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The phenomenon of adhesion, here meaning the physico-chemical adhesion
of two dental materials rather than the adhesion of biological substances
existing in the oral cavity, is involved in almost all disciplines of dentistry.
Basically, adhesion is the force that causes two substances to attach when
they are brought into intimate contact with each other. The molecules of one
substance adhere or are attracted to molecules of another. This force is called
adhesion when unlike molecules are attracted and cohesion when molecules
of the same kind are attracted. The material or film added to produce adhesion
is known as the adhesive and the material to which it is applied is called the
adherend or substrate.1 Adhesion in dental applications can be considered to
include two categories: one to the dental tissues like enamel, dentin or cement
and the other to artificial materials. Artificial materials used in dentistry are, in
general terms, biomaterials. By definition, any material or substance (other
than a drug) or combination of materials, synthetic or natural in origin, which
can be used as a whole or as a part of a system which treats, augments, or
replaces any tissue, organ, or function of the body are called biomaterials.2

A plethora of dental biomaterials is being introduced in dentistry for
various indications that require attachment to the tooth substance or to
substrates using adhesive means. Despite the increased effort to improve the
adhesion between various restorative and prosthetic materials in dental
applications, adhesive and/or cohesive failures are still being experienced
either in the form of debonding, delamination or fractures.3,4

Many factors play a role in the failure of dental restorations such as the
inherent physical features of the materials, external factors or insufficient
adhesion. In fact, even if the restorations were made at ideal conditions,
experiencing failures is not surprising. The differences between the elastic
properties and thermal expansion coefficients of the dental materials that the
clinicians try to adhere to are sometimes large. They function in a moist and
aggressive oral environment and they are exposed to thermal and mechanical
fatigue, static and impact forces caused by the occluding teeth. The result is
catastrophic failure of the restoration either at the interface or within the
material itself.

The presence of minute flaws contributes to failure in many ways,
primarily where the restoration or restoration-tooth system flexes under
loading, causing deflection and resulting in loss of adhesion or debonding
between materials. The failures may also be simply experienced due to
technical mistakes during the preparation of the restorations and occasional
presence of flaws. Mechanical fatigue of restorative materials is mainly
governed by mechanisms that are related to material properties including
microstructure, crack length and fracture toughness, as well as to applied
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stress intensity. Other factors like properties of resin adhesives, luting
cements, design of the restoration, voids in cement layers, surface
microdefects within the material, all may influence the fracture resistance of
the restoration.

Failures related to debonding and difficulties in achieving durable
adhesion required, have initiated this research in order to find the better
methods for conditioning a number of dental biomaterials prior to cementation,
recementation, lamination or repair actions. Although the body of research on
dental adhesion is large, some basic principles and knowledge still seem to be
neglected leading to shorter survival rate than would be expected from often
expensive dental appliances. Some of the reported failure rates are listed
below:

1-Clinical failure rates of adhesively luted ceramic restorations ranged
between 0.6 to 5 % per year. By location of the pontic, failure rates were noted
as 0 to 11 % for premolars and 24 % for molars. Mechanical problems
accounted for 13 to 33 % of the failed units up to 3 years.5-7

2-Posts for endodontically treated teeth have received considerable attention
in the dental scientific literature, but there is sparse in vivo research and
certain information from in vitro investigations is contradictory about the
adhesion of core materials to the metal posts. The retrospective studies
indicated failure rate ranging between 1 to 7.5 % related to loss of adhesion of
cores to metal posts.8

3-With the increased demand for adult orthodontics, the clinicians often lute
brackets and retainer wires to the ceramic parts of fixed-partial-dentures.
However, the failure rates are reported to be 9.8 % in 2 years. Even taking into
account the short duration of bracket applications in orthodontics compared to
other adhesive procedures in restorative dentistry, this failure rate is high.9

4-Clinical studies related to the survival rate of direct or indirect resin
composite restorations revealed 30-60 % of all restorations had been replaced
after 3-8 years mainly due to secondary caries followed by discoloration,
degradation, microleakage, wear or ditching at the margins. It was reported
that the clinicians spend the majority of their chair side time replacing
restorations and the amount of time was found the highest for resin composite
restorations.10-14

5-Amalgam has served dentistry for more than a century. Longevity is reported
up to 6 years with annual failure rates of 0.5-6.6 %.5 The results of recent
surveys from cross-sectional studies indicate that complete cusp fracture of
posterior teeth associated with amalgam restorations is a problem in dental
practice.The failure rate range between 4.4 and 14 occasions per 100 subjects
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or 20.5 teeth per 1000 persons a year.15-17 Although only a few surveys exist
in the literature, strictly speaking, the reported failure rates are not high.
Nevertheless any kind of failure is an unpleasant experience that poses
aesthetic and functional dilemma and is costly both for the patients and the
dentist.

Replacement of a failed restoration is not necessarily the most practical
solution. Before making an attempt to restore failed restoration, clinicians
should know the underlying reasons for the failure.Therefore knowledge on the
failure phenomena and the adhesion characteristics related to the underlying
material should be well-recognized to receive the best possible adhesion.

A summary of the materials of particular concern in this study is listed in
Tables 1a-c.

Background information

A good adhesion to the dental tissues has been achieved successfully over the
few decades. Current research efforts are also aimed at the optimization of the
adhesion between composites to metals (alloys), composites to ceramics and
composites to other composites. A number of surface conditioning methods
have been developed over the last few decades to produce adequate adhesion
to the adherend for restorations. Advances in adhesive dentistry have resulted
in the introduction of surface conditioning methods using chemical agents or
air-borne particle abrasion of the adherend prior to bonding the adhesive in
order to achieve optimum adhesion.18 A summary of conditioning techniques
for restorative materials is presented in Table 2. These methods were initially
based on macro or micromechanical retention either lying on the adherend like
retention beads or located within the adherend such as grooves or undercuts.
However, the methods based on mechanical retention mechanisms suffered
from unreliable bonding strengths or gap formation between the adhesive and
the adherend leading to microlekage. Also, while external retentions promoted
overcontouring of the restoration, internal ones produced by drilling could
introduce additional cracks or deformations and distortions in the adherend.
Other surface conditioning methods used for alloys were based on creating
micromechanical retention through electrochemical etching or electrolytic tin
plating but unfortunately they were not applicable to all alloys.

Chemical conditioning methods rely on less invasive techniques via
particle deposition on the adherend surface followed by coating the surface
with a silane coupling agent and/or an intermediate monomer resin. One such
system is tribochemical silica (SiO2) coating. In this technique, surfaces are
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air-abraded with aluminium trioxide (Al2O3) particles coated with silica. The
blasting pressure results in the embedding of these silica coated alumina
particles in the surface, rendering the silica-modified surface chemically more
reactive to the adhesive through silane coupling agents.19-23

The most popular chemical agent for conditioning dental ceramic or
particulate filler composite surfaces prior to cementation is hydrofluoric (HF)
acid gel. The greatest advantage of the use of HF acid gel is that it is very
simple to apply in chair side procedures. Furthermore, restorations can be re-
etched in case of failure without the need of laboratory procedures. It
selectively dissolves the glassy matrix and causes physical alteration to
promote adhesion of resin composite to the porous surface of the ceramic.
Unfortunately, HF acid gel is a strong caustic agent that may create irritations
of soft tissues.24 Although intraoral use of this acid gel should be seriously
questioned, most of the manufacturers still do recommend it particularly prior
to cementation of adhesively luted restorations.

When two dissimilar materials are to be attached, whether
micromechanical or chemical conditioning is chosen, the use of silane
coupling agents could provide increased attachment.

Silane coupling agents

Silanes are hybrid organic-inorganic compounds that can function as
mediators, coupling agents to promote adhesion between dissimilar, inorganic
and organic materials.25-27 There are several explanations that describe what
could happen at the interface during silane reactions. Briefly listed: a)
Chemical bonding theory is the best known and its main idea is that silanes
improve adhesion by formation of stable, covalent siloxane (Si-O-Si), bonds
and metallo-siloxane bonds (Si-O-M); b) Deformable layer theory points to the
plasticity of the interface region; c) Surface wettability theory suggests the
improvement of adhesive strength by physical adsorption; d) The restrained
layer theory states that some mechanical stress transfer between the phases
take place; e) The reversible hydrolytic bond theory combines aspects of
chemical bonding with the rigid interface of the restrained layer theory; f) An
adhesion between silica and silane, made by two types of bonds, viz. siloxane
bridges and hydrogen bonds; g) Consisting of ionomer bonding,
interpenetration, both soft and rigid layer theories; h) The silane modifies the
oxide layer on the substrate and forms a conversion layer. This layer is different
with its electrochemical properties than those on the silanes and the metal
oxide.

14
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Silane coupling agents used in dentistry were at first vinyltrimethoxysilane
and subsequently mainly 3-methacryloxypropyltrimethoxysilane, �-MPS (also
�-MPTS) (3-methoxysilylpropylmethacrylate). These trialkoxyorganosilanes
have an organic functional radical (R’, e.g. vinyl- or methacryloxypropyl) that
can co-polymerize with a resin composite. They have also three alkoxy groups
(e.g. methoxy -O-CH3) ready to hydrolyze in a water-alcohol solution, and then
to react with surface hydroxyl group on an inorganic substrate (e.g. silica
surface, oxide layer on a metal surface, ceramic, E-glass). In other words,
surfaces to be silanated must contain OH-groups sufficiently. The functional
alkoxyl groups react as acid catalysed (usually in pH 4-5) in aqueous alcohol
solution, to form at the first stage (i.e. hydrolysis) labile intermediate acidic silanol
groups (-Si-OH):

R’-Si(OR)3 + 3 H2O ➔ R’-Si(OH)3 + 3 R-OH (1)

The silanol groups then condense to form dimeric (and then oligomeric) 
molecules:

R-Si(OH)3 + R-Si(OH)3 ➔ R-Si(OH)2-O-Si-(R)(OH)2 + H2O (2)

In the next fast step, they form a three dimensional highly cross-linked
polysiloxane (-Si-O-Si-) layer with covalent bonds, and also -Si-O-M (M =
metal) bonds with hydroxyl groups on the substrate surface. Water is
eliminated in this reaction and methanol is released but in minute amounts.

R R
| |

…R-Si-(OH)2-O-Si-(R)(OH)-…  + 2OH-M ➔ -R-Si-O-Si-O-… + ➔ etc. (3)
I I
O O
I I
M M

Commercial dental silanes are typically pre-hydrolyzed or in other words,
ready to use. The advantage of silane coupling agents appear to enhance
bond strength by promoting a chemical bond between the adhesive and the
adherend. Although early commercial silane solutions suffered from instability,
they have been steadily improved demonstrating higher bond strengths.28,29
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Relevance and objectives of this thesis

The work described in this thesis was initiated as a result of the recognition of
failures experienced in clinical dentistry. It aims to elucidate the relations
between the material properties and the adhesion principles. Moreover the
large variations of new dental biomaterials needed to be studied from the
perspective of their adhesive behaviour in order to find the optimal
combination. Therefore, the overall aim of this thesis was to increase our
knowledge on the interactions between surface conditioning methods used for
different dental restorative, prosthetic and orthodontic materials, and the
adhesives, with a particular emphasis on ceramics, amalgam, titanium metal
and particulate filler resin composites and to chose the most suitable method
for the specific substrate. Such knowledge would help the clinicians to prolong
the service life of the restorations. This allows minimally invasive and cost
effective manner of treatment.
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Table 1a. Trade names, types of ceramics, titanium, amalgam used as substrates and the manufacturing company names.

Trade name Type Manufacturers

Finesse leucite reinforced Ceramco, Burlington, NJ, USA

In-Ceram glass-infiltrated alumina (70%) Vita Zahnfabrik, Bad Säckingen, Germany

Zirkonia Blank for Celay glass-infiltrated zirconia Vita Zahnfabrik, Bad Säckingen, Germany

IPS Empress 2 lithium disilicate Ivoclar, Vivadent AG, Schaan, Liechtenstein

Procera AllCeram high alumina (99.9%) Nobel Biocare AB, Göteborg, Sweden

Experimental alumina high alumina (99.7%) Tampere University of Technology, Tampere, Finland

VMK68 Feldspathic ceramic Vita Zahnfabrik, Bad Säckingen, Germany

Titanium DIN 17850-T4/3.70651

Amalgam non-gamma 2, lathe-cut, ANA 2000 Duet, Nordiska Dental AB, Ängelholm, Sweden

high-copper alloy

Table1b. Monomer matrix types of particulate filler composites used as substrates and the manufacturing company names.

Trade name Matrix type Manufacturer

Gradia UEDMA/ ethylene dimethacrylate1 GC, Alsip, IL, USA

Sculpture dimethacrylate2 Jeneric Pentron, Wallingford, CT, USA

Sinfony HEMA/diacrylate3 3M ESPE, Seefeld, Germany

Targis Bis-GMA, DDDMA, UEDMA, TEGDMA4 Ivoclar Vivadent AG, Schaan, Liechtenstein

Tetric Ceram Bis-GMA, UEDMA, TEGDMA5 Ivoclar Vivadent AG, Schaan, Liechtenstein

Bis-GMA= Bis-phenol-A-glycidylmethacrylate

UEDMA= Urethane dimethacrylate

TEGDMA= Triethyleneglycoldimethacrylate

DDDMA= Decandioldimethacrylate

HEMA= 2-hydroxyethylmethacrylate

1 UDMA (10-25 %) and ethylene dimethacrylate (5-10 %) 

2 dimethacrylate 

3 10-30- % (octahydro-4,7-methano-1H-indenediyl) bis(methylenediacrylate) 

4 Bis-GMA (9 %), DDMA (4,8 %), UEDMA (9,3 %) 

5 Bis-GMA (< 9 %), TEGDMA (< 5 %), UEDMA (< 8 %) 
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Table 1c. Filler types and percentages of particulate filler composites.

Trade name Filler type and content

Gradia Alumina silicate glass (40-50 w-%), amorphous precipitated silica (5-10 w-%) 

Sculpture Glass-infiltrated alumina (70 w-%) 

Sinfony Strontium-aluminium borosilicate glass, silicon dioxide (50 w-%)

Targis Silanized Ba-glass fillers (46.2 w-%), highly dispersed silica (11.8 w-%), mixed oxides (18.2 w-%), 

catalyst and stabilizers (0.6 w-%), pigments (≤ 0.1 w-%) 

Tetric Ceram Silanized Ba-glass, ytterbium trifluoride, silanized unknown metal oxide, silanated 

barium-aluminium-fluoro-silicate glass, silanated silica glass (79 w-%)

Table 2. Characteristics of conditioning principles with some details, brand names and the manufacturers of surface 

conditioning methods assessed.

