed by the final fine machining at a higher feed rate.41 The soft machining
technique prevents stress-induced transformation from tetragonal to monoclinic, and leads to a
final surface virtually free of monoclinic phase, unless grinding adjustments are needed or
sandblasting is performed. Most manufacturers of yttria-stabilized zirconia blanks for dental
applications do not recommend grinding or sandblasting to avoid both the T_M transformation,
and the formation of surface flaws that could be detrimental to longterm performance, despite the
apparent increase in strength due to the transformation-induced compressive stresses.40
Restorations can be colored after machining by immersion in solutions of various metal salts
such as cerium, bismuth, iron, or a combination.42 The color develops during the final sintering
stage. Alternatively, zirconia can be colored by small additions of various metal oxides to the
starting powder.43
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Sintering of the machined restorations has to be carefully controlled, and is typically done
by using specifically programmed furnaces. Shrinkage starts at 1000 0C and reaches
approximately 25 percent. Sintering conditions are product-specific. Final sintering temperatures
between 1350 and 1550 0C, with dwell times between two and five hours, lead to densities
greater than 99 percent of the theoretical density. The restorations are furnace-cooled to a
temperature below 200 0C to minimize residual stresses.40
On average, manufacturers recommend that the minimal thickness for a zirconia coping
should be 0.3 mm for anterior teeth, and 0.5 mm for posterior teeth. For a fixed prosthesis
fabricated with zirconia, the cross sectional dimension for a connector should be 9mm.2 This is
much smaller than the 16mm2 connector recommended for conventional glass ceramics. This
decrease in connector dimension is due to zirconia's greater strength, allowing for a smaller
connector, and thus resulting in a more aesthetic appearance.31 Representative systems utilizing
soft machining of 3Y-TZP for dental restoration include Cercon®(Dentsply International),
LavaTM (3MTM ESPETMMinnesota, US), Procera® zirconia (Nobel BiocareTM US), YZ cubes for
Cerec InLab® (VidentTM California. US), and IPS e.max® ZirCAD (Ivoclar Vivadent NY.US.)40

2. i. g. ii. Hard Machining
At least two systems, Denzir® (Cadesthetics AB) and DCZirkon® (DCS Dental AG) are
available for hard machining of zirconia dental restorations. Y-TZP blocks are prepared by presintering the blocks at temperatures below 1500 0C to reach a density of at least 95 percent of the
theoretical density. The blocks are then processed using a hot isostatic pressing procedure at
temperatures between 1400 and 1500 0C, under high pressure in an inert gas atmosphere.25,26
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This latter treatment leads to a very high density in excess of 99 percent of the theoretical
density.
Processing of zirconia in its densely sintered stage has an advantage, in that it avoids
undesirable dimensional changes resulting from sintering shrinkage that occurs during machining
heat treatment. However, it makes the grinding procedures difficult as well as time consuming,
and leads to high wear of milling instruments. Also, the restorations produced by hard machining
of fully sintered yttria-stabilized zirconia blocks have been shown to contain a significant
amount of monoclinic zirconia.42 This is usually associated with surface microcracking, higher
susceptibility to low temperature degradation, and lower reliability.44

2. ii. Veneering of Zirconia
Current processing technologies, unfortunately, cannot make zirconia frameworks as
translucent as natural teeth, so they have to be veneered with weaker porcelain to achieve
acceptable esthetics.
The coefficient of thermal expansion of the restoration and porcelain should be matched.
Porcelain that is used in porcelain-fused-to-metal restorations cannot be used with a zirconia
substructure, since delamination will occur. Furthermore, proper firing of a bonding layer of
porcelain to the zirconia core is essential to create a stable interface between the two materials.31
The nature of the interface between yttria-stabilized zirconia and veneering porcelain has not
been thoroughly studied.
The typical failure pattern of a veneering material is known, in daily clinical practice, as
ceramic chipping.45 This fracture pattern is associated with a thin layer of glass ceramic that
remains on the zirconia framework.46 This indicates a reliable bond of the veneering ceramics to
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the framework, but also reveals a weakness of the veneering porcelain. A possible reason for the
incidence of chipping may be found in the former limited CAD software options, by which
crown and fixed dental prosthesis (FDP) frameworks could not be machined to an anatomically
reduced form, which would offer adequate support to the veneering material. However, modern
CAD/CAM systems are able to provide considerably better anatomical cut back framework
designs. Future clinical longterm results may be more favorable.47, 48 Another potential reason
may be that the powder buildup technique frequently results in the incorporation of voids and
flaws.49 Use of more stable veneering materials might reduce the chipping rate, compared to
traditional veneering porcelains. The porcelains used in the powder technique have a flexural
strength in the range of 80 MPa,50 while the ceramics used for the over-pressing technique to
veneer zirconia show a flexural strength of 120 MPa. However, several in vitro studies reported
no difference in the load-bearing capacity of crown systems using over-pressed veneering
ceramics and powder buildup veneering porcelain.49
All manufacturers of porcelains for dental yttria-stabilized zirconia ceramics now provide
“liner” materials, presumably to increase porcelain bonding, as well as to provide some chroma
and fluorescence. Although bonding does not appear to be at issue, perhaps these liners help
assure wetting, or have chemistries adjusted to reduce possible interactions with the yttriastabilized zirconia. It does not appear in any studies that prostheses have needed to be replaced
due to porcelain crazing or minor chipping.40

2. iii. Adaptation of Zirconia
CAD/CAM techniques involve scanning, software and machining procedures, and each
single step contributes to the overall fit of the crown. Systems that are dependent upon an optical
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impression experience problems with rounded edges, due to the scanning resolution and positive
error, which simulates peaks at the edges.50 Other systems that use a surface contacting probe
cannot accurately reproduce proximal retentive features less than 2.5 mm wide or more than 0.5
mm deep. Feather-edged finish lines, deep retentive grooves, and complex occlusal morphology
are not recommended, not only for scanning and milling prerequisites, but also to decrease stress
that would develop in a restoration with inadequate preparation and margin geometry.51 An
additional problem with computer-milled ceramic restorations is that the internal cutting bur may
be larger in diameter than some parts of the tooth preparation, such as the incisal edge. This
would result in a larger internal gap than with other fabrication techniques.50 Research has shown
that the internal gaps and marginal adaptations of zirconia frameworks were significantly larger
than those of metal frameworks.46