Conditioning principle Details Brand names and manufacturers

Orthophosphoric acid (37 %, 60 s) Ultradent® Ultraetch, South Jordan, UT, USA

Hydrofluoric acid (9.5 %, 90 s) Ultradent Porcelain Etch®, South Jordan, UT, USA

(5 %, 20 s) IPS Empress Ceramic Etch, Vivadent AG, Schaan,

Liechtenstein

Air-particle abrasion (110 µm aluminium trioxide, Korox®, Bego, Bremen, Germany

380 kPa, 10 mm, 13 s)

Chair side air-particle abrasion (30 µm aluminium trioxide, Korox®, Bego, Bremen, Germany

250 kPa, 10 mm, 4 s)

Tribochemical silica coating Rocatec® Pre, Rocatec® Plus Rocatec™, 3M ESPE AG, Seefeld, Germany

(280 kPa, 10 mm, 13 s)

Chair side silica coating (CoJet®-Sand, 30 µm CoJet®, 3M ESPE AG, Seefeld, Germany

SiO2 coated Al2O3, 

so called SiOx,

250 kPa, 10 mm, 4 s) 

Silica coating-silanization Silicoater® Classical, Silicoater® MD, Siloc®,

Heraeus-Kulzer GmbH, Wehrheim, Germany

Acrylization Kevloc®, Heraeus-Kulzer GmbH, Wehrheim, Germany

Silane coupling agent 5 min ESPE®-Sil, 3M ESPE AG, Seefeld, Germany

Alloy primer Alloy Primer™, Kuraray Medical Co, Ltd, Tokyo, Japan

Pre-impregnated bidirectional everNET™, StickTech, Turku, Finland

E-glass fiber sheets
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Outline of this thesis

In Chapter II the effect of three surface conditioning methods on the bond
strength of a Bis-GMA based luting cement to six dental ceramics were
assessed by shear bond test.

In Chapter III the resistance of six core materials on titanium posts after using
five surface conditioning methods and two types of opaquers were evaluated
by means of electronic rotational torque device.

In Chapter IV the effect of five surface conditioning methods on the bond
strength of polycarbonate brackets to feldspathic ceramic surfaces were
evaluated by shear bond test. Furthermore after debonding, the adhesive
remnant index was used for classifying failure modes and the fracture surfaces
were analyzed using scanning electron microscope.

In Chapter V the effect of three surface conditioning methods on the bond
strength of a diacrylate resin to five particulate filler resin composites were
assessed by shear bond test and the surfaces were analyzed using scanning
electron microscope after the conditioning methods.

In Chapter VI the effect of seven conditions on the bond strength of a resin
composite to amalgam surfaces were evaluated using shear bond test and the
correlation between surface roughness and bond strength was assessed.

In Chapter VII the results are discussed and ongoing or further planned
studies are mentioned and in Chapter VIII these studies together with the
discussion and future research ideas are summarized.
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SUMMARY 
Ceramic-fused-to-metal restorations are widely used in dentistry with a high
degree of general success. Fracture of the ceramic veneers as a result of oral
function or trauma is not an uncommon problem in clinical practice. Although
fractures of such restorations do not necessarily mean the failure of the
restoration, the renewal process is both costly and time consuming and
therefore remains a clinical problem. Fractures in the anterior region pose an
aesthetic problem but when they are in the posterior, chewing function could
also be affected. The published literature reveals that reasons for failures cover
a wide spectrum from iatrogenic factors to laboratory mistakes or due to
factors related to the inherent structure of the ceramics or simply to trauma.

Introduction

Because of their excellent biocompatibility and superior aesthetic qualities,
ceramic-fused-to-metal crowns and bridges are commonly applied in fixed
prosthodontics. Despite the increased effort to improve the bond strength
between the ceramic and the metal substrate, on occasion, fractures of
ceramic veneers still occur under clinical conditions. The reasons for such
failures are frequently repeated stresses and strains during chewing function
or trauma. Clinical studies indicated that the prevalence of ceramic fractures
ranged between 5-10% over 10 years of use (Coornaert, Adrians & de Boever,
1984).

Ceramic fractures are serious and costly problems in dentistry. Moreover,
they pose an aesthetic and functional dilemma both for the patient and the
dentist. Therefore the intent of this paper is to review the published literature
on the reasons for fractures, concentrating on the data obtained both from in
vitro and in vivo studies.
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Failure rates

Many patients are still in need of fixed restoration replacements due to some
failures in those restorations. Only a few studies in the literature have dealt with
the survival rates of metal-ceramic restorations.

In a clinical follow up study by Coornaert et al. (1984), the prevalence of
fractures in metal-ceramic crowns was found to be approximately 5% over 10
years of function. Strub, Stiffler & Schärer (1988) observed a failure rate of
metal-ceramic restorations of only between 1% to 3% over 5 years. Studies by
Karlsson (1986) revealed a 93% success rate for fixed bridge restorations
during a 10-year period, while Palmqvist & Schwartz (1993) reported a 79%
success rate over a 18 to 23 year period. The survival rates obtained by Glantz
et al. (1993) as a function of time between 1979 and 1994 indicated that most
of the debondings occured over 15 years and almost all recorded
dislodgements were observed within 5 years of placement. Subsequent clinical
results from Hankinson & Cappetta (1994) and Kelsey et al. (1995) exhibited 2
to 4% failure rates after two years of function, rising from 20 to 25% after 4 to
5 years due to consistent repeating occlusal contacts.

In another clinical retrospective analysis, 1219 three-unit fixed bridges
and 1618 single crowns in the anterior region were evaluated between 1969
and 1989 (Kerschbaum, Seth & Teeuwen, 1997). The results of the study
supported the superiority of metal-ceramic systems over acrylic-veneered
crowns with 2 to 4% failure rates after 2 years of function. Statistical analysis
however, showed that after 10 years, 88.7% of the metal-ceramic crowns and
80.2% of the metal-ceramic bridges were still in function.

Overall survival rate of metal-ceramic restorations demonstrate a paradox
in the different survival rate values in the literature. It is well recognized that
many factors are involved in the success rate assessments of fixed partial
dentures limiting the longevity of the restorations.

Factors affecting failure 

Failure of the restorations is in fact a multifactorial problem which could be
related to a combination of different reasons. Optimization of the metal-
ceramic restorations requires knowledge of the failure phenomena. Numerous
studies over the years have focused on reasons for failure.

Mechanical failures of metal-ceramic systems are not surprising
considering the vast differences in modulus between the metal and ceramic
materials. When feldspathic dental porcelain is cooled, the leucite crystals
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contract more than the surrounding glass matrix leading to the development of
tangential compressive stresses around the leucite particles as well as to
microcracks within and around the crystals (Hasselman & Fulathy, 1966;
Mackert, 1988; Anusavice & Zhang, 1998; Denry, Hollowey & Rosentiel, 1998).

Twenty to 30% reduction in metal-ceramic strength was found in a moist
environment (Sherill & O`Brein, 1974). Michalske & Freiman (1982) indicated
that silicate bonds in the glassy ceramic matrix are susceptible to hydrolysis by
environmental moisture in the presence of mechanical stress. The porcelain
restoration functions in a moist environment, which may allow static fatigue to
cause the propagation of fractures along the microcracks resulting in failure of
the restoration. The environment of the oral cavity was found to aggravate the
strength of dental ceramics. The silicon-oxgen bond was found to become
weaker between the metal and ceramic in the presence of moisture which abet
failure in many ways primarily because of the water propagation at the crack
tip (Dauskardt, Marshall & Ritchie, 1990).

The minute scratches present on the surfaces of nearly all materials
sometimes behave as sharp notches whose tips are as narrow as the spacing
between atoms in the materials. Thus, the stress concentration at the tips of
these minute scratches causes the stress to reach the theoretical strength of
the material at relatively low average stress. When the theoretical strength of
the material is exceeded at the tip of the notch, the bond at the notch tip
breaks. As the crack propagates through the material, the stress concentration
is maintained at the crack tip until the crack moves completely through the
material (Lamon & Evans, 1983). Long anterio-posterior metal substructure
also flexes under heavy or complex loading causing porcelain fracture (Reuter
& Brose, 1984).

It was also noted that other reasons for the ceramic fractures are technical
mistakes during the preparation of the restorations and claimed that
occasional presence of pores inside the ceramic could account for their
weakness and eventual fracture at that site (Oram & Cruicshank-Boyd, 1984).
The same results were also found by Øilo (1988) who agreed that such
mistakes markedly increase the failures.

Microcracks in ceramic could also be caused by the condensation,
melting, and sintering process of the ceramics on metal due to thermal
coefficient differences (Yamamato, 1985). Faulty design of the metal
substructure, incompatible thermal coefficients of expansion between the
metal substructure and ceramic, excessive porcelain thickness with
inadequate metal support, technical flaws in the porcelain application, occlusal
forces or trauma were also included as the failure reasons (Diaz-Arnold,
Schneider & Aquilino, 1989). Due to the heterogeneous nature of many dental
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materials, they are likely to contain defects or flaws in various amounts and
sizes. Such flaws remain at fixed length unless under load but then they
become unstable and propagate, catastrophically culminating in fracture.
Small changes in microstructure or surface treatment can lead to drastic
alterations in service life of fixed restorations and repeated stresses and
strains can cause slow crack growth and mechanical fatigue. Even a single
load cycle can produce measurable cracking at the contact area and damage
accumulation during load cycling (Chadwick, Mason & Sharp, 1993; White et
al., 1995).

Wiederhorn (1968, 1974) stressed that during actual masticatory
conditions, restorations are subject to repeated loading over long periods, with
superposed tangential motion and further claimed that, especially in
chemically active aqueous environments, this could greatly exacerbate
damage build up. He stated that the ceramic fracture process might be
accelerated by the environment. It was reported that facings may crack, be
fractured or damaged as a result of trauma, parafunctional occlusion or
inadequate retention between the veneer and the metal (Farah & Craig, 1975).
Mechanical fatigue of ceramics on the other hand, is probably governed by
several mechanisms which are related to material properties including
microstructure, crack length and fracture thoughness, as well as to applied
stress intensity (Ban & Anusavice, 1990). Evans et al. (1990) indicated that
every effort should be made to minimize air entrapment between ceramic
particles since porosity does occur during ceramic application and can impair
aesthetics as well as promote fracture. Properties of resin adhesives,
cementation agents, preparation designs, voids in cement layers, and
thickness of the ceramic restorations were reported to affect the fracture
resistance as well (Tsai et al., 1998). In a finite element analysis however, it
was found that the presence of a void in the ceramic structure did have a
significant effect on the fracture (Abu-hassan, Abu-hammad & Harrison, 1998).
Another reason for porcelain fracture was attributed to inadequate tooth
preparation, which results in too little interocclusal space for the metal
substructure and porcelain. It was concluded that the improper design of the
restoration for the occlusion is the major cause of failure (Creugers, Snoek &
Käyser, 1992).

Llobell et al. (1992) described the reasons for intraoral ceramic fracture as
impact load, fatigue load, improper design, microdefects within the material,
and added that clinically, mastication, parafunction and intraoral occlusal
forces create repetetive dynamic loading. The fatigue failure is preceded by a
combination of crack initiation and crack propagation. Finally catastrophic
failure occurs in the form of fracture. It was emphasized that fatigue is of
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considerable importance for metal-ceramic restorations which are subjected to
small alternating forces during mastication.

In order to minimize the formation of microcracks a fairly uniform thickness
was recommended, which may occur during the firing of the ceramic.
Avoidance of acute line angled preparations was advised since they enhance
the formation of microcracks within the porcelain during the firing procedures
(Burke, 1996). Bertolotti (1997) described the reasons in detail why ceramic
materials do not yield in the same manner as metals. It is noted that
amorphous materials like glasses or glassy materials do not possess an
ordered crystalline structure as do metals. Dislocations of a crystalline lattice
do not exist in glassy materials and they have no mechanism for yielding
without fracture. Dislocations exist in crystalline ceramic materials, but their
mobility is severely limited. The energy required to do this is so large that
dislocations are essentially immobile in crystalline ceramic materials.

Stress direction is another contributory factor for failure as sometimes
failure occurs at sites of relatively low local stress merely because there is a
particularly large flaw oriented in a stress field which is ideal for causing
fractures. The possible sites from which failure may start were found to be
highly unpredictable, since this depends on flaw size and is related to the
stress distribution (White et al., 1997). High biting forces, destructive
premature contacts and common beverages with low pH ranges were reported
to cause glass-containing dental restorations to break down (Anusavice &
Zhang, 1998).

The possible failure of ceramics were sometimes attributed to
inadequately registered occlusion, material type, spanning of the restoration or
inadequate marginal adaptation (Niedermeier et al., 1998).

Özcan (1999) observed that the majority of the ceramic fractures occur
during normal chewing function followed by either trauma or some kinds of
accidents. Since complications involving fixed partial dentures can also occur
during the preprosthetic preparation phase, Raustia et al. (1998) noted that the
clinical skill of the dentist or dental student is extremely important.

Conclusions

Fracture of porcelain is often considered an emergency treatment and the
restoration process can present a difficult challenge to the dentist. Clinical
studies indicated that the prevalence of ceramic fractures ranged between 5-
10% over 10 years of use (Coornaert et al., 1984).

Because of the nature of the porcelain processing, new porcelain cannot
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be added to an existing restoration intraorally. The manual fabrication of metal
frameworks and the porcelain veneers is time consuming and requires a high
level of skill (Freilich et al., 1998). It is an unpleasant experience for the patient
and arduous for the dentist to remove these restorations from the mouth.
Replacement of a failed restoration is not necessarily the most practical
solution because of the obviously substantial costs and the complex nature of
the restoration (Fan, 1991).

The complexities of the oral environment and varied surface topography
of dental restorations make it difficult to precisely define the magnitude and
mode of stresses precipitating clinical fracture. The laboratory cannot
reproduce intraoral variables and the complexities of the oral environment.
When the crowns are cemented intraorally, factors other than inherent
mechanical strength of the materials come into play. Under continuous
application of the mechanical environmental loads, progressive degradation
may lead to crack initiation and growth and ultimately to a catastrophic failure
of the restoration. Although failures of ceramic-fused-metal restorations can be
overcome by either some repair techniques or renewal of the restoration, it is
beneficial to know the reasons for the failures, especially those due to
iatrogenic or technical mistakes, which would help to increase the service time
of such restorations.
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SUMMARY Ceramic fractures are serious and costly problems in dentistry.
Moreover, they pose an aesthetic and functional dilemma both for the patient
and the dentist. This problem has created demand for the development of
practical repair options which do not necessitate the removal and remake of
the entire restoration. Published literature on repair techniques for fractured
fixed partial dentures, concentrating on the data obtained both from in vitro
and in vivo studies, reveals that the repair techniques based on sandblasting
and silanization are the most durable in terms of adhesive and cohesive
failures compared to those using different etching agents.

Introduction

Despite the increased effort to improve the bond strength between the ceramic
and the metal substrate, on occasion, fractures of ceramic veneers still occur
under clinical conditions. Clinical studies indicated that the prevalence of
ceramic fractures ranged from between 5-10% over 10 years of use
(Coornaert, Adrians & de Boever, 1984).

Although fractures of such restorations do not necessarily mean the
failure of the restoration, the renewal process is both costly and time
consuming and therefore remains a clinical problem. Fractures in the anterior
region pose an aesthetic problem but when they are in the posterior region,
chewing function could also be affected. The published literature reveals that
the reasons for failures cover a wide spectrum from iatrogenic causes to
laboratory mistakes, or related to the inherent structure of the ceramics or
simply due to trauma.

It is well recognized that many factors are involved in the success rate
assessments of fixed partial dentures limiting the longevity of the restorations.
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Need for an intra-oral repair technique

Fracture of porcelain is often considered an emergency treatment and the
restoration process can present difficult challenges to the dentist. Because of
the nature of the porcelain processing, new porcelain cannot be added to an
existing restoration intraorally. The manual fabrication of metal frameworks and
porcelain veneers is time consuming and requires a high level of skill (Freilich
et al., 1998). It is an unpleasant experience for the patient and arduous for the
dentist to remove these restorations from the mouth. Replacement of a failed
restoration is not necessarily the most practical solution because of the
obviously substantial costs and the complex nature of the restoration (Fan,
1991).

Besides some economic and technical reasons, it was reported that the
cracks or crazing in the fractured area might become a haven for
microorganisms and plaque accompanied by staining (Walton, Gardner &
Agar, 1986). On the basis of previous studies, a consensus was reached that
the repeated firing cycles cause distortion of the ceramic restorations.
Deformation or most of the distortion was found to occur especially during the
initial oxidation of the alloys but small changes from 30 to 99.6 µm were also
examined at the margins of the restoration during the subsequent heating and
ceramic applications (Van Rensburg & Strating, 1984; Richter-Snapp et al.,
1988).

Intra-oral repair options provide the possibility of repairing the veneer in
the patient`s mouth preventing replacement of the complete restoration.
Aesthetic and functional repair, wherever possible, has many advantages over
time-consuming and expensive remakes of crowns or bridges. Given these
problems and concerns, it is desirable to repair the fixed restorations in the
mouth so that the service time can be increased in a more conservative
approach. Various intraoral repair alternatives for metal-ceramic restorations
have been the subject of numerous studies.

Previous intraoral repair trials 

The clinical success of the ceramic repair system is almost entirely dependent
on the integrity of the bond between the ceramic and the composite resin. This
integrity is achieved either by chemical or mechanical bonds. Many of the
previously advocated techniques were dependent on mechanical retention but
the results of these earlier repairs were unsatisfactory because of aesthetic
and mechanical limitations. Various repair techniques have been suggested in
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the literature, many of which are considered interim but are still preferable as
it is important to salvage an extensive restoration for even a few years. 3
conditions for the repair of ceramic fractures were suggested (Chung &
Hwang, 1997):
1. Fracture in ceramic only
2. Fracture with both ceramic and metal exposed
3. Fracture with substantial metal exposure.

Hydrofluoric acid

Intraoral repair systems based on topical acid application have become very
popular in bonding resin to ceramic. The greatest advantage of these systems
is that chair-side application is very simple. Furthermore the restoration can be
re-etched in the case of failure without the need for sophisticated laboratory
procedures. The most often cited etching agent for the ceramic surface has
been hydrofluoric acid.

It has been postulated that acid concentrations and etching times should
be adjusted with specific ceramics to optimize bond strength (Calamia &
Simonsen, 1984). Furthermore, the bond strength of composite resin to
aluminous porcelain was found to be inferior to that of feldspathic porcelain. In
principle, chemical etching agents dissolve the glass matrix selectively and
cause physical alteration to promote adhesion of composite-resin to the
porous surface of fractured ceramic (Calamia et al., 1985; Sheth, Jensen &
Tolliver, 1988; Thurmond, Barkmeier & Wilwerding, 1994).

Ceramics etched with hydrofluoric acid demonstrate a microstructure that
appeared most conducive to the development of high strength as a function of
the number of large porosities within its amorphous surface. Resin penetration
of these spaces enhance micro-mechanical retention (Stangel, Nathanson &
Hsu, 1987) and produces greater roughness on the ceramic surface than other
acid agents (Aida, Hayakawa & Mizukawa, 1995).

Alumina content of the ceramic materials plays a significant role on the
effect of hydrofluoric acid. It was stated that reducing the etching time to less
than three minutes dissolved less of the glass matrix (Tjan & Nemetz, 1988).
Sorenson et al. (1991) observed that etching feldspathic porcelain with 20%
hydrofluoric acid for 3 min significantly increased its bond strength to
composite resin. Although many commercially available, porcelains are similar
in chemical formula, there are distinct differences in constituents, crystalline
structure, particle size, sintering behaviour and microtopography which effect
the etched surface. Alumina increases the strength of the ceramic but it is
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highly resistant to chemical attack and therefore does not etch well. Higher
bond strength after etching and a high percentage of cohesive failures in Vita
ceramics containing 10% alumina has been observed.

Lacy et al. (1988) observed that etching the ceramic surface without using
a silane coupling agent did not provide greater bond strength to the composite
resin than mechanical roughening with a fine diamond bur. Llobell et al. (1992)
found significantly higher bond strengths with hydrofluoric acid compared with
phosphoric acid and advised use of hydrofluoric acid for mechanical retention
and silane coupling agents for chemical retention. While some studies showed
enhanced bond strength with the application of silane to the etched ceramic
surface (Lacy et al. 1988), others exhibited significant variation in bond
strengths between proprietary brands of silane. On the other hand, especially
after hydrofluoric acid treatment, the use of silane coupling solutions promoted
good results (O`Kray, Suchak & Stanford, 1987; Nicholls, 1988; Bailey, 1989).

From a clinical point of view, hydrofluoric acid application alone was
considered inadequate when preparing a ceramic surface for composite resin
bonding (Pameijer, Louw & Fischer 1996). Matsumara et al. (1989) concluded
that acid treatment might only be useful, in practice, to remove the smears
from the ceramic. In another study, increased incidence of cohesive failures
were observed in samples pretreated with 9.5% hydrofluoric acid due to deep
acid penetration but 5 minutes of hydrofluoric acid application to be too long
(Wolf, Powers & O`Keefe, 1992). Durability of bonding between composite
resin and ceramic formed with chemical agents was markedly inferior to
alteration of the ceramic surface with either aluminum oxide air abrasion,
hydrofluoric acid or a combination of both (Thurmond, Barkmeier &
Wilwerding, 1994).

Although new chemical etching systems claimed to provide adequate
retention, the study by Tylka & Stewart (1994) indicated that these chemical
etchants unfortunately produce a shallower etch pattern on metal. They also
reported that even though an optimal bond could be achieved with either
etchant or in conjuction with an organosilane, the intraoral use of dangerous
hydrofluoric acid should be seriously questioned.

The hazards of hydrofluoric acid are well recognized. Despite its
effectiveness, hydrofluoric acid presents severe hazards to human tissue and
advised more reasonable repair alternatives (Chung & Hwang, 1997).
Practitioners were warned, indicating that the problem is particularly acute
when adequate rubber dam isolation is not possible, such as repair cases of
fixed partial dentures where a tight cervical seal cannot be attained.

There has been only one clinical study conducted using etching gel for the
repair process (Creugers, Snoek & Käyser, 1992). In this study, in order to
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study the effect of 37% phosphoric acid application, the surfaces of 20 ceramic
crowns were fractured on purpose. 12 of them included metal exposure, and 8
of them had fractures with no metal exposure. Crowns were cemented and the
patients were recalled at 2 weeks, 3, 6 and 12 months after the repair. The
failure rate was found to be 50% after 12 months. Failures were mostly
observed at the bonding interface between the crown and the repair resin with
no cohesive failures. The survival rate was noted to be 59% at the end of 12
months of the evaluation period. Because of the low survival rate, this method
was not recommended for use, especially in occlusal repair of metal-ceramic
crowns.

All though hydrofluoric acid is considered to be a dangerous, harmful, an
irritating compound and categorized as a poisonous reagent (Llobell et al.
1992), both laboratory evaluations and clinical procedures concerning its use
for intraoral porcelain repair have been reported. Etching with hydrofluoric acid
may not be practicable due to the biological risks in vivo. It still seems intraoral
repair options with acid agents are effective on an interim basis. Moreover, acid
etching is a method which could be used in ceramic fractures with no metal
exposure.

The studies on the use of hydrofluoric acid have significant findings.
Concentration of the acid and the application period are apparently important
factors to note. Considering the vast range of ceramics in today`s dental
practice, the choice of suitable acid etching process clearly needs further
research in order to avoid misleading information for the practitioners.

Acidulated Phosphate Fluoride

The hazards, extreme caustic effects to soft tissues and the danger for clinical
use of hydrofluoric acids are well known. For this reason some studies
questioned whether 1.23% acidulated phosphate fluoride gels might serve as
a safe and effective substitute for etching ceramic surfaces to bond composite
resin because of the reduced risk it presents. Some studies demonstrated that
the bond strength of composite resin to silanized ceramic after being etched
by acidulated phosphate fluoride was comparable to that of hydrofluoric acid
etching (Sposetti, Shen & Levin, 1986; Wunderich & Yaman, 1986; Abbasi et
al., 1988).

Lacy et al. (1988) reported that ceramic surfaces could be etched with
1.23% acidulated phosphate fluoride gels in relatively short periods of time. It
was concluded that 1.23% acidulated phosphate fluoride gels can be
substituted for 9.5% hydrofluoric gels as prolonged etching times were
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required with the lower concentrations of hydrofluoric acid.
Remarkable differences in the etched ceramic surface morphology were

observed in visual comparisons. Application1.23% acidulated phosphate
fluoride gel  was found to create smooth, homogenous surfaces on the
exposed ceramic, whereas hydrofluoric acid produced a porous, amorphous
surface. The widely accepted theory that hydrofluoric acid enhances the
composite resin bond to ceramic more than an acidulated phosphate fluoride
was not substantiated (Senda, Suzuki & Jordan, 1989; Tylka & Stewart, 1994).
The SEM findings showed that etching by acidulated phosphate fluoride gel
might not be adequate (Nelson & Barghi, 1989).

No significant difference was found between the tensile bond strengths for
specimens etched with 9.6% hydrofluoric acid and those of specimens etched
with 4% acidulated phosphate fluoride gel in the data obtained by Della Bona
& van Noort (1995). However, the group etched with 4% acidulated phosphate
fluoride gel, showed a wider statistical spread than the one etched with 9.6%
hydrofluoric acid. This suggested that hydrofluoric acid etching might well
produce a more reliable and consistent result but this has not been confirmed
since the sample size was too small.

This literature review led to the conclusion that intraoral use of acid agents
appears to be unwarranted.

Micromechanical roughening

Some practitioners have relied on mechanical retention such as grooves or
undercuts to retain the composite resin to ceramic or metal. Owing to
microleakage and humid intraoral conditions, this type of repair was
considered as an interim procedure. It was reported that the use of fine and
coarse diamond burs increases crack initiation and propagation through the
ceramic which could result in failure (Wood et al., 1992). These trials did not
give long lasting, predictable results in ceramic repair.

Air abrasion with Al2O3

One easy method for intraoral repair is roughening the surface by air abrasion
with Al2O3, thereby increasing the surface area for bonding and decreasing
the surface tension. This technique was based on direct sandblasting of the
surfaces by an intra-oral device. Air abrasion (or sandblasting) promotes
micromechanical retention. Physical alteration of the ceramic surface with
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Al2O3 was mostly achieved using a particle size of 50 µm. Air abrasion
improves the retention between the metal and resin by cleaning oxides or any
greasy materials from metal surfaces, creating very fine roughness enhancing
mechanical and chemical bonding between some resins and metals. When
Al2O3 treatment was performed on the alloy, microscopically cleaned and
roughened surfaces were observed which allowed efficient wetting by resins
and stronger composite-alloy bonds (Schneider, Powers & Pierpoint, 1992).

Higher bond values with Al2O3 were obtained than those with typical
silane application on etched ceramic surface and advised its use in lieu of
fluoride etching (Lacy et al., 1988).

A variety of treatment regimens including medium diamond bur, air
abrasion with 50 µm Al2O3, hydrofluoric acid, phosphoric acid, silane and
bonding agent were compared. The shear test results revealed that the most
durable bond values were obtained with physical alteration of the ceramic
using Al2O3 air abrasion followed by hydrofluoric acid (Thurmond, Barkmeier
& Wilwerding, 1994).

Sandblasting was described as the most effective surface treatment for
the fractured metal-ceramic restorations no matter whether the surface was
simplified with metal, porcelain, or a combination of the two. Sufficient bond
strength was obtained with Al2O3, eliminating the use of caustic and
potentially harmful acid agents (Chung & Hwang, 1997). However the
compulsory use of silane together with Al2O3 was advised in order to avoid
changes in retention (Shahverdi et al., 1998).

Combined data from the literature revealed that sandblasting with Al2O3,
is an effective surface treatment regardless of whether the fracture was metal,
porcelain, or a combined exposure. It was also stressed that air abrasion does
not expose patients to the risk of severe acid burns. Controversial reports on
the effect of whether Al2O3 should be used alone, followed by silane
application or together with hydrofluoric acid, needs to be identified.
Furthermore, concerns on the mechanism of each treatment regimen should
also be clarified.

Combined surface treatments

Some trials combined the above-mentioned methods in order to obtain better
bond strengths.

Combined use of silane with hydrofluoric acid or air abrasion
demonstrated better results with Al2O3 air abrasion than those with etched
ceramic surfaces (Bertolotti, Lacy & Watanabe, 1989). Llobell et al. (l992)
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observed that silane and hydrofluoric acid combinations did not affect the bond
strengths positively.

Various surface treatments including air abrasion with Al2O3 of 50 µm,
roughening with a diamond, etching with 9.6% hydrofluoric acid and a
combination of the latter two methods were evaluated (Suliman, Swift &
Perdigao, 1993). Shear tests revealed that the most effective surface treatment
combinations were: mechanical roughening with diamond burs and then
chemical etching with hydrofluoric. In another study, it was advised to acidify
the surface with 32% phosphoric acid in combination with Al2O3 air abrasion
or roughen with a diamond instrument to alter the ceramic surface. It was also
found that the durability of bonds between composite and ceramic formed with
chemical agents was markedly inferior to alteration of the ceramic surface with
either Al2O3 air abrasion and hydrofluoric acid or a combination of both
(Thurmond et al., 1994).

Castellani et al. (1994) roughened the exposed metal and ceramic
surfaces with a diamond bur and created mechanically retentive areas on the
metal surface. The best results were observed with the use of 50 µm Al2O3
sandblasting on the etched surface of the metal. Pameijer, Louw & Fischer
(1996) obtained the best results in their study with the combined use of
sandblasting and hydrofluoric acid application. Shahverdi et al. (1998) found
that the combination of chemical and mechanical retention techniques seem
promising for improved bond strength. In their study, the samples treated first
with air abrasion, then with hydrofluoric acid and silane exhibited the highest
shear bond values compared to those of the air abraded and silanized or
hydrofluoric acid etched and silanized groups.

Although the data appear to document the efficacy of air abrasion, it
appears that optimum protocol for the treatment of either ceramic or metal
using these methods is yet to be defined.

Air abrasion with SiOx

Although satisfactory bonding between ceramic and metal is achieved in
current dental practice, many attempts have been made to develop better
techniques for bonding composite resin materials to dental alloys. The nature
of the metal-resin junction is critical; therefore, the strength of the bonding
system, its resistance to microleakage, and the minimum space required for
the system are very important. As an alternative to the conventional
mechanical retention systems, chemical retention systems aim to develop a
bond between metal and resin. This has led to the development of various
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surface conditioning techniques.
Guggenberger (1989) introduced the Rocatec® System*, which

presented a new kind of acrylic-metal bonding system. The principle is
tribochemical application of a silica layer by means of sandblasting. According
to the extraoral use of the Rocatec® System, samples are blasted with 110 µm
grain size aluminum oxide particles modified with silicic acid, so called,
Rocatec® Plus*. The blasting pressure results in the embedding of silica
particles on the metal surface rendering the surface chemically more reactive
to resin via silane. The Rocatec® System was proclaimed to be a novel
acrylic/metal bonding system. Shear, compression and tensile tests revealed
increased bond strength values with this system compared to those obtained
from mechanical bead retention, even after thermocycling and storage in water
for one year.