2. iii. a. Marginal Adaptation of Zirconia
When evaluating the clinical success and quality of a restoration, marginal discrepancy is
an essential criterion.52 Absolute marginal discrepancy has been defined as an angular
combination of the horizontal and vertical error, and would reflect the total misfit.53 McLean
suggested that 120 µm should be the limit for clinically acceptable marginal discrepancies.54
The longterm clinical success of all-ceramic prosthodontics can be influenced by
marginal discrepancies.55 Poor marginal adaptation of fixed prostheses increases plaque retention
and changes the distribution of the micro flora, which can induce the onset of periodontal
disease. Also, poor marginal fit can cause secondary caries, and lead to clinical failure of fixed
prosthodontics.56 Microleakage from the oral cavity may cause endodontic inflammation.57
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2. iii. b. Internal Gaps of Zirconia
An internal gap is the perpendicular measurement from the axial wall to the internal
casting surface. Compared with the traditional casting of metal, the computer-aided fabrication
of ceramic frameworks may lead to critically large internal gaps between them and their
underlying abutments, depending on the system used.46
The internal adaptation plays an important role in the longterm stability of all-ceramic
reconstructions. The important factors to be considered are the thickness of the cement layer, and
the increase in cement thickness caused by a larger internal gap, which can have a significant
impact on the longterm stability of a ceramic reconstruction. The increase in thickness of the
cement layer resulting from a larger internal gap can lead to a significant decrease of the flexural
failure load of ceramics, as in vitro studies have shown.58 There are two main factors which have
influences on the marginal adaptation and the internal fit of zirconia: the computer fixed cement
space, and the convergence angle of the abutment tooth.

2. iv. Cementation of Zirconia
The cementation process is vital for the clinical success of all-ceramic restorations.
Although superior in terms of mechanical performance (strength, toughness and fatigue
resistance), there is an inherent limitation associated with high strength ceramic materials.
Bonding of resins to these materials is more difficult than bonding to silica-based ceramics.
Fortunately, it is possible to conventionally lute zirconia crowns which, due to their high flexural
strength, rely only on micromechanical retention.59,60 Traditional preparations provide
mechanical retention and resistance form.61 Conventional zinc-phosphate and glass-ionomer
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cements are used, as are resin-modified glass-ionomer and compomer cements. The more recent
generation of self-adhesive luting cements are also indicated. These conventional cements are
less technique-sensitive. However, conventional cementation techniques do not provide
sufficient bond strength for some clinical applications, such as compromised retention, RBFPD,
and short abutment teeth.62 Furthermore, good adhesion is important for high retention,
prevention of microleakage, and increased fracture and fatigue resistance, and it is mediated by
the use of resin-based cements.
Some investigators have examined and measured the shear bond strength of different
cements on zirconium oxide ceramic surfaces after different pretreatments; these studies
provided varying and controversial results.63, 64 Studies of shear bond strength to zirconia ceramic
have shown that a composite resin cement containing an adhesive phosphate monomer (MDP)
provided significant bond strength values.63,64 The self-adhesive modified composite resin
cement represents a new type of cement, which was developed with the goal of combining ease
of handling with no required pretreatment steps, along with favorable esthetics and firm adhesion
to tooth structure.65 This cement has also demonstrated high shear bond strength to zirconia
ceramics under specific conditions.66
The success of the cementation process is dependent on the composition of the ceramic
material. The bond of the resin luting cement to the tooth structure is enhanced by acid etching of
the enamel or dentin, and by the use of a dentin adhesive. The penetration of monomers into the
demineralized dentinal matrix, followed by polymerization, promotes the micromechanical bond
via hybrid layer formation.67 In a similar way, the internal surface of the ceramic restoration
must be prepared in order to optimize the micromechanical bond between the ceramic and the
resin.
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2. v. Computer Fixed Cement Space
The cement spaces set by the CAD/CAM system for all ceramic restorations need to be
taken into consideration, because cement space have an influence on improving restorations
marginal adaptation. A cement space fixed by the CAD/CAM system measuring 60µm might be
favorable from the aspect of marginal adaptation of zirconia ceramic copings.68, 69 These findings
are most likely related to the disappearance of the premature contacts between the abutments and
the coping internal surfaces in the increased computer-fixed cement spaces.

2. vi. Surface Treatments and Adhesive Promoters
2. vi. a. Macroretention
Macroretention has now virtually been abandoned. Rochette perforations limited
effective retention to a smaller area than was observed using wings, exposing large areas of resin
surface to the oral environment. Mesh retention (Unitek-Renfert) markedly increased the
thickness of the wings, resulting in a more invasive preparation, or in overcontouring.11
2. vi. b. Microretentions
Ceramic-resin cement bonds may be more effective and durable if associated with
micromechanical retentions. The roughened ceramic surfaces may allow the resin cement to
penetrate and flow into these microretentions, thus creating a stronger micromechanical
interlock.70,71 The common treatment options available for surface treatment are (1) grinding,72
(2) abrasion with diamond rotary instruments,73,74 (3) airborne particle abrasion with aluminum
oxide,75,

76

(4) acid etching,77 and (5) combinations of any of these methods. A sixth option,

Er:YAG Laser, was also proposed.
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2. vi. c. Air-abrasion
Air-abrasion with aluminum oxide particles is routinely performed to remove layers of
contaminants, thus increasing the micromechanical retention between the resin cement and the
restoration.9 Usually, air abrasion units use aluminum oxide particles with sizes ranging from
25µm to 250µm.
The effect of air abrasion on the mechanical properties of zirconia has been repeatedly
discussed in the literature, and both positive and negative results have been described.35,78,79
Some authors have stated that air abrasion increases the flexural resistance of zirconia ceramics
because it induces T_M phase transformations, creating compressive layers on the surface.35,78,
Apparently, the depth of the surface flaws induced by air abrasion does not exceed the thickness
of the compressive layers, justifying the improved properties of air-abraded surfaces.78 When the
effects of air abrasion and milling with fine-grained diamond instruments (20µm-40µm) were
compared with the use of coarse diamond burs (125µ-150µm), it was observed that less severe
protocols reduced surface roughness, and resulted in the formation of compressive layers on the
surface. Conversely, coarse diamond burs reduced the flexural strength and reliability of Y-TZP
ceramics.79 In a different study, air abrasion and coarse diamond burs also presented opposite
effects on the flexural resistance of a zirconia ceramic. The authors of that study reported that,
during milling with the diamond bur, a vast amount of material was removed and sparks were
commonly observed, despite the constant use of water spray, indicating that both stress and
temperature were high during the operation.35
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Phark and Blatz tested the shear bond strength of different adhesive cements to zirconia ceramics
with and without airborne-particle abrasion, and concluded that airborne particle abrasion is not
recommended.80

2. vi. d. Tribochemical Coating
Tribochemical coating is an effective method for roughening glass-infiltrated based
ceramics. This method (Rocatec, 3MTM ESPETM), which can be used with all metals or oxide
ceramics, roughens the surface by air-abrading it with 110µm alumina particles (Rocatec-pre,
3MTM ESPETM). Another air-abrasive substance (Rocatec-plus 3MTM ESPETM 30µm)
silicatizes the surface by coating it with a layer of SiO2. Tribochemical coating creates a pseudosilane attached surface81 by applying methacryl silane, and a bond is created to the silicate
surface of the metal or oxide ceramic.
Tribochemical coating seems to be less effective for zirconia ceramics than for glassinfiltrated ceramics.64 As mentioned above, in this technique air pressure impregnates the
ceramic with silica particles, and further silane application renders the impregnated surface
chemically reactive to the resin cement.82 However, siloxane bonds (including silica, silane and
resin cement) are formed only if the surface presents oxygen and silica, because the presence of
both molecules provides linking sites between silane and the ceramic. Yttria-stabilized zirconia
ceramics present greater hardness compared to systems with a glassy structure, which prevents
the impregnation of silica onto the surface.83 For this reason, silane agents do not bond
adequately to zirconia ceramics.64 Although some studies have demonstrated good results with
tribochemical treatment,84,85 the question might be posed whether the improved bonding was
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caused by the siloxane bond or micromechanical retention.This should be investigated in further
studies.
Despite the possible negative outcomes of surface treatments on the mechanical
properties of yttria-stabilized zirconia materials,86 the application of resin cements to untreated
surfaces apparently results in low bond strength, which is unable to resist water storage.87 This
fact might indicate that some surface alteration is required in order to obtain a durable bond to
zirconia.87 Additionally, in a longterm clinical study with alumina and zirconia FPDs, the authors
noted that fractures only occurred at untreated sites, never on air-abraded surfaces.88
Although an improvement in the average surface roughness by airborne particle abrasion
has been recorded on a micrometer scale, the treatment appeared inadequate to establish reliable
ceramic-cement bonds.36
Cojet (3MTM ESPETM Minnesota US) silicatized sand is blasted directly onto the metal,
porcelain, or composite surface requiring repair, as illustrated in Figure 1. It is a tribochemical
method for silicatising surfaces. Tribochemistry involves creating chemical bonds by applying
mechanical energy. This supply of energy may be used for rubbing, grinding or sandblasting.
There is no application of heat or light, which would normally be the case with chemical
reactions.
The mechanical energy is transferred to the substrate in the form of kinetic energy, and
the silicatisation takes place macroscopically without any change in temperature. Subsequent
silanisation and application of bonding agent produces a strong chemical and microgap-free bond
between the treated surface and the restorative material. Kim et al85 reported a higher bond
strength to tribochemical treated zirconia, compared to air particle abraded zircoina.
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2. vi. e. Acid Etching
Acid etching with solutions of hydrofluoric acid (HF) or ammonium bifluoride can
achieve proper surface texture and roughness on silica-based ceramics.77 The glassy matrix is
selectively removed, and crystalline structures are exposed. Hydrofluoric acid solutions between
2.5 and 10 percent applied for two to three minutes seem to be most successful.
Unfortunately, because of the chemistry and the high crystalline content of zirconia,
which differ from conventional silica-based materials, neither hydrofluoric acid81,89,90, etching
nor silanization result in a satisfactory resin bond to zirconia.89,90

2. vi. f. Aplication of Silanes
Silanes are bifunctional molecules that bond silicone dioxide to the OH groups on the
ceramic surface. They also have a degradable functional group that copolymerizes with the
organic matrix of the resin.86 Silane coupling agents usually contain a silane coupler and a weak
acid, which enhances the formation of siloxane bonds.91 Silanization also increases wettability of
the ceramic surface. Sorensen et al showed that ceramic etching and silanization significantly
decreased microleakage, which was not achieved by exclusive silane treatment.92

2. vi. g. Selective Infiltration Etching
Alternative technologies have been considered in the attempt to change these highstrength ceramic cores into more retentive substrates. Selective infiltration etching (SIE) has
recently shown promising results in terms of bond strengths values at zirconia–resin cement
interfaces.9 This treatment, which is based on the principle of the heat-induced infiltration
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process, may determine zirconia crystal rearrangements as well as formation of intergrain nanoporosities, where low-viscosity resinous materials may flow and interlock after polymerization.89

2. vi. h. Hot Chemical Etching Solution
Conversely, considering the metallic nature of pure zirconium, it can be assumed that
treatments originally performed for conditioning metals or alloys may be somewhat beneficial
for etching zirconium dioxide crowns or bridge frameworks.9,93 The application of the hot
etching solution resulted in modifications to the zirconia surface, as well as a significant increase
in surface roughness. These results are similar to those previously achieved by Ferrari, when
etching high strength Ni–Co alloys for enhancing the retentive potential of Maryland bridge
wings.8 The action of this hot acid solution is basically a corrosion-controlled process. It can be
speculated that the hot chemical etching solution may determine a chemical dissolution of the
grain structure on the zirconia surface,93 enlarging the grain boundaries throughout the
preferential removal of the less-arranged, high-energy peripheral atoms.94

2. vi. i. Piranha Solution
Piranha solution is a mixture of sulfuric acid (H2SO4 96 percent) and hydrogen peroxide
(H2O2 30 percent). Piranha solution is a strong oxidizer that hydroxylates most surfaces, making
them extremely hydrophilic. It is well known as a technical cleaning reagent used in scientific
research.17,18 Piranha acid is also utilized as pretreatment for biomaterial implant surfaces to
modify and increase bone on-growth and cell attachment.17 As the name implies, it is a very
dangerous solution, and must be handled with extreme caution. The effectiveness of piranha
solution in removing organic residues is due to two distinct processes. The first is a fast process,
by which the concentrated sulfuric acid removes hydrogen and oxygen as units of water. The
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second is a slower process, by which the sulfuric acid boosts the conversion of hydrogen
peroxide from a mild into an aggressive oxidizing agent to dissolve elemental carbon, a material
that is notoriously resistant to room temperature aqueous reactions. Piranha solution represents a
potentially effective method for conditioning zirconia surfaces and enhancing retention. Ulrich et
al reported an increase in bond strength to zirconia when combining air particle abrasion, piranha
solution and silane.17