Edelhoff & Marx (1995) conducted a study in which different surface
conditioning methods were used for ceramic surfaces including diamond
roughening, sandblasting, silica coating, and acid etching. The results
obtained by silica coating showed significantly higher bond strengths of resin
on ceramic surfaces compared with other systems. Best results were obtained
when the nozzle of the intraoral sandblaster was held perpendicular to the
surface at a distance of approximately 10 mm. Depending on the size of the
fracture, it was advised that the surface be sandblasted for approximately 13 s
(Proano et al., 1998).

In another study which was performed on disc samples, removing the
debris layer with SiOx of 30 µm particle size resulted in higher bond strengths
of resins to ceramic surfaces with no metal exposures. Mostly cohesive failures
were observed and use of particles of 110 µm grain size was found to
decrease the bond strengths compared to the etching technique after 24 h of
water storage at 37�C (Sindel, Gehrlicher & Petschelt, 1996). The same
research group compared 5% hydrofluoric acid etching with use of SiOx of 30
and 110 µm particle size. In that study, 30µm silica coating showed
significantly higher bond strength values with cohesive failure modes than
those obtained with acid etching after 24 h of storage in distilled water without
thermocycling (Sindel, Gehrlicher & Petschelt, 1997). This study has
significant findings but it could be criticized on the grounds that storage period
was too short.

In a subsequent study, bond strengths using two different coating
methods were evaluated. After storage in distilled water at 37�C for 30, 90,
150, 360 days without thermocycling, the test samples were subjected to
tensile loads until they fractured. Significant differences in bond strength were
obtained especially after an interval of 360-day-period. The tensile bond
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strength for the intraoral silica coating technique using SiOx of 110 µm grain
size showed better results than that of 30 µm SiOx and Al2O3 after 60 sec of
application on NiCr alloys (Edelhoff, Marx & Spiekermann, 1998).The outcome
of this study is in contrast with the findings of Sindel et al. (1997).

Some aspects of silane pre-treatment

The system of bonding composite resin to dental porcelain using silane
solutions produced reliable bonds. It was thought to be an effective method for
intraoral repair of fractured or chipped ceramic restorations. However, this
method, reported in the 1970s by Newburg & Pameijer, suffered from
difficulties at first because of the instability of the silane solutions used to
prepare the ceramic surface. Silane coupling agents have been steadily
improved, producing higher bond strengths. For an effective bond of resin to
feldspathic porcelain and metal, the use of silane in combination with a surface
treatment is compulsory. Silane promotes adhesion between the fractured
ceramic and the repair resin. Recent advances in silane coupling agents
appear to enhance bond strength by promoting a chemical bond between the
composite resin and the porcelain (Calamia et al., 1985; Tjan & Nemetz, 1988;
Hayakawa et al., 1992; Mueller, Olsson & Söderholm, 1997).

Eames et al. (1977) evaluated various organosilanes to establish their
bonding to ceramic or metal and observed that they did not bond to the metal
surface as they had with the ceramic. In other studies, silane coupling agents
were found to improve the bonding of composite resin to ceramic by
approximately 25%. These studies demonstrated the use of silane or its
degraded solutions to be completely ineffective when used on a glazed
ceramic surface (Newburg & Pameijer, 1978; Diaz-Arnold, Schneider &
Aquilino, 1989; Lacy et al., 1988).

Rapid increase in the amount of water absorbed by the composite
material causes hydrolysis and degradation of the silane. Water storage and
thermocycling were described as detrimental for the silane-ceramic bond
(Roulet, 1987). Reuter & Brose (1987) reported that silanized interfaces
appear to be unstable in humid conditions and the silane bond was found to
deteriorate under atmospheric moisture. Since the resins are permeable to
water, the bond between silane and composite resin was expected to
deteriorate by hydrolysis over time. It was concluded that in humid conditions
this may lead to stress corrosion and subcritical crack growth.

In other studies, it was indicated that the use of silane is a must but
different composite systems yield different values. It was noted that there is
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little information on the bond strength between organosilane and ceramic
repair materials (O’Kray, Suchak & Stanford, 1987; Bailey, 1989).

The use of the Rocatec® System (SiOx) increased the bond strength
effectively because of the increase in silica content, which provided a basis for
the silanes to enhance the bonding with the resin. For a better clinical success,
Guggenberger (1989) advised the use of silane coupling agents as crucial
ingredients in creating long-term bonds of resin to ceramic or metal.

A study conducted by Shahverdi et al. (1998) concluded that although
silane coupling agents are capable of forming bonds with both inorganic and
organic surfaces, silane itself was not found to help in bonding. Therefore, its
use in combination with silica coating was recommended. In this study, in the
cases where silane was not used, the bond strengths were less after water
storage for 30 days. The data showed that when only silane was applied on the
ceramic surfaces, the bond strength did not improve because of insufficient
mechanical retention.

Studies indicated that silane coupling agents are important in the
adhesion of composite resin to ceramic. The main contribution to the obtained
values was made, not by the mechanical interlocking of the composite resin,
but by the formation of siloxane bonds via silane (Söderholm et al., 1984).

The implication found in these studies was that silane coupling agents
improves wettability and contributes to covalent bond formation between the
ceramic and the resin composite. Literature supports silanization of ceramics,
which provides a more reliable bond than etching with hydrofluoric acid only
but little is known about the hydrolytic stability of the silanes especially in
humid conditions.

Repair composite-resins

Composite resins are commonly used for the repair of ceramic fractures. If
there is a small part missing, composite resins of appropriate shade have been
the material of choice for aesthetic appearance and ease of manipulation.

In order to withstand the functional loads, the bond between the repair
material and the restoration must be sufficiently strong. The repair material
which ensures this bond should have a minimal coefficient of thermal
expansion and minimal polymerization shrinkage. The type of composite resin
also affects its bond strength to ceramic. Larger particle size composite resins
or hybrid type resins at the ceramic interface result in higher bond strength
than those of microfilled composite resins (Gregory & Moss, 1990). For repair
purposes, use of the hybrid composite resins was advised as the most suitable
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ones (Lutz & Phillips, 1983). Bond strengths are also dependent on the type of
the composite resin used. Hybrid composite resin was found to increase
strength and decrease stress compared with a microfilled one (Simonsen &
Calamia, 1983; Stangel, Nathanson & Hsu, 1987). The problems of wear and
surface changes are not related to the repair system but to the use of the
microfilled composite resin which could be minimized if a hybrid composite
resin is used. It is also recommended to be used where fatigue loading is of
consideration (Creugers, Snoek & Käyser, 1992; Llobell et al., 1992).

A large number of studies investigated the effect of surface treatment
regimens on the bond strength of composite resins to ceramic surfaces. The
data from these studies should be interpreted cautiously as the type of the
repair resins used in these studies exhibit different structures.

Effect of thermocycling

The durability of the bond values under the stresses of the oral environment is
important for clinical predictability of dental materials. Usually, dental materials
are subject to mechanical, thermal, and chemical stresses in the mouth during
oral functions. Thermocycling and water storage in vitro is a common way of
testing dental materials to establish their suitability for in vivo use. Exposing the
specimens to thermocycling speeds up the diffusion of water in between the
composite resin and the metal or ceramic. Changing the temperature creates
stress at the interface of the two materials because of different coefficients of
thermal expansion. Most of the studies with repair process involved different
thermocycling times but the common consensus was that the thermocycling
decreased the bond strength as it weakens the resin structure (Cochran et al.
1988).

Water storage and thermocycling are detrimental to the silane-ceramic
bond as well. However, it was not clarified whether the silane was broken down
by the water storage or thermocycling (Cochran et al., 1988; Pratt et al., 1989).

With the use of silica coating, Peutzfeld & Asmussen (1988) found no
statistical decline in the adhesive strength from the initial bonding results
obtained after 20 h of water storage at 36�C plus 6 h thermocycling repeated
180 times between 15-70�C and those after one year water storage and
repeated 900 times thermocycling between 15�C to 70�C. However in another
study, thermocycling caused decreased bond strength values for samples
sandblasted with 50 µm Al2O3 (Wolf, Powers & O`Keefe, 1992).

A comparative study was performed by Kern & Thompson (1993) between
5 different resin-bonding systems to cobalt-chromium alloys. The samples
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were stored in artificial saliva for 150 days at 37�C and every second day they
were subjected to 1000 thermocycles in a temperature range of 5 to 55�C for
75000 cycles. Samples were tested after 24 h, 10, 30, 90 days and after 150
days of water storage. The results indicated that, in contrast to the
micromechanical bonding systems, silica coating showed no significant
change in the tensile bond strength during this observation period. The system
was recommended as suitable for cobalt-chromium alloys used in resin-
bonded restorations.

The relevance of the studies in which thermocycling was applied for a
shorter period of time should be questioned. There seems to be a lack of
agreement that water storage and thermocycling have decreasing effects on
the resin-ceramic bond. The main  reason for this could be attributed to various
thermocycling times in the experiments.

Conclusion

Successful intraoral repair of fixed partial dentures has been a great problem
especially when the metal substructure is exposed (Chung & Hwang, 1997).

From the previously introduced intraoral repair techniques, organosilane
coupling agents are not able to bond to metal surfaces as they do to dental
ceramics (Bailey 1989). Hydrofluoric acid and acidulated phosphate fluoride
facilitate micromechanical retention but these chemical agents are not
applicable to the fractures where metal is exposed and they are also
hazardous to soft tissues. Mechanical roughening of the metal or ceramic with
fine and coarse diamond burs however, are reported to provoke crack initiation
and propagation through the ceramic. Both experimental and clinical reports
provided evidence of significant differences between the repair techniques but
the results were not uniform and therefore they were considered to be interim
procedures.

For the repaired restoration to withstand functional loads, the bond
between the repair resin and the remaining restoration must be strong and
durable. Recently, the advantages of extraoral silica coating (tribochemical
coating) using the Rocatec® System were combined with the practical use of
an intraoral sandblaster in order to get a better bond strength in repairing
fractured veneers in vivo. Although the intraoral sandblasters had already been
designed to be used with Al2O3, because of their superior advantages, SiOx
(aluminium oxide coated SiOx particles) was used instead of Al2O3, together
with silane application (Proano et al., 1998, Özcan 1999).

At present, the minimum bond strength for retention of an adhesive to a
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metal-ceramic restoration in the oral environment is not known. Maximum bite
force capability of each patient, the estimated biting force on specific teeth, the
presence or absence of surface damage may reduce the success rate. There
is however, insufficient clinical data available at this time to predict the clinical
performance from in vitro studies and the performance of ceramic repairs in
vivo (Özcan, Schulz & Niedermeier, 1999).

From the available literature, it could be interpreted that the innovative air
abrasion technique with SiOx, recently called the CoJet®-System*, does not
expose the patients to the risk of severe acid burns with the advantage of
repairing fractures with both ceramic and metal exposure. Owing to the
increasing number of composite resin materials on the market, it is still not
easy to choose the best one. When the composites are used in the anterior
region, more aesthetic expectations should be fulfilled and the clinician must
meet both aesthetic and functional challenges. They should behave similarly to
dentin and enamel with respect to the properties of reflection, refraction,
scattering and transmission of light to give the illusion of natural teeth.

Before any attempt at a repair, the underlying metal substructure should
first be found to be sound and that it is not the real cause of the failure. If this
is the reason, instead of attempting the repair process, the restoration should
be renewed.

When evaluating the current literature on ceramic repair techniques, the
variables of composite resin, storage conditions and silane application shoud
be taken into consideration.
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Abstract

Objectives: This study evaluated the effect of three different surface
conditioning methods on the bond strength of a Bis-GMA based luting cement
to six commercial dental ceramics.
Methods: Six disc shaped ceramic specimens (glass ceramics, glass
infiltrated alumina, glass infiltrated zirconium dioxide reinforced alumina) were
used for each test group yielding a total number of 216 specimens. The
specimens in each group were randomly assigned to one of the each following
treatment conditions: (1) Hydrofluoric acid etching, (2) Airborne particle
abrasion, (3) Tribochemical silica coating. The resin composite luting cement
was bonded to the conditioned and silanized ceramics using polyethylene
molds. All specimens were tested at dry and thermocycled (6.000, 5ºC-55ºC,
30 s) conditions. The shear bond strength of luting cement to ceramics was
measured in a universal testing machine (1 mm/min).
Results: In dry conditions, acid etched glass ceramics exhibited significantly
higher results (26.4-29.4 MPa) than those of glass infiltrated alumina ceramics
(5.3-18.1 MPa) or zirconium dioxide (8.1 MPa) (ANOVA, P < 0.001). Silica
coating with silanization increased the bond strength significantly for high-
alumina ceramics (8.5-21.8 MPa) and glass infiltrated zirconium dioxide
ceramic (17.4 MPa) compared to that of airborne particle abrasion (ANOVA, P
< 0.001). Thermocycling decreased the bond strengths significantly after all of
the conditioning methods tested.
Significance: Bond strengths of the luting cement tested on the dental
ceramics following surface conditioning methods varied in accordance with the
ceramic types. Hydrofluoric acid gel was effective mostly on the ceramics
having glassy matrix in their structures. Roughening the ceramic surfaces with
air particle abrasion provided higher bond strengths for high-alumina ceramics
and the values increased more significantly after silica coating/silanization.

59

binnenwerk  17-11-2003 11:13  Pagina 59



Keywords: Surface conditioning; Ceramics; Acid etching; Silica coating;
Zirconia ceramics; Alumina ceramics

1. Introduction

Numerous attempts have been made to develop ceramic systems that
eliminate metal infrastructures and provide optimal distribution of reflected
light. Currently clinicians have an increasing range of ceramics capable of
delivering high quality aesthetic restorations to choose from for many clinical
indications. New ceramic systems involve reinforced ceramic cores through
dispersion with leucite [1-6], glass infiltration into sintered alumina (Al2O3)
[7,8], the use of high-purity alumina [9] or zirconium dioxide (zirconia, ZrO2)
[10].

To enhance the bond strength of luting cement to the ceramic surface, a
number of techniques have been reported which mechanically facilitate resin-
ceramic bonding. Etching the inner surface of a restoration with hydrofluoric
acid followed by the application of a silane coupling agent is a well-known and
recommended method to increase bond strength. Although hydrofluoric acid is
efficient in roughening feldspathic ceramic for bonding composite resin [11-
16], neither etching with these solutions nor adding silane resulted in an
adequate resin bond to some new ceramics [17-19]. Particularly high-alumina
[20,21] or zirconia ceramics [22,23] cannot be roughened by hydrofluoric acid
etching since such ceramics do not contain a silicon dioxide (silica) phase. For
this reason, special conditioning systems are indicated for these types of
ceramics.

Advances in adhesive dentistry have resulted in the recent introduction of
modern surface conditioning methods that require airborne particle abrasion of
the surface before bonding in order to achieve high bond strength. One such
system is silica coating. In this technique, the surfaces are air abraded with
aluminium trioxide particles modified with silica [24-27]. The blasting pressure
results in the embedding of these silica coated alumina particles on the
ceramic surface, rendering the silica-modified surface chemically more
reactive to the resin through silane coupling agents. Silane molecules react
with water to form three silanol groups (-Si-OH) from the corresponding
methoxy groups (-Si-O-CH3). The silanol groups then react further to form a
siloxane (-Si-O-Si-O-) network with the silica surface. Monomeric ends of the
silane molecules react with the methacrylate groups of the adhesive resins by
free radical polymerization process.

When a ceramic exhibits very similar surface compositions and chemical
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states of silicon and oxygen, then it is reasonable to hypothesize that the
siloxane bond will be achieved as these represent the binding sites for the
coupling agent to the ceramic surface. Since silane coupling agents do not bond
well to alumina, the bond strengths of resin composite to the ceramic will be
affected [19]. However, when alumina or zirconia ceramics are glass infiltrated,
they are melted together at high temperatures to form a ceramic matrix. The
chemical components of the ceramics (traces such as Li2O, Na2O, K2O, CaO,
MgO) are then bounded to each other by strong covalent bonds with hydroxyl
groups at the surface of the ceramic material [28]. When the surface is acid
etched and rinsed, this would generate more hydroxyl groups on the surface and
also enhance the micro-mechanical retention. Furthermore, the methoxy groups
of silane would react with water to form silanol groups that in turn will react with
the surface hydroxyl groups to form siloxane network. It was hypothesized in this
study that amphoteric alumina in the ceramic matrix could form strong enough
chemical adhesion bonds, covalent bridges, through its surface hydroxyl groups
with hydrolysed silanol groups of the silane: -Al-O-Si-.

The microstructure, morphology and mechanical properties of the
intermediate region adjacent to the silane-modified surface of the substrate
and to the matrix are also important considerations. If contact is supplied
between a polymer and the uncross-linked siloxane/nonreacted silanol
bridges, the bonding can take several forms including copolymer formation
and interpenetrating polymer networks via methacrylate groups [29, 30].
Increased cross-linking of the siloxane structure in the interphase region by
adhesive monomers can give higher bond strength and superior resistance to
moisture. One other function of adhesive silane monomer is to achieve better
wetting of the substrate surface. Although intermediate resin is not necessarily
needed with flow viscosity, some products clearly benefit using them [30].

Although comparative studies exist, showing the advantages of various
types of surface conditioning methods on various ceramics [31-39], there has
been no consensus in the literature regarding the best surface conditioning
method for optimum bond strength depending on the luting cements or
ceramics used. Therefore, the objectives of this study were to evaluate the
effect of current surface conditioning methods on the bond strength of a resin
composite luting cement bonded to ceramic surfaces and to identify the
optimum method to be used for conditioning the ceramics prior to cementation.

2. Materials and methods

Thirty-six experimental groups (n=6) of six types of ceramic materials, namely
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Finesse (FIN), In-Ceram (INC-AL), Celay (INC-ZR), IPS Empress 2 (EMPII),
Procera® AllCeram (PRO) and Experimental alumina (EAL) were obtained
from the manufacturers. The specimens were in disc forms with 10 mm in
diameter and 2 mm in thickness. Three surface conditioning techniques were
assessed for the ceramic materials at both dry and thermocycled storing
conditions. Tables 1 and 2 summarize the characteristics of surface
conditioning methods and ceramic types with codes and manufacturing
company names. Before initiating the bonding procedure, the specimens were
embedded in acrylic resin blocks ensuring that one surface of the disc
remained uncovered for bonding procedures. The exposed surface of each
specimen was ground finished to 1200 grit silicone carbide abrasive (Struers
RotoPol 11, Struers A/S, Rodovre, Denmark) and cleaned for 10 min in an
ultrasonic bath (Quantrex 90 WT, L&R Manufacturing, Inc., Kearny, NJ, USA)
containing ethylacetate and air-dried. Subsequently, the specimens were
randomly assigned to one of the following three conditioning methods:

Table 1. Characteristics of surface conditioning methods assessed.

Conditioning principle Manufacturer

Hydrofluoric acid (9.5%, 90 s) Ultradent Porcelain Etch, South Jordan, USA

(5%, 20 s) IPS Empress Ceramic Etch, Vivadent, Schaan,

Liechtenstein

Air particle abrasion (110 µm alumina, Korox, Bego, Bremen, Germany

380 kPa, 10 mm, 13 s)

Tribochemical silica coating Rocatec Pre, Rocatec Plus 3M ESPE AG, Seefeld, Germany

(280 kPa, 10 mm, 13 s), 

Silane (5 min)

2.1. Surface conditioning methods

In hydrofluoric acid-etched groups, the ceramic substrates were etched with
9.5% hydrofluoric acid gel for 90 s except EMPII for which etching was
performed for 20 s with 5% hydrofluoric acid gel according to the
manufacturer`s strict regulations. The ceramic surfaces were etched in the
laboratory under ventilation, wearing acid-resistant gloves and protective
glasses. The etching gel was rinsed in a polyethylene cup and the diluted
solution was neutralized using the neutralizing powder (calcium carbonate,
CaCO3 and sodium carbonate, Na2CO3) for 5 min and washed thoroughly for
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20 seconds as recommended by the manufacturers of FIN and EMPII. The
etched substrates were washed and rinsed thoroughly to remove the residual
acid after etching, air-dried and coated with a 3-methacryloxypropyltrimethoxy
silane coupling agent (Monobond S, Vivadent, Schaan, Liechtenstein). Silane
was allowed to remain in contact for 60 s. The surface was then dried with air.

As an alternative conditioning method to the etching, airborne particle
abrasion was performed using 110 µm grain sized aluminium trioxide powder
at a pressure of 380 kPa from a distance of approx. 10 mm, for 13 s. Following
air particle abrasion, silane coupling agent (ESPE-Sil, 3M ESPE AG, Seefeld,
Germany) was applied and waited for its evaporation for 5 min.

The third conditioning method was tribochemical silica coating in which
the specimens were first conditioned by air-abrasion with 110 µm grain sized
aluminium dioxide particles at a pressure of 280 kPa with Rocatec Pre
abrasive in a Rocatector Delta device (3M ESPE). Then the specimens were
air-abraded with Rocatec Plus abrasive, which was 110 µm grain sized
aluminium dioxide modified with silisic acid, at 280 kPa from a distance of 10
mm for 13 s. The surfaces were coated with silane coupling agent  (ESPE-Sil)
and allowed to dry for 5 min.

Table 2. Types of ceramics with codes, and manufacturing company names.

Trade name Abbreviation Ceramic Type Manufacturer

Finesse FIN leucite reinforced Ceramco, Burlington, NJ, USA

In-Ceram INC-AL glass-infiltrated alumina (70%) Vita Zahnfabrik, Bad Saeckingen,

Germany

Zirkonia Blank for Celay INC-ZR glass-infiltrated zirconia Vita Zahnfabrik, Bad Saeckingen,

Germany

IPS Empress 2 EMPII lithium disilicate Ivoclar, Schaan, Liechtenstein

Procera AllCeram PRO high alumina (99.9%) Nobel Biocare AB, Göteborg, Sweden

Experimental alumina EAL high alumina (99.7%) Technical University, Tampere, Finland

2.2 Bonding procedure 

Throughout the experiments, the bonding procedures were carried out in
accordance with the manufacturers` instructions. All materials were mixed and
applied in a standardized way by the same operator. In the acid etched groups,
adhesive resin (Heliobond, Vivadent) was applied a thin layer, excess resin
was removed with air and it was light polymerized (Elipar, 3M ESPE) for 20 s.
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Light-intensity was 800 mW/cm2. The low-viscous resin cement (Variolink® II,
Vivadent) was then bonded to the conditioned ceramic specimens using
translucent polyethylene molds with inner diameter of 3.6 mm and height of 5
mm.The low-viscous resin was packed against the substrate with a composite-
filling instrument. The resins were light polymerized for 40 s. Polyethylene
molds were gently removed from the test specimens. While dry samples were
kept in a dessicator at room temperature for 24 h prior to testing, the other
groups were subjected to thermocycling (custom procedure made by NIOM-
Scandinavian Institute for Dental Materials, Haslum, Norway) for 6.000 cycles
between 5ºC and 55ºC in deionised grade 3 water. The dwelling time at each
temperature was 30 s. The transfer time from one bath to the other was 2 s.

Specimens were mounted in a jig (Bencor Multi-T shear assembly,
Danville Engineering Inc., San Ramon, CA, USA) of the universal testing
machine (Llyod LRX, Lloyd Instruments Ltd, Fareham, UK) and the shear force
was applied to the adhesive interface until fracture occurred. The specimens
were loaded at a crosshead speed of 1.0 mm/min and the stress-strain curve
was analysed with Nexygen 2.0 software (Llyod LRX, Lloyd Instruments Ltd,
Fareham, UK).

Statistical analysis was performed using SAS System for Windows,
release 8.02/2001 (Cary, NC, USA). The means of each group were analysed
by two-way analysis of variance (ANOVA), with shear bond strength as the
dependent variable, the surface conditioning methods and the ceramic types
as the independent factors. P values less than 0.05 are considered to be
statistically significant in all tests. Multiple comparisons were made by Tukey`s
adjustment test. Furthermore, one-way ANOVA was used to determine the
significant differences between dry and thermocycled conditions.

3. Results

The results of the shear bond strength test for hydrofluoric acid etching,
airborne particle abrasion and tribochemical silica coating are presented in
Figs. 1a-c. While ANOVA showed significant influence of the ceramic type on
the shear bond strength values (P < 0.0001), less difference was found for
surface conditioning methods (Tables 3 and 4).

The highest shear bond strengths in dry conditions were obtained with
glass ceramics (FIN and EMPII) in all surface conditioning groups varying
between 20.1 and 38.8 MPa. The lowest bond strengths were found with PRO
in all conditioning methods ranging from 5.3 to 8.5 MPa.

One-way ANOVA showed that shear bond strength was significantly
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affected by thermocycling (P < 0.001). The least reduction in shear bond
strength values after thermocycling was with EMPII ceramic following acid
etching conditioning. With other ceramic substrates reduction was higher.

Table 3. Results of 2-way analysis of variance for dry conditions.

Source of variation df Sum of squares Mean square F-value P value

Ceramic type (A) 5 7469.397 1493.879 26.078 <.0001

Surface Conditioning (B) 2 544.882 272.441 4.756 0.0110

A*B 10 985.058 98.506 1.720 0.0891

Error 86 4926.516 57.285

Total 103 14262.468
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Fig.1 a-c. Shear bond strengths after a) Hydrofluoric acid etching, b) Airborne particle abrasion

and c) Tribochemical silica coating at dry and thermocycled conditions. Vertical lines represent

the standard deviations. For abbreviations, see Table 2.
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Table 4. Results of 2-way analysis of variance for thermocycled conditions.

Source of variation df Sum of squares Mean square F-value P value 

Ceramic type (A) 5 1421.607 284.321 10.017 <.0001

Surface Conditioning (B) 2 216.582 108.291 3.815 0.0256

A*B 10 2127.236 212.724 7.495 <.0001

Error 92 2611.261 28.383

Total 109 6515.943

4. Discussion

Requirement for successful function of ceramic restorations over the years is
adequate adhesion between ceramic and tooth substance. Bond strengths are
influenced by several factors one of which is the luting cement type [40,41].
Bonding of ceramic to tooth substance is based on the adhesion of luting
cement and its bonding resin to the ceramic substrate together with the
adhesion of luting cement to enamel and dentine.

Hydrofluoric acid selectively dissolves glassy or crystalline components of
the ceramic and produces a porous irregular surface that increases the surface
area and facilitates the penetration of the resin into the microretentions of the
etched ceramic surfaces. In this study, while acid etching demonstrated higher
results for glass ceramics (FIN and EMPII), it did not improve the bond strength
of the luting cement to high-alumina ceramics or zirconium oxide ceramic. The
differences obtained in bond strength can be explained on the basis of
varieties in surface morphology. FIN and EMPII are glass ceramics as the first
one is a leucite reinforced and the latter a lithium disilicate ceramic. The
primary function of leucite is to raise the coefficient of thermal expansion,
consequently increasing the hardness and fusion. The FIN ceramic includes 8-
10% leucite crystals which are very receptive to hydrofluoric acid etching
before bonding with the resin cement.

The great influence of the type of substrates on the bond strength of Bis-
GMA resin to ceramics can be clearly seen in the case of high-alumina
ceramics. INC-AL, PRO, EAL are loosely sintered high-alumina ceramics.
Principally, acid etching will only affect the grain boundaries visible on the
surface. Hydrofluoric acid etching did not create sufficient bond strength on the
INC-AL due to its high alumina content and it was almost ineffective for
dissolving the glassy phase for micromechanical bonding. Our results are in
compliance with the earlier report by Sorenson et al. [42] who showed that
hydrofluoric acid etching significantly increased the bond strength of most of
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feldspathic ceramics but did not improve the bond strength to the core part of
the INC-AL ceramic. Furthermore, statistically significant difference was
observed between PRO and EAL which were also high-alumina ceramics. The
reason for this finding could be attributed to the sintering temperatures and
processing such ceramics. EAL contained refractory “ivory“ alumina (99.7%)
and has been sintered in higher temperatures which could have effected the
grain size. Usually grain size in alumina ceramics are 1-3 µm but since EAL is
at an experimental stage at the moment, the manufacturer claimed that the
sintering process was not precise yet and therefore it contained grain size of
20-30 µm including some pores. In the case of PRO, resin composite luting
cement exhibited poor adhesion to the ceramic substrates.

While some studies found no obvious correlation between different acids
[43], the optimal concentration and duration of their application are not well-
established, which is reflected in the variety of concentrations of commercially
available hydrofluoric acids. Although less concentration and less duration was
used, high bond results were obtained for EMPII after acid etching at both dry
and thermocycled conditions. In a study by Madani et al. [33], 5% and 9.5%
acid gel was compared and bond strength values with 5% hydrofluoric acid
was found to be lower but not significantly different. It should also be noted that
in this study, all ceramics tested after acid etching showed higher standard
deviations compared with other surface conditioning methods. One
conceivable explanation for high standard deviations could be that the poorly
adherent precipitates that are deposited at the bottom surface of the grooves
and channels, created by acid treatment and rinsing, may weaken resin-
ceramic bonds and lead to failure [44,45]. Ultrasonic cleaning could be one
option but in this experiment, washing and rinsing were performed using air-
water syringe. In clinical applications however, when etching will be
contemplated by chairside, this finding might have a big impact on the marginal
areas of the restorations.

Air-particle abrasion is a prerequisite for achieving sufficient bond strength
between the resins and ceramics. Significant improvement was observed in all
ceramic groups after air-particle abrasion followed by silanization except for
FIN and EMPII. Although satisfactory bond results were obtained using air-
particle abrasion, the material loss from these procedures after employing on
different substrates is important [33]. The data showed however that aluminum
oxide particles were essential for creating micro-mechanical retention on high-
alumina ceramics compared to hydrofluoric acid etching.

The tribochemical silica coating followed by silanization, which increased
the silica content on the ceramic surface, evidently enhanced the bond
between the ceramic surfaces and the luting cement. Since the silica layer is
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attached well to the ceramic surface, this provides a basis for silanes to
enhance the resin bond. Particular increase was observed for INC-AL, EAL
and INC-ZR. Similar findings were obtained in previous studies [21,31,33,34].

In this study a Bis-GMA based resin was used as the luting cement. A high
and reliable resin bond to alumina and zirconia ceramics was also achieved
with airborne particle abrasion and by using a phosphate monomer (MDP)
containing resin composite luting cement. Although Wegner et al. [46] reported
better long-term results with MDP containing cements than using the
tribochemical silica coating procedure, Özcan et al. [21] did not observe
significant differences between MDP or Bis-GMa containing resin cements
when tribochemical silica coating was employed. The question still needs to be
addressed in further studies whether the luting cement alone and/or the
combination with the conditioning method play the curicial role in long-term
adhesion to the ceramic.