2. vi. J. Er:YAG Laser
Irradiation of Y-TZP surfaces with Er:YAG Laser was proposed as a surface treatment
method to improve the bond strength of resin cements. The Er:YAG Laser has the ability to
remove particles by micro explosions and vaporization, a process called ablation. During laser
treatment, local tempreture changes due to heating and cooling phases creat internal tension that
can damage the material. The mechanical properties of Y-TZP ceramics can be negatively
affected by changes in temperature, which can induce phase transformation. However, with the
lower power setting used for Er:YAG Laser irradiation and water cooling, bond strength was not
as effective as air abrasion.95

2. vii. Dental Adhesives
Ideally, a bonding agent should have basic properties of retention, resistance to
degradation, biocompatibility, ease in handling, and radiopacity. A number of adhesive resins
have been developed in recent years. The first resin-bonded restorations described by Rochette96
were held in place by an unfilled resin (polymethyl methacrylate, Sevriton Simplified, Claudius
Ash, Inc., Niagara Falls, NY), which was attached to etched enamel.97 Unfilled/filled composite
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resins (Adaptic/ Adaptic Bonding Agent, J &J Dental Products Co., East Windsor, NJ, and
Concise Composite and Enamel Bond System, 3M Co., St Paul, MN) were used with perforated
retainers.97 Then a modified unfilled/filled composite resin with a thin film, specifically intended
for luting resin-bonded fixed partial dentures, was released. Later, chemically active adhesives,
resin cements, 4-META, and 4-methacryloxyethyl trimellitate anhydride (C&B Metabond,
Parkell Co., Farmingdale, NY) were developed. Since this cement relied on adhesion to the metal
and not on microretention on the surface of the metal for bond strength, etching was no longer
necessary.97 The 4-META adhesive (4-Methacryloxyethyl trimellitate anhydride) was developed
by Tanaka in 1978.98 This adhesive resin bonds well to etched enamel and weakly to unetched
enamel. The search for a resin cement that would chemically adhere to the alloys used in
dentistry, and also bond to the tooth structure, led to the development of the PhosphateMethacrylate Resin cement (Panavia, Kuraray Co, Kayama, Japan). PMR differs from existing
composite resin materials in that a phosphate ester has been added to the monomer to create a
dental adhesive utilizing both mechanical and chemical bonding. The key to the chemical
bonding lies with 10-Methacryloyloxydecyl dihydrogen phosphate, commonly called MDP, an
adhesive monomer that provides longterm bond strength between tooth structure and metal,
silanated porcelain or composite.99 PMR contains approximately 75 percent quartz filler, which
makes the cement extremely hard and virtually insoluble in oral fluids. 99

2. viii. Polymerization of Resin Luting Cement
It is highly advisable to use resin cement for bonding when the restoration margins are
located in the enamel, and perfect moisture control using a rubber dam is possible.100 Resin
cements are divided into three groups according to the polymerization process: chemically
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activated cements, which are used for Maryland bridges and intraradicular posts; light-cured
cements, which are used for veneers; and dual-cured cements, which are used for inlays, onlays
and crowns. Light cured resin cements have the clinical advantages of longer working time and
better color stability.101 Dual-cured resin cements have the advantages of controlled working
time and adequate polymerization in areas that are inaccessible to light. They contain a
peroxide–amine component for chemical polymerization, and camphorquinone for light
activation. They are usually composed of dimethacrylate monomers, such as bisphenol A,
glycidyl methacrylate (BIS-GMA), urethane dimethacrylate (UDMA) or triethyleneglycol
dimethacrylate (TEGDMA), and inorganic filler particles, which help to reduce the thermal
expansion coefficient and polymerization shrinkage, and thereby increase resistance to wear.101
The use of resin luting agents has been encouraged for all-ceramic restorations because of their
low solubility, good esthetics and high bond strength; however, longitudinal studies have shown
marginal degradation over time, due to wearing of the resin cement. Cements with greater
amounts of filler showed less wear, a factor that may facilitate the clinician’s choice of resin
cement.101
Arguably, the most important factor in bonding to zirconia is the polymerization (setting)
properties of resin cements. The selfcure modes of dual-cure cements are the link to optimizing
adhesion between the tooth substrate and indirect restoration. To this date, most zirconia,
alumina, and metal indirect restorations lack the ability to transmit the amount of light required
for proper polymerization of resin cements. The dualcured mode is preferred over light-curedonly esthetic resin cements, removing the potential for limited light transmission through opaque
copings. 81 It is advisable to choose a dualcured cement that performs equally well in both lightcured and selfcured modes, is not affected by aging.81

	
  
	
  

30	
  

2.ix. PANAVIA F 2.0
PANAVIA F 2.0, (Kurarry Co LTD, Osaka, Japan) is a phosphatemethacrylate resin
cement and a self-etching, self-adhesive, dual-cure, fluoride releasing resin cement according to
the manufacturer. It is used for the adhesive luting of indirect restorations made of metal,
metallic-oxide ceramic restoration.
The modified composite resin cement (Kurarry Co LTD, Osaka, Japan) contains the
proprietary adhesive functional monomer 10-Methacryloyloxydecyl dihydrogen phosphate
(MDP,) which chemically bonds to tooth structures and metal oxides. Resin cements and ceramic
priming agents containing this adhesive phosphate monomer (Panavia F 2.0 and Clearfil Silane
Kit, Kuraray) not only provide reliable and longterm durable resin bonds to silica-based ceramics
and metal alloys, but also to glass-infiltrated and densely sintered alumina, as well as zirconia
ceramic.102