The possible influence of water storage in experimental studies must also
be addressed. Different findings compared to others [23,38,39], especially for
PRO after air particle abrasion or silica coating may be due to the storage
conditions of the specimens. Usually bond strength values decreased after
thermocycling [19, 47-49], while some others reported no decrease [20]. Such
differences might be explained by the differences in experimental set-up, which
is important to keep in mind when in vitro studies are extrapolated to a clinical
situation. In this study, the specimens were subjected to shear test after 6.000
thermocycles. Although it was well above the recommended cycle number
according to ISO [50], one limitation of this study could still be the short-term
water storage and lower thermal cycling in comparison to other studies that
might make it difficult to predict the long-term durability of the tested bonding
methods.

The present study did not find an ideal surface conditioning technique that
could be applied to all types of ceramics. Because many factors affect the bond
strengths of resin luting cements to ceramics, it is necessary for dentists to
understand the characteristics of the ceramics and the surface conditioning
methods in accordance with the cements to be chosen.

5. Conclusions 

1. Bond strengths of the resin composite luting cement tested on the dental
ceramics after   surface conditioning techniques varied in accordance with
the ceramic types.

2. The findings confirmed that the use of hydrofluoric acid appeared to be the
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method of choice for bonding the Bis-GMA resin composite luting cement
to the ceramics having glassy matrix in their structures.

3. Roughening the ceramic surfaces with air particle abrasion prior to
cementation provided higher bond strengths for high-alumina ceramics
and the values increased more significantly after silica coating/silanization.

4. Thermocycling decreased the bond strength values significantly after all
surface conditioning methods tested.
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ABSTRACT

Statement of problem. The separation of core materials from titanium posts,
which have low modulus of elasticity, has been identified as a problem in
restorative dentistry.
Purpose. This study evaluated the resistance to torsional forces of various
core materials adapted to differently conditioned titanium posts.
Material and methods. Sixty-six groups (10 specimens per group) of custom
made pure titanium posts (DIN 17850-Ti4/3.7065) were conditioned with the
following products: Silicoater Classical, Silicoater MD, Rocatec, Kevloc and
Siloc surface conditioning systems. Subsequently, 6 core materials with
different compositions (Durafill, Adaptic, Coradent, Ti-Core, Hytac Aplitip and
Photac-Fil Aplitip) were applied to titanium posts that were previously coated
with two types of light-polymerized opaquers, either Artglass or Dentacolor.
Sixty air-abraded titanium posts (250 µm, 30 seconds) were used as controls
for each core material. Following thermocycling (5-55�C, 30 seconds, 5000
cycles), maximum torsional forces were determined with an electronic torque
movement key. Data were statistically analyzed by using 1-way ANOVA
followed by 2-way ANOVA (P<.05).
Results. Significantly higher (P<.001) mean torsional forces were observed
with respect to Siloc (20.4 dNm), Silicoater Classical (18.6 dNm), Silicoater
MD (18.2 dNm) and Rocatec (17.0 dNm) systems compared with the mean for
the untreated control group (14.6 dNm). Kevloc (10.4 dNm) system
demonstrated no significant difference (P>0.001) compared to the control
group. Kevloc system in combination with Artglass opaquer and Photac-Fil
Aplitip (0.00 dNm) core material showed no resistance against torsional forces.
Significant differences (P<.001) were observed between hybrid core materials
and microfilled composite, compomer or resin-modified glass ionomer core
materials.
Conclusion. Within the limitations of this study, the resistance to torsional

75

binnenwerk  17-11-2003 11:13  Pagina 75



forces for the core materials on titanium posts increased with the use of
chemical surface conditioning techniques and varied in accordance with the
opaquer type. Type of core material also significantly influenced the resistance
after thermocycling.

Clinical implications

In this study, microfilled composite and resin-modified glass ionomer core
materials offered poor resistance to torsional forces. Surface conditioning
systems based on silica coating/silanization or silica coating/acrylization can
be recommended for composite cores used with titanium posts.

INTRODUCTION

The long-term clinical performance of prefabricated posts and cores depends
on a number of factors,1-2 and retention of the core material is one of the most
significant of these.3-7 A great number of screw or threaded prefabricated post
systems are commercially available. These systems, which vary according to
their geometrical design and structural properties, are made from pure
titanium or titanium alloys in addition to the traditional stainless steel posts.
Titanium is biocompatible, although its relatively low modulus of elasticity
compared with most stainless steels is viewed as a major disadvantage.8,9

Experimental and clinical reports provide evidence of significant
differences in the survival of posts.10-13 Reduced chair time and ease of
manipulation of prefabricated posts, as compared with cast posts and cores,
make the procedure appealing to practitioners. Silver amalgam, composite and
resin-reinforced glass ionomer restorative materials have been suggested as
core materials for use with prefabricated posts.14-22 Core reconstructions
made from silver amalgam offer high compressive strength and ease of
manipulation17 but composites can be prepared immediately after placement
and impressed for restoration with a complete crown.16,22 With dentin bonding
agents, composites also offer the advantage of  bonding to tooth structure.
Another material used for core reconstruction is resin-reinforced glass
ionomer. The advantages of this material are fluoride release to the adjacent
tooth structure and rapid setting. However, glass ionomers including resin-
reinforced materials are inherently brittle, vulnerable to moisture23 and lacking
in strength to withstand occlusal loading under simulated occlusal forces.24

Most in vitro studies have been performed to evaluate the posts and cores

76

binnenwerk  17-11-2003 11:13  Pagina 76



subjected to tensile,25,26 compressive,26,27 shear forces,28-30 trauma31 and
fatigue tests.32 However, clinically, posts are also subjected to torsional or
rotational forces produced by functional tooth contacts.33-37

Advances in adhesive dentistry have resulted in the recent introduction of
modern surface treatment methods. These new systems involve the
conditioning of the substrate to produce bifunctional molecules that adhere to
the metal surface through silane by means of a polymerizable double bond.
Such molecules react with the methacylate groups contained in the monomers
of the applied opaque/composite in a radical polymerization process. The
manufacturers of most of the new surface conditioning systems require
airborne particle abrasion of the metal prior to bonding to achieve high bond
strengths. From those systems, Silicoater Classical system was introduced in
1984 as a system of molecular bond between resins and the surface of dental
alloys. The procedure produces an intermediate layer containing SiOx to allow
bonding of the resin through silane bonding. The technique consists of air
abrasion followed by heating SiOx with a flame in a specially designed
apparatus that burns chrome, producing a silica layer on the surface.38-41

Silicoater MD system is the new version of the Silicoater Classical
technique, and uses the same principle. The difference between the two
techniques is the method of coating the metal surface. The surface is coated
with SiOx in a liquid form in Silicoater MD apparatus in which firing takes place
at highly controlled temperatures. This system has the advantage of avoiding
flame adjustment problems, eliminating of the human factor. 39,40,42

The Rocatec conditioning procedure presented a kind of resin-metal
bonding procedure based on silica coating and silanization. The principle is
tribochemical application of a silica layer by means of air-abrasion which takes
place in the Rocatector Delta unit with Rocatec Pre and Rocatec Plus abrasives
followed by silane application. The Rocatec Plus particles hit the alloy surface
with a theoretically calculated speed of 200 m/s, producing spot heating up to
1000�C. This spot heating together with the air-abrasion pressure results in
embedding of silica particles on the metal surface, rendering the metal surface
chemically more reactive to resin through silane. The particular advantages of
the process are the speed and accuracy of coating and the ability to visually
check the adhesive layer so that thermal stressing of the framework is avoided.
In these aforementioned procedures, by increasing the roughness of the metal
surface, the air-abrasion contributes to the formation of a mechanical bond. As
a result of silanization, the metal surface is provided with a layer of double
bonds.40,42,43

To improve bond strengths of the Silicoater technique, new bonding
systems, namely Kevloc and Siloc were introduced. Kevloc system works with
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acrylization and Siloc with both silica coating and acrylization principles.
Kevloc is a relatively new system introduced in 1995 which offers a

combination of mechanical and chemical bonding, presenting promising results
in resin veneer-alloy bonding, inlays, onlays, implant-supported restorations
and removable prostheses. The temperature needed for the activation of the
bonding layers is generated by contact heat transfer and heat radiation in the
activation chamber of the Kevloc apparatus. The bonding layers in this system
consist of a fused layer of the rigid acrylonitrile and a layer of the water-
resistant, highly cross-linked urethane resin. Both layers are reinforced by the
direct acrylizing network and have the capability of sustaining the loading
forces.40,42-45

Siloc system involves air particle abrasion followed by the application of
Siloc-Pre silane which is dried at room temperature first and then placed in the
Siloc apparatus (Heraeus-Kulzer). Because of the application of both Siloc-Pre
silane and Siloc-Bond (Heraeus-Kulzer) bonding agent, the working principle of
the system is called silica coating and acrylization.40

Thermocycling relaxes stresses within the composites produced by
polymerization shrinkage. In general, the surface treatment studies conducted
have used different thermocycling times and the common consensus was that
the thermocycling decreased the bond strength as it weakened the resin
structure.46-48

Although comparative studies exist showing the advantages of various
types of surface conditioning methods on both base and noble alloys,49-53

limited information is available concerning the use of these techniques on
titanium substrate.54,56 Therefore, the aim of this study was to evaluate the
effect of current surface conditioning methods and opaquers on the resistance
of various core materials against torsional forces on titanium posts after
thermocycling.

MATERIAL AND METHODS

Seven hundred twenty custom-made pure titanium posts, each 3 mm in
diameter and 15 mm in length, were prepared according to DIN 17850-
Ti4/3.70651.57 Five surface conditioning techniques, two opaquers and six
post/core materials were assessed (6x5x10x2=600). Tables I and II
summarize the characteristics of surface conditioning methods, types and
polymerization procedures for the core materials and opaquers. Specimens
were divided into groups according to core material, opaquer, and surface
conditioning method. Sixty titanium posts (10 groups of core materials and 2
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types of opaquers) air-abraded with 250 µm aluminum oxide for 30 seconds
each, were used as controls. The surface roughness of the control specimens,
which were initially approximately equal to 2 µm, was measured to be
approximately equal to Rz≈13 µm after air-abrasion (Pruefgerät Type 402,
Mitutoyo, Kawasaki, Japan).

Table I. Characteristics of surface conditioning methods assessed.

Trade name Abbreviation Conditioning principle Manufacturer

Silicoater Classical SC Silica coating-silanization Heraeus-Kulzer GmbH, Wehrheim, Germany

Silicoater MD SMD Silica coating-silanization Heraeus-Kulzer GmbH, Wehrheim, Germany

Rocatec RC Silica coating-silanization ESPE AG, Seefeld, Germany

Kevloc KV Acrylization Heraeus-Kulzer GmbH, Wehrheim, Germany

Siloc SL Silica coating-silanization Heraeus-Kulzer GmbH, Wehrheim, Germany

Table II. Type of the core materials and opaquers.

Trade name Abbreviation Core/opaquer type Polymerization Manufacturer

Durafill DL Microfilled Light polymerized Heraeus-Kulzer GmbH, Wehrheim, Germany

Adaptic AD Hybrid Chemically polymerized Johnson & Johnson, Skillman, USA 

Coradent CD Hybrid Chemically polymerized Vivadent, Schaan, Liechtenstein

Ti-Core TC Hybrid Chemically polymerized EDS, Hackensack, USA

Hytac Aplitip HA Compomer Light polymerized ESPE AG, Seefeld, Germany

Photac-Fil Aplitip PF Glass ionomer      Light polymerized ESPE AG, Seefeld, Germany

Dentacolor Dent Methacrylate Light polymerized Heraeus-Kulzer GmbH, Wehrheim, Germany

Artglass Art Bismethacrylate Light polymerized Heraeus-Kulzer GmbH, Wehrheim, Germany

Surface conditioning methods

Titanium posts were conditioned and underwent silanization chemically
according to the manufacturers` recommendations.

With the Silicoater Classical (SC) method, the posts were air-abraded with
250 µm aluminum oxide for 30 seconds at 4 bar. The surfaces were then
coated with Siliclean solution (Heraeus-Kulzer). After being washed, the
surfaces were air-dried for 2 minutes at room temperature. This technique
consisted of heating SiOx with a flame (Siliflam, Heraeus-Kulzer) in a specially
designed Silicoater apparatus at temperatures higher than 250�C. The flame
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was adjusted to provide enough SiOx molecular deposition on the metal
surface. Siliflam was applied for 5 minutes (air/propan 20:1, air appr. 130 l/h,
propan 6.5 l/h). After the sample was dried for 4 minutes in air, a silane layer
of a mixture of Silicoup A and B (Heraeus-Kulzer) was applied.

Silicoater MD system worked in manner similar to the Silicoater Classical.
The difference between the two techniques was the coating process for the
metal surface. In Silicoater MD, SiOx was applied in a liquid form in a special
apparatus in which firing took place at highly controlled temperatures. With this
apparatus, flame adjustment problems and human factor were eliminated.

Rocatec was based on tribochemical application of a silica layer by means
of airborne particle abrasion. First, the specimens were conditioned by air-
abrasion with 110 µm aluminum oxide grains at a pressure of 0.25 MPa with
Rocatec Pre abrasive by using a Rocatector Delta device. The specimens
were then air-abraded with Rocatec Plus abrasive, which was 110 µm
aluminum oxide modified with silisic acid, at 0.25 MPa at a distance of 1 cm
from the metal surface for 13 sec/cm2. The surfaces were then coated with
silane (ESPE-Sil, ESPE) to render them chemically more reactive to the resin.

The Kevloc system offers a combination of mechanical and chemical
bonding. In this system, the specimens were air-abraded with fresh 110 µm
grains of aluminum oxide at 0.2 MPa. The air-abraded surfaces were cleaned
with a brush and the loose particles were removed. Kevloc-Primer (Heraeus-
Kulzer) was applied with a clean brush and dried at room temperature for 2
minutes. Then, Kevloc Bond (Heraeus-Kulzer) was applied with a brush. After
it was dry, the specimens were placed in the chamber of the Kevloc AC
apparatus where the activation of the bonding layers was generated by contact
heat transfer and heat radiation for 8 minutes. The specimens were cooled at
room temperature for 5 minutes.

With the Siloc technique, the surfaces were air-abraded with 250 µm
grains of aluminum oxide and dried with water-free and oil-free air at 0.3 MPa.
The activated surfaces were then coated with Siloc-Pre silane with a brush and
dried at room temperature for 2 minutes. Later, the specimens were placed in
the Siloc apparatus. Finally, they were cooled at room temperature for 4
minutes and the activated surfaces were coated with Siloc-Bond and dried in
the air for 5 minutes.

Opaquer application

After conditioning the titanium posts, opaquers were painted on the titanium
posts and light-polymerized accordingly.
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The powder and liquid components of Dentacolor Opaquer were mixed
(1:1) to produce a thin consistency, stirring for at least 30 seconds to achieve
a homogeneous distribution of the pigments. A thin layer (Shade No. 123) was
applied with a brush and light-polymerized for 90 seconds in the Dentacolor
XS unit (Heraeus-Kulzer GmbH). Second and third thin layers were separately
applied and polymerized until complete masking of the metal was achieved.

The components of Artglass Opaquer were mixed on a mixing pad. A thin
layer (Shade No. OA3) of the opaquer was painted on the alloy surface with a
short bristle brush. As the first layer did not mask the metal sufficiently, further
layering was performed. Each layer was light-polymerized for 90 seconds in
the Dentacolor XS unit.