2.x. Phosphate Monomers Specific to Zirconia
There are five commercial ceramic primer systems indicated for zirconia: AZ Primer
(Shofu Dental Corporation, San Marcos, CA), Clearfil Ceramic Primer (Kuraray America,
Houston, TX), Metal/Zirconia Primer (Ivoclar Vivadent, Amherst, NY), Monobond Plus (Ivoclar
Vivadent), and Z-PRIME PLUS (BISCO Inc, Illinois, US.) These products differ in the type and
concentration of phosphate monomers used, clinical techniques for use, time of application, and
proprietary formulas.81
Phosphate monomers form chemical bonds with the zirconia surface, and have resin
terminal ends that bond to the resin cements.103,104 MDP
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commonly used phosphate monomers, and has been shown to have a special affinity for nonglass-based substrates of zirconia, alumina and metal.81 MDP is a relatively hydrophobic
monomer, due to its 10-carbon chain, and contains both a hydrophilic phosphate terminal end
that chemically adheres to zirconia, and a polymerizable methacrylate terminal end that adheres
to resin.81
Z-PRIME Plus is a single-component priming agent used to enhance adhesion between
indirect restorative materials and composite resin cements. It is indicated as a surface treatment
of zirconia and alumina metal oxide ceramics as well as other types of metals and alloys. ZPRIME Plus has been specifically formulated to be used in any curing mode. It was reported that
airborne-particle abrasion and zirconia primer provided reliable bond strength between the
adhesive resin and zirconia.63,105
Alloy primer (Kurarry Co LTD, Osaka, Japan) is a metal conditioning agent used to
enhance the bond strength between dental metals and resin-based materials. It contains
VBATDT (1,3,5-Triazine-2,4(1H,3H)-dithione, 6-(4-ethenylphenyl methyl propyl amino), and
MDP. Due to the VBATDT and MDP (chemical structure illustrated in Figure 2), the alloy
primer enhances the bond strength to both precious and non-precious metals. The MDP
Phosphoric acid group bonds chemically to the nonprecious metal atoms, while the double bonds
on the other end of the molecule copolymerize with the resin monomers. Alloy primer adhesion
to precious metal depends on the sulfur atom in VBATDT, while the double bonds on the other
end of the molecule pololymerize with the resin monomers.
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Chapter 3
Objective
The objective of this in vitro study is to compare the shear bond strengths of air abraded
zirconia, acid etched zirconia (Piranha solution), alloy primer, and silanization to enamel, all
bonded with a phosphate-methacrylate resin cement.

Hypothesis and Specific Aims
Null Hypothesis: Surface treatments have no effect on the shear bond strength of zirconia.
Alternative Hypothesis: There is a difference between the surface treatments in terms of shear
bond strength.

Specific Aim One: To compare the shear bond strength of zirconia treated with different surface
treatments to enamel, all bonded with a phosphate-methacrylate resin cement.
Specific Aim Two: To assess the mode of failure (cohesive, adhesive, or mixed), by using
Scanning Electron Microscope (SEM) analysis of the debonded surface.	
  
Clinical Significance of the Study
The results of this study could affect clinicians’ decisions in selecting the type of surface
treatment that would provide the most durable bond to phosphate-methacrylate resin cements.
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Chapter 4
Study Design
4.i. Materials and Methods
Seventy extracted intact human molars were collected from the oral surgery department
at Tufts University School of Dental Medicine over a period of one month. The teeth were
cleaned with an ultrasonic scaler (Cavitron GEN- 119, SpsTM, Dentsply, Pennsylvania, US) to
remove saliva and debris. They were placed in artificial saliva (Caphosol, EUSA Pharma, New
Jersey, US) at room temperature to prevent them from drying and becoming brittle.
The teeth were embedded in autopolymerizing acrylic resin (Technovit, Heraeus Kulzer,
Germany). The mounting procedure was done in a plastic mounting template (Ultradent product
co. Utah, US) with the experimental surface of the tooth exposed. At all times after mounting,
the teeth were stored in distilled water at room temperature. Preparation of the teeth was
performed with minimum enamel reduction, using a high speed headpiece with water, and a
coarse flat-end cylinder diamond bur (No. 6837KR, Brassler, Georgia, US). They were finished
with 600 grit silicone carbide strips (Mark V Laboratory, Connecticut, US), to create a uniform
flat surface prior to the bonding procedure (Figure 3).
The prepared tooth surfaces were randomized into seven groups and matched
to the zirconia specimens. All specimens were cemented at room temperature with phosphate
metacrylate (PANAVIA F2.0, Kurarry Co LTD, Osaka, Japan), following manufacturer’s
recommendations. Zirconia specimens were cemented to the teeth under a constant load of 5Kg,
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using a universal testing machine (Model 4204, Instron Corp. Canton, MA, US), (Figure 5).
Excess cement was removed immediately with a micro brush. The margins were then light cured
for twenty seconds per surface. Any residual cement was then removed using a fine point sickle
scaler (SM 13/14, Hu-Friedy Co., USA.)
Zirconia specimen blocks (3MTM ESPETM, Minnesota, US) were cut into cylinders 4mm
in diameter and 2mm in length.17 The specimens were rinsed thoroughly with water for 1 minute,
ultrasonically cleaned for 3 minutes, air dried, and randomly devided into seven groups.
Group 1: Airborn particle abrasion; Using 50µm aluminum trioxide particles (Al2O3) for 10
seconds8 at less than 10 mm distance.17 This group served as a control group.
Group 2: Airborn particle abrasion and Z-PRIME Plus; Using 50µm aluminum trioxide
particles (Al2O3) for 10 seconds8 at less than 10mm distance.17 A thin coat of Z-PRIME Plus
(BISCO, INC. Illinois, US) was then applied with a micro brush and dried with an air syringe for
5 seconds.
Group 3: Air particle abrasion and alloy primer; Using 50µm aluminum trioxide particles
(Al2O3) for 10 seconds 8 at less than 10 mm distance. 17 Then a thin coat of Alloy Primer (Kurarry
Co LTD, Osaka, Japan) was applied with a micro brush and allowed to dry.
Group 4: Piranha solution 7:1; Piranha acid etching solution at 7:1 concentration was applied
for 2 minutes.16 Then the specimens were rinsed with distilled water and air dried.
Group 5: Piranha solution 7:1 and Z-PRIME; Piranha acid etching solution at 7:1 concentration
was applied for 2 minutes. A thin coat of Z-PRIME Plus (BISCO, INC. Illinois, US) was then
applied with a micro brush and dried with an air syringe for 5 seconds.
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Group 6: Piranha solution 7:1 and Alloy Primer; Piranha acid etching solution at 7:1
concentration was applied for 2 minutes. Then a thin coat of Alloy Primer (Kurarry Co LTD,
Osaka, Japan) was applied with a micro brush and allowed to dry.
Group 7: Cojet and silan; Silicatized sand blast using 30µm particles Cojet (3MTM ESPETM,
Minnesota, US) for 10 seconds8 at less than 10 mm distance.17 Then a thin coat of silan (ESPE
SIL, 3MTM ESPETM, Minnesota, US) was applied with a brush and allowed to dry for 30 seconds.
The seven zirconia groups were randomly matched with the seven tooth specimen
groups. Randomization was done using a computer program (Microsoft Excel 2007), results of
which can be viewed in Figure 4. All testing was done by one clinician.
The cemented specimens were stored in distilled water at 37ºC for 24 hours, then
thermocycled in water at temperatures between 5ºC and 55ºC for 500 cycles, with a 15-second
dwell time at each temperature.
All specimens were then subjected to dislodgment forces along the tooth and zirconia
ceramic interface. The shear bond strength until failure was registered by using a universal
testing machine, (Model 4204, Instron Corp. Canton, Mass) (Figure 5), at a crosshead speed of
0.5 mm/min. The universal testing machine was controlled via a computer software (TestXpert
program, Zwick, Ulm, Germany), which also completed the stress-strain diagram and recorded
the breaking load.
The fracture interface of selected zirconia specimens were tested under a scanning electron
microscope (SEM) (Model ISI-DS130) (Figure 6). The debonded zirconia surfaces were coated
with a layer of carbon 10–15mm thick using a sputter coater (POLARON INC. SEM coating
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system E5000, England) (Figure 7). SEM micrographs were carried out in a vacuum at a
working distance of 20mm, to observe the topographic pattern. The images were captured with a
digital image capture system (ORION, ELI Charleroi, Belgium).
All debonded specimen surfaces were examined by the same observer, in order to assess the
mode of failure. Failure of bonding could occur in three locations:
-‐

Adhesive failure is characterized by a complete separation of the cement from the enamel
or zirconia.11

-‐

Cohesive mode is characterized by resin covering both test surfaces of a specimen.11

-‐

Mixed adhesive and cohesive failures occur when a portion of the test surface shows
exposed zirconia or enamel, and other areas have islands of retained resin.11

4.ii. Statistical Analysis
Statistical analysis was conducted using the PASW statistical software package (version
18.0). The data was analyzed via one-way analysis of variance (ANOVA), with surface treatment
as the independent variable and shear bond strength (MPa) as the dependent variable. The critical
level of alpha was set at 0.05. Tables and box plots were used to illustrate the results.

Sample Size
A pilot study was conducted to determine the proper sample size. The power calculation
was performed by nQuery Advisor (Version 7.0). Based on a within-group standard deviation of
3.87 and a variance in means of 4.035, it was found that a sample size of n=10 per group would
achieve a type I error rate of alpha=0.05 and a power of 89%.
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Chapter 5
Results

The shear bond strength (SBS) values, for the seven bonding groups are summarized in
Table 2. Values for each group were compared via one-way analysis of variance (ANOVA), with
surface treatment as the independent variable and shear bond strength (MPa) as the dependent
variable. The analysis presented in Table 3 identifies that shear bond strengths were significantly
influenced by the surface treatment (p value <0.001.)
The Tukey honestly significant difference (HSD) post-hoc pair-wise comparison test
revealed that air abrasion and zirconia primer (Monobond®Plus) showed significant
improvement in shear bond strengths (SBS) P <0.001 compared to all other groups. Higher bond
strength was achieved with air-particle abraded zirconia surfaces (control group) than with the
Piranha etched surfaces (group 4), (P <0.001). The mean bond strength value of the control
group was 14.23 MPa, which was higher than the mean SBS of groups 4, 5 and 6, which were
2.61, 5.50 and 3.17 Mpa, respectively. The SBS values for groups 2, 3 and 7 were higher than in
groups 4, 5 and 6; the values were 21.11, 11.07 and 15.99 MPa respectively. Groups 7 and 3
showed higher SBS values, but not enough to represent a significant difference from the control.
All debonded surfaces were inspected under a SEM at X15 magnification. Selected zirconia
surfaces were inspected under X200 and X2000 magnification.
Table 4 describes the distribution of failure mode in the groups. Mixed (adhesive and
cohesive) failures were most prevalent in groups 1, 2, 3 and 7, with islands of retained resin on
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the zirconia and enamel surfaces. However, groups 4, 5 and 6 showed mostly adhesive failures,
which left the zirconia plates free of the adhesive materials. The percentage of failure mode in
each experimental group is illustrated with pie charts in Figure 9. No cohesive failures of the
substrates (ceramic, resin or enamel) were observed.
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Chapter 6
Discussion

Bonding ceramic restorations is a prerequisite for the longevity and clinical success of the
restoration. Some recent studies have addressed optimizing the retention of zirconia to tooth
structure.63,65,97,83,84,87,90,95,105,106,107 Nevertheless, the best pretreatment for zirconia surface is still
controversial.9 Accepted methods of establishing a reliable bond between the restoration and the
tooth structure include mechanical and chemical modification of the intaglio surface of a fixed
restoration. A growing number of primers are being introduced for treating zirconia. Air abrasion
is the most commonly used abrasion method.
In this study, airborne particle abrasion of zirconia resulted in a significantly higher shear
bond strength when combined with the zirconia primer. Thus, the null hypothesis that surface
treatment would have no different effect on shear bond strength to zirconia was rejected. This
finding agrees with Qeblawi et al, who reported that airborne-particle abrasion and zirconia
primer provided reliable bond strength between the adhesive resin and zirconia.105
Blatz et al63 also reported that a coupling agent containing an adhesive phosphate monomer
can achieve superior longterm shear bond strength to airborne-particle abrasion zirconia
restorations when using a resin cement.
Airborne-particle abrasion with Al2O3 is the preferred treatment method for high strength
ceramic materials. Surface roughening methods increase energy and wettability, and may
decontaminate bonding surfaces.9 In this study, airborne-particle abrasion resulted in high shear
bond strength, but a stronger bond was achieved with airborne-particle abrasion combined with
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zirconia primer. This could be due to MDP containing primer, which added a chemical81,99 bond
to a high mechanical bond. MDP contains both a hydrophilic phosphate terminal end that
chemically adheres to zirconia, and a polymerizable methacrylate terminal end that adheres to
resin.
In contrast to the majority of studies,84,90,95 which support the positive effects of airborneparticle abrasion on the bond strength of zirconia surface, Phark and Blatz103 tested the shear
bond strength of different adhesive cements to zirconia ceramics (Procera) with and without
airborne-particle abrasion, and concluded that airborne particle abrasion of the modified zirconia
surface is not recommended as a pretreatment to increase zirconia retention. This could be due to
the production process of this particular ziconia ceramic (Procera), which has a rougher surface
and the sandblasting process could polish it.
There are studies indicating that air abrasion affects the surface of zirconia ceramic, leading
to microcracks on the surface, which have a deteriorating effect on the clinical performance of
the restoration.35,78,79 In a longterm clinical study with two- and single-retainer all-ceramic (InCeram alumina and In-Ceram zirconia) resin-bonded fixed partial dentures, fractures occurred at
the connector sites which were not air abraded, but never at the retainer wings, which were air
abraded prior to bonding.88
For the Piranha acid etched group, the bond strength was significantly lower than it was for
the airborne-particle abrasion group. The possible explanation for this is that the etching solution
hydroxylates17 and readily cleans the surface without creating undercuts, which are important in
forming micromechanical interlocking with the cement. This is in agreement with the findings of
Ulrich et al,17 who reported that bonding with Panavia F2.0 is not affected by hydroxylation