To produce the specimens in a standardized form, a hexagonal metal
matrix with 6 mm diameter holes was used (Fig. 1). Subsequently, 6 core
materials were homogeneously placed within the matrix and cured according
to the manufacturer`s instructions. While chemically polymerized core
materials were polymerized (Optilux 401; Demetron Research, Danbury,
Conn., USA) in one increment, the light-polymerized cores were placed in the
metal matrix in two increments to ensure that the lower portion was also
polymerized. The light output of the curing unit was initially tested to be 630
mW/cm2 with the Cure Rite instrument (Model 8000, EFOS Inc. Williansville,
NY, USA). The irradiation distance between the exit window and the resin
surface was maintained at 10 mm to obtain adequate polymerization.

The specimens were then subjected to 5000 thermocycles at a
temperature range between 5-55�C and a dwelling time of 30 sec.58 An
electronic rotational torque device (Wear Werk; Hermann Werner, Germany)
was connected to a compression test machine (Zwick 1445; Zwick GmbH,
Germany) for the measurement of maximal torsional forces. The direction of
the torsional forces was clockwise (Fig. 2). Failure was established at the point
at which the specimen could not withstand an increase in load.

The means of each group were analyzed by analysis of variance (ANOVA)
(StatView 5.0; SAS Institute Inc., Cary, NC). If a significant difference was
established, 2-way ANOVA was used to determine the probability values with
a significance level P<0.05.
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RESULTS

Tables III and IV display the mean values obtained, together with the standard
deviations associated with surface conditioning techniques and core materials
for Dentacolor and Artglass opaquer. The 2-way ANOVA revealed significant
differences (P<.0001) between groups dependent on the combinations of
surface conditioning techniques and opaquers and the interaction with core
materials (Tables V and VI).

Significant differences (P<.0001) were observed between hybrid and
microfilled composite, compomer or resin-modified glass ionomer core
materials. The highest torque values were obtained with Siloc-Dentacolor-
Adaptic (23.9 dNm). The most profound and significant improvements were
observed with Siloc-Dentacolor-Hytac Aplitip (19.0 dNm). Kevloc system in
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Fig. 1. Hexagonal metal matrix with holes 6 mm in diameter

and 15 mm in length.

Fig. 2. Schematic diagram of the electronic rotational torque

device connected to a compression test machine.
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combination with Artglass opaquer and Photac-Fil Aplitip core material (0.00
dNm) however showed no resistance against torsional forces.

Significantly higher (P<.0001) torsional forces with respect to Siloc (20.4
dNm), Silicoater Classical (18.6 dNm), Silicoater MD (18.2 dNm) and Rocatec
(17.0 dNm) systems were observed compared with the untreated control
group (14.6 dNm).

The mean torque force achieved for the group with the application of  the
Kevloc (10.4 dNm) system was significantly lower than that attained for groups
provided with other surface conditioning methods (P<.001). Improvement in
torque forces were not significantly different for Dentacolor-Durafill, Adaptic, Ti-
Core, Hytac Aplitip core materials compared with their control group (P>.001).

In the Artglass-Photac Fil group, none of the surface conditioning
techniques improved the torque forces.

Table III. Statistical significance of differences between the torque forces (dNm) within combinations of core materials and 

surface conditioning techniques using Dentacolor at each combination.

Core Material

Surface Treatment DL AD CD TC HA PF

Control 12.5  (1.8)* 16.1   (1.1)* 15.1  (1.0) 12.2  (0.8)* 4.8  (1.9)* 7.0  (5.0)

SC 13.9  (3.0)* 20.8  (4.3) 21.1  (3.6) 19.6  (4.5) 16.5  (1.8) 19.5  (3.9)

SMD 14.4  (2.6)* 22.2  (2.9) 19.1  (3.4) 19.7  (3.7) 16.2  (2.1) 17.5  (3.9)

RC 15.6  (2.8) 21.5  (3.2) 18.5  (4.6) 19.5  (2.9) 6.5  (4.3)* 20.0  (1.4)

KV 11.1  (2.8)* 16.2  (1.5)* 12.3  (2.5) 12.9  (1.4)* 10.2  (3.2)* 0     (0)

SL 14.4  (3.4)* 23.9  (3.4) 22.2  (3.0) 22.6  (2.9) 21.0  (1.7) 18.7  (3.1)

Abbreviations shown in Tables I and II.

* Indicates no significant differences in the same column between surface treatment/core material in comparison to control group

as determined by 2-way ANOVA (P >.05).
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Table IV. Statistical significance of differences between the torque forces (dNm) within combinations of core materials and sur-

face conditioning techniques using Artglass at each combination.

Core Material

Surface Treatment DL AD CD TC HA PF

Control 12.5 (1.8)* 16.1 (1.1)* 15.1 (1.0)* 12.2 (0.8)* 4.8 (1.9) 7.0 (5.0)*

SC 9.0 (3.1) 12.5 (3.2) 13.2 (3.6)* 11.0 (3.4)* 17.0 (1.1) 8.9 (3.2)*

SMD 7.1 (1.3) 6.7 (1.3) 11.1 (2.2) 6.2 (2.0) 12.9 (2.3) 0.5 (1.5)

RC 7.7 (1.7) 13.8 (3.5)* 12.6 (3.7) 7.6 (2.0) 16.2 (1.5) 5.6 (3.9)*

KV 8.9 (2.4) 8.2 (1.7) 10.4 (1.3) 8.5 (2.4) 9.7 (2.4) 0(0)

SL 13.4 (2.6)* 9.0 (1.5) 13.5 (1.6)* 4.5 (0.7) 19.3 (1.6) 4.4 (3.5)*

Abbreviations shown in Tables I and II.

* Indicates no significant differences in the same column between surface treatment/core material in comparison to control group

as determined by 2-way ANOVA (P >.05).

Table V. Results of 2-way analysis of variance for Dentacolor.

Source of variation df Sum of squares Mean square F-value P value 

Surface conditioning (A) 5 4641.079689 928.215918 112.54 <.0001

Core material (B) 5 1776.213409 355.242682 43.07 <.0001

A*B 25 4715.052881 188.602115 22.87 <.0001

Error 324 2672.27652 8.24777

Total 359 13804.62240

Table VI. Results of 2-way analysis of variance for Artglass.

Source of variation df Sum of squares Mean square F-value P value 

Surface conditioning (A) 5 6784.054378 1356.810876 207.75 <.0001

Core material (B) 5 2397.833771 479.566754 73.43 <.0001

A*B 25 2206.338247 88.253530 13.51 <.0001

Error 324 2116.00767 6.53089

Total 359 13504.23407
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DISCUSSION

To withstand functional loads, the bond between the core material and the post
should be strong and durable. Recently, the technology for bonding of resin to
dental alloys has significantly improved. Various commercial surface
conditioning techniques are available that claim to provide a durable bond
between the resin and a metal substrate.

In this study, the ranking of surface conditioning methods with regard to
resistance of core materials after thermocycling was more favorable with Siloc,
Silicoater Classical, Silicoater MD, Rocatec and least favorable for Kevloc
system. The advantages of extraoral surface conditioning have been
reported38, 43-45 and are in accordance with the results of the present study.
The surface conditioning techniques tested in this study substantially
increased the attachment of the core materials tested in comparison to the
unconditioned control groups.

In the Kevloc-treated groups with either Dentacolor or Artglass opaquer
however, no resistance to torsion was obtained with Photac-Fil, which is a
resin-modified glass-ionomer. The working principle of Kevloc is only
acrylization whereas the other systems are based on silica coating/silanization
or silica coating/acrylization. The results obtained in Kevloc-treated groups
may be attributed to either the nonuniform distribution of heat transfer or the
lack of silane application. In a study by Vojvodic et al,44 this difference was
attributed to differences in bonding layer thickness, opaque viscosity or
opaque liquid proportion. The common finding of several studies was that the
bonding results decreased after artificial aging of specimens treated with
Kevloc.47,48,50-55 The individual mechanism producing this result needs to be
further clarified.

The type of composite and surface conditioning technique are especially
important because the type/composition of current composites differ widely. Of
the core materials used, the type of core material also significantly influenced
the resistance after thermocycling. In this study, three hybrid composites, one
microfilled resin, one compomer and a resin-modified glass-ionomer were
investigated, with the results revealing that resin-modified glass ionomer core
materials were especially affected by the type of conditioning method. One
explanation for the non-resistance of Photac-Fil to Kevloc-treated titanium
posts might be the low resin content of this core material. The disadvantages
of composite cores include microleakage and problems with dimensional
stability that may affect marginal adaptation of castings.4 The results of this
study indicated that hybrid composites resisted torsional forces more
effectively even after thermocycling. This result may be due to the resin matrix
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or to particle size and filler composition.
The results varied in accordance with surface conditioning methods and

the type of the opaquer for the core materials. When Dentacolor was used as
an opaquer, significantly higher bond strengths were obtained compared with
Artglass opaquer. Dentacolor and Artglass opaquers vary in composition: the
former is a methacrylate provided in a powder-liquid system, while the latter is
a bismethacrylate provided in paste form. It is likely that bond strengths
produced by opaquers are dependent on their chemical composition and
consistency. Handling characteristics of opaquers therefore, may be an
important variable. During experimental process, it was noted that when they
were used in the proportions specified by the manufacturers, the consistencies
of the opaquers were slightly different, which may have contributed to
differences in thickness between the resin and the conditioned metal surface,
thereby affecting their resistance.

In clinical practice, both the configuration of the post and the type of core
material are thought to affect the core’s retention on the posts. To eliminate the
effect of post design, titanium posts with smooth surfaces were used in the
experiments.

The current surface conditioning methods required additional equipment
for conditioning the titanium posts before cementation, which is costly.
Recently, attempts have been made to perform silica coating chairside by
means of an air-abrasion device. Such technique might be an alternative
approach to condition the posts chairside.

Because many factors affect the resistance of core materials on titanium
posts, it is necessary for dentists to understand the characteristics of surface
conditioning methods in accordance with the opaquers and core materials to
be chosen. More information about the clinical performance of these
increasingly popular techniques is needed. Further evaluation clinically is
merited to validate the findings of this in vitro study.

CONCLUSIONS

Within the limits of this study, the resistance of core materials to dislodgement
from titanium posts after the application of torsional forces and thermocycling
was affected by the conditioning systems used. Resistance was greatest with
Siloc and then, in descending order, with Silicoater Classical, Silicoater MD,
Rocatec, and Kevloc surface conditioning systems. In addition the resistance
of core materials based on silica coating/silanization or silica
coating/acrylization varied in accordance with the opaquer used. Dentacolor
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opaquer demonstrated higher resistance values than Artglass opaquer. Hybrid
composites and compomers used as core materials demonstrated higher
torque resistance compared with microfilled composites or resin-modified
glass ionomer.
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Chapter
Bonding Polycarbonate Brackets to Ceramic:

Effects of Substrate Treatment on Bond Strength

This chapter is in press for publication as:
Özcan, M., Vallittu, P.K., Peltomäki, T., Huysmans, M-Ch., Kalk, W.: Bonding
Polycarbonate Brackets to Ceramic: Effects of Substrate Treatment on Bond
Strength. American Journal of Orthodontics and Dentofacial Orthopedics, (in
press, 2003). (reproduced with permission of Mosby Inc.)
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ABSTRACT
This study evaluated the effect of five different surface conditioning methods
on the bond strength of polycarbonate brackets bonded to ceramic surfaces
with resin based cement. Six disc-shaped ceramic specimens (feldspathic
porcelain) with glazed surfaces were used for each group. The specimens in
each group were randomly assigned to one of the following treatment
conditions of the ceramic surface: (1) Orthophosphoric acid+primer+bonding
agent, (2) Hydrofluoric (HF) acid gel+primer+bonding agent, (3) Tribochemical
silica coating (SiOx, 30µm)+silane, (4) Airborne particle abrasion (Al2O3,
30µm)+silane, (5) Airborne particle abrasion (Al2O3, 30µm)+silane+bonding
agent. Brackets were bonded to the conditioned ceramic specimens using a
light-polymerized resin composite. All specimens were stored in water for 1
week at 37ºC and then thermocycled (1000 cycles, 5ºC-55ºC, 30 s). The shear
bond strength values were measured at a universal testing machine at a
crosshead speed of 1 mm/min. Silica coating together with silanization (13.6
MPa) exhibited significantly higher (P=0.01) results than those of
orthophosphoric acid (8.5 MPa). There was no significant difference (P=0.97)
between the bond strengths obtained after airborne particle abrasion with
aluminium trioxide particles followed by silanization (12 MPa) and HF acid
application (11.2 MPa) (ANOVA and Tukey`s test). While orthophosphoric acid
conditioning exhibited only adhesive failures of the luting cement from the
ceramic surface, other conditioning methods showed mixed type of failures.
Airborne particle abrasion with aluminium trioxide or silica coating followed by
silanization demonstrated the most favourable bond strengths. The type of
failures observed after debonding indicated that the critical parameter was the
strength of the adhesive joint of the luting cement to both the bracket and the
ceramic.
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INTRODUCTION

With the increased demand for adult orthodontics, the clinician is often faced
with the problem of luting brackets and retainer wires to metal-ceramic fixed
partial dentures, crowns, veneers or even full ceramic restorations.1-4

Recently, more esthetic and relatively invisible brackets have gained popularity
in orthodontics. These brackets are generally either polycarbonate or ceramic
and the latter are either mono or polycrystalline. Ceramic brackets can have an
epoxy or a polycarbonate base. The bases of polycarbonate brackets are
reported to be sufficiently flexible to allow plastic deformation at levels similar
to that of metal brackets.5-7 However, lack of durable bonding between the
brackets and ceramic restorations is still a major problem in adult
orthodontics.8,9 Because bonding in orthodontics is semi-permanent in nature,
bond strength should be high enough to resist accidental debonding during the
whole course of treatment but also low enough so that excessive force need
not be applied during debonding at the end of the treatment.10

In order to achieve sufficient bond strength of brackets to ceramics,
pretreatment of the ceramic surfaces is a prerequisite. Numerous options have
been suggested that were generally combinations of various mechanical and
chemical conditioning methods.11-15 Roughening of the surface is generally
regarded as compulsory for reliable bond strength.8,9,15 Etching the ceramic
surfaces with either orthophosphoric or HF acid followed by the application of
primer and bonding agent are recommended methods.16,17 The use of HF
acid in the laboratory may be recommended but it is hazardous in clinical use.
However, the failure rate on ceramic surfaces is still reported to be as high as
9.8% even when HF acid is used followed by silane application.4

Advances in silane coupling agents during the last two decades appear to
enhance the bond strength by promoting a chemical bond between the resin
composite and the ceramic. Silane molecules after being hydrolized to silanol,
can form polysiloxane network or hydroxyl groups to cover the silica surface.
Monomeric ends of silane molecules react with the methacrylate groups of the
adhesive resins by free radical polymerization. One system, in which silanes
are also used, is tribochemical silica coating that provides ultrafine mechanical
retention by airborne particle abrasion. The surfaces are abraded with 30 µm
grain size aluminium trioxide modified with silisic acid. The blasting pressure
results in embedding of silica particles on the surface rendering the surface
chemically more reactive to resin via silane. Silica coating has been tried in
different applications in dentistry.18-20 Although the literature contains many
reports on bonding of brackets to ceramic surfaces, this method has not been
widely investigated for bracket bonding purposes.21
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Review of relevant literature also indicates that little research has been carried
out to quantify the bond strength of polycarbonate brackets.22-25 Due to the
inert polycarbonate matrix of plastic brackets, adequate adhesion is difficult to
achieve.26,27 The manufacturing method of such brackets is based on injection
molding, where the dispersion of fillers in a polymer is forced into the mold at
controlled temperature. The fillers added to each plastic bracket are fairly well
distributed with a limited part of the filler exposed on the bracket surface. In
view of this component information, and since silanes are frequently used as
coupling agents to bond glass fillers to polymers, it was hypothesized that if
silica coating was as efficient as it was reported in other dental applications,
its use especially on the ceramic parts of restorative materials could be
considered as a conditioning method prior to bracket bonding.