	
  
	
  

41	
  

using piranha acid. According to the authurs, this was likely due to the incorporation of specific
functional monomers.
High values were reported for the shear bond strength of zirconia after silicoating and
silanation, but no showed no significant difference from the control group. The findings of this
study are contrary to those of Kim et al,85 who measured a 2.7-fold increase for tribochemically
silica-coated and silanized versus air particle abraded zirconia surfaces, using a methacrylic
adhesive. The authors explained these results by the increased surface roughness evident on EM
evaluation. They also reported a high silica content on the surface of the specimens resulting
from silicoating.84 Previous reports indicated that a silane coupling agent did not enhance the
bond strength of resin to Y-TZP, and did not improve the durability of the bond in water. The
conflicting results may be attributed to the fact that different investigators used different brands
of zirconia materials. While all zirconia-based ceramics are similar from a chemical standpoint,
structural differences may exist. Therefore, it may not be reasonable to generalize conclusions
drawn from a specific brand of zirconia to others.
A silane coupling agent forms a siloxane network with the silica phase in conventional
ceramics, and reacts with the methacrylate groups of the adhesive resin through its monomeric
ends by a free radical reaction.105 While this chemical reaction is not applicable to zirconia
unless it is silicoated, it has been suggested that silanization may improve the surface wetability,
resulting in a slight improvement in bond strength.105
The failure mode results indicated that in the experimental groups treated with Piranha
(groups 3, 4 and 5), most failures of the complex (tooth structure—resin cement—Zirconia) were
adhesive, which left the zirconia experimental surfaces free of remnants of adhesive materials.
This finding might suggest that this bond is not as strong as the adhesion between enamel and
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restorative material. On the other hand, contrary to AN Calavanti et al,95 failure mode was
predominantly mixed in the air particle abraded groups, where a portion of the test surface
showed exposed zirconia and islands of retained resin. A possible explination is that the bond
between zirconia and resin cement is comparable to the bond between resin and enamel. This is
in agreement with Blatz et al,63 who’s SEM analysis of the broken zirconia microbars revealed
that the airborne-particle-abraded specimens luted with either Panavia, RelyX or Bistite II
showed mixed interfacial and cohesive failures at the zirconia-resin interface.
Longterm water storage and thermal cycling are commonly used to simulate aging of resin
bonded interfaces. This study used thermal a cycling technique. In the literature, there is no
consensus on a relevant regimen for artificial aging. Gale and Darvel108 reviewed 130 thermal
cycling studies, and reported median temperatures of 5 and 55°C for the low and high
temperature tanks, respectively. Harper et al noted that a patient would not tolerate direct contact
of a vital tooth with extremely hot or cold substances for longer than 15 seconds. Cycling
numbers in the literature range from 10034 to 50,00035 cycles.105
The number of cycles is usually arbitrarily set, which makes it difficult to compare results.
The ISO TR 11450 standard (1994) indicates that 500 cycles in water at 5-55°C is an appropriate
aging regimen.109 However, Gale and Dar Vell concluded that 10,000 cycles corresponds to
approximately 1 year of in vivo function.110 The number of cycles in this study was set to the
ISO TR 11450 standard.109
There were several limitations to the current investigation. Static loading was used instead of
dynamic loading, which is believed to better represent intraoral loading conditions. The longterm
effect of mechanical surface modification of zirconia on longevity was not evaluated. The results
of this study were based on the use of a single cement, and cannot be generalized to other resin
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cements. Longer storage/thermal cycling intervals should be considered in future research, to
further evaluate the durability of the resin bond to zirconia
In this study the ceramic was cemented to natural teet, rather than to composite resin blocks,
to more closely simulate a clinical situation. Microstructural variations in tooth structure (enamel
or dentin) that could result in incorrect interpretation of the results were overcome by
randomization. Furthermore, the purpose of the present study is to evaluate the bond strength of
zirconia resin luting agent to tooth structure while varying the treatment applied to the ceramic
surface, which is closer to the clinical situation.
In vitro studies such as this shear bond strength study do not replace clinical studies, and
their outcomes should be interpreted with caution. For this study, the shear bond strength test
was used because it is commonly used, and its reliability has been demonstrated in previous
studies. The ceramic composition and intaglio surface are specific for each commercial system;
thus, conclusions drawn for one zirconia ceramic system may not be applicable to others.
All in vitro studies have limitations, and randomized clinical trials are the ultimate tools to
evaluate the benefits of certain clinical procedures. Numerous factors, such as preparation design
and 3-dimensional geometry of the restoration, may influence the longterm clinical outcome of
resin-bonded all-ceramic restorations, and cannot be included in an in vitro study. Two of the
primary objectives of in vitro studies are the elimination of influential parameters, and the
limitation of variables. A hypothesis-driven focus on narrowly defined parameters may not
sufficiently simulate intraoral conditions, but allows for preliminary testing and identification of
superior materials and methods that may later be tested in a more relevant setting.
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Chapter 7
Conclusions

Within the limitations of this study, the following conclusions were drawn:

Airborne-particle abrasion followed by the application of a zirconia primer had the
highest shear bond strength. Therefore it represents a practical procedure resulting in improved
zirconia shear bond strength to enamel.

The use of air particle abrasion and zirconia primer can be recommended as promising
surface treatment method to achieve durable bond to densely sintered zirconia ceramics.

The bond between zirconia treated with air particle abrasion and zirconia primer, and
resin cement is comparable to the bond between resin cement and enamel.

	
  
	
  

45	
  

Appendix of Tables
Table 1:Materials Used in This Study.

Product

Composition

Zirconia
Panavia F 2.0 Cement

Cojet ESPE Sil and
Visio-Bond

Alloy Primer

Z-Prime

	
  
	
  

Manufacturer
3M ESPE ,
Minnesota, US

Paste A
BPEDMA/MDP/DMA/silica/ barium
sulfate/dibenzoylperoxide
Paste B
N,N-diethanol-p-toluidine/silica
sodiumfluoride
Oxyguard II
Polyethyleneglycol/glycerine/ sodium
benzenesulfinate cont. gel
Silicatized sand
(particle size 30µm)
Powder
Titanium dioxide
Calcium fluoride
Silica gel
Organic peroxide
Malonyl sulfamide
Pigments
Liquid
Methylmethacrylate
Bifunctional acrylate
Copper chelate
Aminohydrochloride
Phosphine oxide
Copolymers
Acetone
10-Methacryloyloxydecyl dihydrogen
phosphate (MDP)
6-(4-Vinylbenzyl-n-propyl)amino-1,3,5triazine-2,4-dithione(VBATDT)
Iphenyl dimethacrylate
Hydroxyethyl methacrylate
Ethanol

Kuraray medical,
Inc, Okayama,
Japan

3M ESPE,
Minnesota, US

Kuraray medical,
Inc, Osaka, Japan

BISCO Inc,
Illinois, US
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Table 2: Shear Bond Strength Value (MPa) and Standard Deviation (SD) of the Different
surface treatments (Same letter case indicate no statistical difference).
Groups
N
Mean
Std. Deviation
Minimum Maximum
Group 1

10

14.23 a,b

5.68

6.83

23.32

Group 2

10

21.11

6.32

10.64

29.21

Group 3

10

11.07 a

4.34

4.41

17.02

Group 4

10

2.61 c

1.46

0.65

4.57

Group 5

10

5.50 c

1.55

3.97

8.90

Group 6

10

3.17 c

3.09

0.21

8.57

Group 7

10

15.99 b

8.92

5.33

34.90

Total

70

10.53

8.20

0.21

34.90

Group 1: Air particle abrasion. Group 2: Airborn particle abrasion and Z-PRIME Plus
Group 3: Air particle abrasion and Alloy primer. Group 4: Piranha solution 7:1.
Group 5: Piranha solution 7:1 and Z-PRIME Plus Group 6: Piranha solution 7:1 and Alloy
primer. Group 7: Cojet and silan.

Table 3: One-Way Analysis of Variance (ANOVA) results
Between
Groups
Within Groups
Total

Sum of
Squares
2957.2

DF
6.0

Mean Square
492.9

1660.8

62.0

26.8

4618.0

68.0

F
18.399 *

P<0.001*
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Table 4: The number of failure mode in each experimental group.
Groups

Adhesive

Cohesive

Mixed

Group 1

1

0

9

Group 2

2

0

8

Group 3

3

0

7

Group 4

9

0

1

Group 5

5

0

5

Group 6

6

0

4

Group 7

2

0

8

Total

28

0

42

Group 1: Air particle abrasion. Group 2: Airborn particle abrasion and Z-PRIME Plus
Group 3: Air particle abrasion and Alloy primer. Group 4: Piranha solution 7:1.
Group 5: Piranha solution 7:1 and Z-PRIME Plus Group 6: Piranha solution 7:1 and Alloy
primer. Group 7: Cojet and silan.
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Appendix of Figures

Figure 1. Tribochemical coating with CoJet sand.

Figure 2. VBATDT and MDP chemical structure
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Figure 3. Tooth embedded in an acrylic resin. A: Prepared tooth surface, B:
autopolymerizing acrylic resin	
  

Figure 4. Randomization of specimens.
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Figure 5. Universal testing machine (model 4204, Instron Corp. Canton, Mass).
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Figure 6: Scanning Electron Microscope (SEM) Model ISI-DS130

	
  

Figure 7: POLARON SEM coating system E5000
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Figure 8: Box plot of SBS of the Surface Treatments

	
  
	
  

53	
  

Figure 9: Failure mode in each experimental group.
Group 1: Air particle abrasion. Group 2: Airborn particle abrasion and Z-PRIME Plus
Group 3: Air particle abrasion and Alloy primer. Group 4: Piranha solution 7:1.
Group 5: Piranha solution 7:1 and Z-PRIME Plus Group 6: Piranha solution 7:1 and Alloy
primer. Group 7: Cojet and silan.
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Figure 10: SEM(X15 magnification) of the of zirconia debonded surface from Group 1.
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Figure 11: SEM(X200 magnification) of the of zirconia debonded surface from Group 1.
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Figure 12: SEM(X200 magnification) of the of zirconia debonded surface from Group 1.
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Figure 13: SEM(X15 magnification) of the of zirconia debonded surface from Group 2.
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Figure 14: SEM(X200 magnification) of the of zirconia debonded surface from Group 2.
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Figure 15: SEM(X200 magnification) of the of zirconia debonded surface from Group 2.
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Figure 16: SEM(X15 magnification) of the of zirconia debonded surface from Group 3.
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Figure 17: SEM(X200 magnification) of the of zirconia debonded surface from Group 3.
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Figure 18: SEM(X 2000 magnification) of the of zirconia debonded surface from Group 3.
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Figure 19: SEM(X15 magnification) of the of zirconia debonded surface from Group 4.
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Figure 20: SEM(X200 magnification) of the of zirconia debonded surface from Group 4.
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Figure 21: SEM(X2000 magnification) of the of zirconia debonded surface from Group 4.
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Figure 22: SEM(X15 magnification) of the of zirconia debonded surface from Group 5.
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Figure 23: SEM(X200 magnification) of the of zirconia debonded surface from Group 5.
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Figure 24: SEM(X200 magnification) of the of zirconia debonded surface from Group 5.
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Figure 25: SEM(X15 magnification) of the of zirconia debonded surface from Group 6.
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Figure 26: SEM(X200 magnification) of the of zirconia debonded surface from Group 6.
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Figure 27: SEM(X2000 magnification) of the of zirconia debonded surface from Group 6.
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Figure 28: SEM(X15 magnification) of the of zirconia debonded surface from Group 7.
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Figure 29: SEM(X200 magnification) of the of zirconia debonded surface from Group 7.
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Figure 30: SEM(X2000 magnification) of the of zirconia debonded surface from Group 7.
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