The objectives of this study were twofold, namely to identify the effect of
five different surface conditioning methods on the shear bond strength of
polycarbonate brackets bonded with a resin composite luting cement to
ceramic surfaces that simulate ceramic restorations and to evaluate the failure
types after debonding.

MATERIALS AND METHODS

Thirty feldspathic ceramic specimens with a diameter of 6 mm and a thickness
of 2 mm (Shade A3, VMK68, Vita Zahnfabrik, Bad Säckingen, Germany) were
fabricated with glazed surfaces in disc forms according to the manufacturer`s
recommendations. Six specimens were used for each experimental group. Five
surface conditioning methods were assessed for the ceramic materials after
water storage and thermocycling. Table 1 summarizes the characteristics of
surface conditioning methods and manufacturing company names. Before
initiating the bonding procedure, the specimens were embedded in acrylic
resin blocks ensuring that one surface of the disc remained uncovered for
bonding procedures. The exposed surface of each specimen was cleaned for
10 min in an ultrasonic bath (Quantrex 90 WT, L&R Manufacturing, Inc.,
Kearny, NJ, USA) containing ethylacetate and then air-dried. Subsequently, the
specimens were randomly assigned to one of the following five conditioning
methods:
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Table 1. Characteristics of five surface conditioning methods to ceramic.

Conditioning principle Manufacturer

Method 1

Orthophosphoric acid (37%, 60 s) Ultradent® Ultraetch, South Jordan, USA

Primer Ormco, Glendora, USA

Bonding agent Transbond XT, 3M, USA

Method 2

Hydrofluoric acid (9.5%, 90 s) Ultradent Porcelain Etch, South Jordan, USA

Primer Ormco, Glendora, USA

Bonding agent Transbond XT, 3M, USA

Method 3

Air particle abrasion (30 µm aluminium trioxide, Korox, Bego, Bremen, Germany

250 kPa, 10 mm, 4 s)

Silane coupling agent 5 min ESPE-Sil, 3M ESPE AG, Seefeld, Germany

Method 4

Tribochemical silicacoating (CoJet®-Sand, 30 µm SiOx 3M ESPE AG, Seefeld, Germany

250 kPa, 10 mm, 4 s), 

Silane coupling agent 5 min ESPE-Sil, 3M ESPE AG, Seefeld, Germany

Method 5

Air particle abrasion (30 µm aluminium trioxide, Korox, Bego, Bremen, Germany

250 kPa, 10 mm, 4 s)

Silane coupling agent 5 min ESPE-Sil, 3M ESPE AG, Seefeld, Germany

Bonding agent Transbond XT, 3M, US

Surface conditioning methods

In the first group, the ceramic substrates were etched with 37%
orthophosphoric acid for 60 s. In the second group, 9.5% HF acid gel was
applied for 90 s and rinsed. After both etching procedures, the substrates were
washed and rinsed thoroughly to remove the residual acid and then air-dried.

In the third group, silica coating process was achieved using an intraoral
air abrasion device (Dento-PrepTM, RØNVIG A/S, Daugaard, Denmark) filled
with 30 µm SiOx (CoJet®-Sand), from a distance of approximately 10 mm at
a pressure of 250 kPa bar for 4 s.

In the fourth and fifth groups, airborne particle abrasion was performed
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using aluminium trioxide particles in the same device under the same
conditions with silica coating.

Bonding procedure 

Throughout the experiments, the bonding procedures were carried out by the
same operator (M.Ö.) in accordance with the manufacturer`s instructions. In
the acid etched groups, following the application of primer, bonding agent was
applied a thin layer, excess resin was removed with air and it was light
polymerized (Elipar, 3M ESPE) for 20 s according to the manufacturer`s
instructions. In the third and fourth conditioning groups, only silane coupling
agent was applied and allowed to evaporate for 5 min. In the fifth group,
bonding agent was applied in addition to aluminium trioxide and silane
application.

A total of 30 polycarbonate brackets designed for mandibular incisors
(Ormco Spirit MB, Glendora, USA) were bonded to each conditioned ceramic
surface with a light polymerized resin composite luting cement (3M Unitek,
Monrovia, CA, USA). The surface area for the bracket base was 10 mm2

according to the manufacturer. The bracket was placed onto the ceramic
surface using a bracket plier under manual control. Before light polymerization,
excess resin was removed from the bracket periphery and polymerization of
the luting resin was performed for 40 s from two directions. Light-intensity was
800 mW/cm2. The irradiation distance between the exit window and the resin
surface was maintained at 10 mm to obtain adequate polymerization.

Storage and testing procedure 

The specimens were first stored in water for 1 week at 37ºC and then
subjected to thermocycling (custom made by NIOM-Scandinavian Institute for
Dental Materials, Haslum, Norway) for 1,000 cycles between 5ºC and 55ºC in
deionised grade 3 water. The dwelling time at each temperature was 30 s.
Transfer time from one bath to the other was 2 s.

Specimens were mounted in a jig (Bencor Multi-T shear assembly,
Danville Engineering Inc., San Ramon, CA) of the universal testing machine
(Lloyd LRX, Lloyd Instruments Ltd, Fareham, UK) and a shear force was
applied to the adhesive interface until fracture occurred (Fig.1).The specimens
were loaded at a crosshead speed of 1.0 mm/min.

After debonding, the fracture sites were examined visually to determine
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the location and the manner of the failure and classified according to the
modified Adhesive Remnant Index (ARI) system of Årtun and Bergland.28,29

Ceramic specimens and the bracket bases were further examined under
scanning electron microscopy (SEM; Cambridge Instruments Streoscan,
Electron Microscopy Ltd) after debonding.

Statistical analysis was performed using SAS System for Windows,
release 8.02/2001 (Cary, NC, USA). Shapiro Wilk`s test was used to test the
normality of the data. The means of each group were analysed by one-way
analysis of variance (ANOVA) determine the significant differences between
the conditioning methods and Tukey`s test was used for multiple comparisons.
P values less than 0.05 are considered to be statistically significant.

RESULTS

The results of the shear bond strength test for five conditioning methods are
presented in Fig 2. Mean bond strengths for each group along with their
minimum, maximum  values, standard deviations and standard errors are
shown in Table 2. The data were normally distributed and variances were
equal in each five groups. ANOVA showed significant influence of the
conditioning methods on the bond strength values (P=0.03).

The highest bond strength of 13.6 MPa was obtained with silica coating
and silanization that was significantly higher than with phosphoric acid
treatment (8.5 MPa) that exhibited the lowest bond strengths (P=0.01).
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Fig. 1. Specimen mounted in the jig of the

universal testing machine and the bracket

being submitted to a shear force.
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Bonding agent application did not increase the bond strength (10.9 MPa) when
compared with the group where only silane was applied after airborne particle
abrasion with aluminium trioxide (12 MPa) (P=0.93). There were no significant
differences (P=0.40) between HF acid (11.2 MPa) and phosphoric acid gel (8.5
MPa) treated group.

Table 3 displays a tabulation of the modes of failure for the brackets after
different surface conditioning methods. In the phosphoric acid etched group,
the brackets failed mainly at the ceramic/resin interface with all of the luting
cement remaining on the bracket base. In the HF acid treated group,
predominantly less than half of the composite was left on the ceramic surface
after debonding. In both airborne particle abraded groups, more than half of
the luting cement was left adhered to the ceramic surface and the bracket
base. On the contrary, in the silica coated group, luting cement was mainly
debonded from the bracket base being left adhered to the ceramic surfaces
with distinct impression of bracket mesh (Fig 3a-d).

No fracture in the body of the bracket was observed in any of the groups
tested, but two incidents of ceramic fractures after silica coating, one after HF
acid and one after air particle abrasion+silane treated group were
experienced.
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Table 2. Mean shear bond strength (X), minimum (Min), maximum (Max) values, standard deviations (SD), standard errors (SE)

and number of specimens (N) for each group.

Groups N X Min Max SD SE

Group 1 6 8.5 3.5 11.2 2.8 1.15364

Group 2 6 11.2 7.8 12.8 2.3 0.91860

Group 3 6 13.6 10.2 17.7 2.2 0.89329

Group 4 6 12 8.7 15.6 2.9 1.22155

Group 5 6 10.9 6.6 15.4 2.8 1.16226

Table 3. Modes of failure of polycarbonate brackets bonded with light-polymerized resin composite luting cement to feldspathic

porcelain after various surface treatments. All samples were stored in water for 1 week at 37ºC and then subjected to 

thermocycling for 1.000 cycles between 5ºC and 55ºC.

Adhesive Remnant Index Score

Dislodged† 0 1 2 3 Ceramic fracture

Orthophosphoric acid+primer+bonding agent - 6 - - - -

Hydrofluoric acid gel+primer+bonding agent - 1 4 - - 1

Tribochemical silicacoating+silane - - - - 4 2

Airborne particle abrasion+silane - - - 5 - 1

Airborne particle abrasion+silane+bonding agent - 1 - 5 - -

*Adhesive Remnant Index (ARI) 

score 0= no composite left on ceramic surface.

score 1= less than half of composite left.

score 2= more than half of composite left.

score 3= all composite left on ceramic surface, with distinct impression of bracket mesh.

†During thermocycling or testing
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DISCUSSION

Bonding of brackets to the ceramic substrates has two adhesion aspects:
adhesion of the luting cement to the conditioned ceramic substrate and
adhesion of the luting cement to the bracket base. In fact, there are a number
of other factors that might also influence bond strength such as the
architecture of the bracket base, the composition and elastic modulus of the
adhesive. In this study, brackets for the mandibular incisors were used due to
their flat bases that ensure optimal adaptation to the ceramic surface. The
bracket base used relied on entirely mechanical interlocking principle. No
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Fig. 3a Fig. 3b

Fig. 3a-d. SEM micrograph of a) the base of a debonded bracket after orthophosphoric acid

treatment. Note that the ceramic surface is devoid of the composite luting cement. b) the base of

a debonded bracket after airborne particle abrasion+silane. Note that more than half of the resin

is left adhering to the bracket base. c) the base of a debonded bracket after airborne particle

abrasion+silane+bonding agent. d) the ceramic surface following debonding after silica coating

and silanization. Note that all resin luting cement is left adhering to the ceramic with distinct

impression of bracket mesh.

Fig. 3c Fig. 3d
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conditioning or adhesive was used on the bracket base.
It has been frequently suggested that clinically adequate bond strength for

a metal orthodontic bracket to enamel should be between 6 to 8 MPa.2,3,9,10

The mean shear bond strengths of polycarbonate brackets to ceramic surfaces
achieved in this study do fall within this range or exceed these limits and
therefore could be considered sufficient for clinical applications.

Among the conditioning methods tested, conventional acid-etching with
37% orthophosphoric acid revealed the lowest values. It has been previously
proved that phosphoric acid is relatively ineffective for providing mechanical
retention on ceramics when they are used in combination with the resin
composite.9 Although in the phosphoric acid etched group, adhesive failures of
the luting agent from the ceramic surface was experienced after debonding,
the bond strength was higher than it was reported. The possible contribution of
the primer and the bonding agent may have had an impact on the results. This
may also be due to the differences in luting agent used. The least favourable
bond results were obtained with 8.5 MPa in this group but the type of failures
was desirable.

HF acid is well recognized to have hazardous effects in vivo since it was
found to be a harmful and irritating compound for soft tissues. Nevertheless, its
efficiency in improving the bracket bonding on ceramics has been widely
accepted.8,17,27 When the two acid agents were compared, higher bond
values were obtained in the HF acid treated group. This indicated that HF acid
was more effective than phosphoric acid in dissolving the crystalline and
glassy phase of the ceramic and therefore facilitates better micromechanical
retention however the results were not statistically significant.

In this investigation, no statistically significant differences were found in
the bond strengths between the two aluminium trioxide particle abraded group
followed by either only silane or bonding agent plus silane application. In a
recent study on the survival rate of the brackets on ceramic surfaces,
Zachrisson postulated that air-particle abrasion did not provide clinically
acceptable bond strengths when it was used in combination with a chemically
cured resin composite luting cement.4 In the case of aluminium trioxide
treatment, the silica layer is missing and therefore although this bond may be
considered clinically sufficient, it should require constant monitoring.

The recommended duration for air abrasion application was 2 to 4 s.5

Since it has been previously shown that variation within this time interval has
little effect on the bond strength,8,15 in this study, air abrasion was applied for
4 s. As the restorations generally remain in the mouth after debonding the
brackets, damage to the ceramic due to extreme roughening of the surfaces
during the pretreatment should be avoided. Longer application time might
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result in more material loss from the ceramic surface creating more roughness
than it is desired. Therefore, the duration of air abrasion still remains to be
investigated.

Tribochemical silica coating followed by silanization evidently enhanced
the bond between the ceramic surfaces and the luting cement. The silica layer
left by silica coating on the ceramic surface provides a basis for silane. In the
ceramic composite bond, silane functions as a coupling agent, which adsorbs
onto and alters the surface of the ceramic, thereby facilitating interaction.31,32 

One important requirement in bracket bond is that there should be no or
minimal risk of iatrogenic damage to the ceramic surface during debonding.
Failures at the bracket/composite interface could be expected to be more
favourable. No matter how one applies the load on a configuration that consists
of two different materials, the stresses at the interface will not be uniform. In
the orthophosphoric acid etched group, only adhesive failures of the luting
cement from the ceramic occurred. This demonstrates a weak connection
between the resin composite and the ceramic. In order to avoid ceramic
fractures at the time of debonding, Cochran9 suggested solely etching the
ceramic with HF acid, however there was also one incident of ceramic fracture
in this group.

In general, increased bond strength resulted in failures within the resin
such that some resin was left on both the bracket and the ceramic surfaces.
This was the typical case in air particle abraded groups. When bonding agent
was used after air particle abrasion, notably there were no cohesive failures
within the ceramic. Therefore, the cohesive failure occurred within the resin
with all or most of the resin remaining on both the ceramic and the bracket
base indicated the influence of the cohesive strength of the resin luting
cement.

Only in the silica coated and silanized group after debonding the resin was
predominantly left adhered on the ceramic surface. This type of failure in the
adhesive-bracket interface reveals the fact that the chemical bonding was
equal to or exceeded the mechanical retention provided by the bracket base
and the bond strength to the ceramic surface was greater than the cohesive
strength of the luting resin. When some remnants of the luting agent is left on
the ceramic surface, clinicians need to polish the ceramic surface.

Some studies reported that the use of silanes without removing the glaze
from the ceramic surface resulted in the least damage to surface with
acceptable bond strength values.1,25,33 In this study, no additional attempt was
made to remove the glaze. This study also did not deal with conditioning the
bracket base but this may be important for clinical performance.

Although in many in vitro studies, high bond strengths were obtained, in
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vivo failures of debonding are still being reported at a considerable rate.4 One
reason for this could be the differences between the experimental set-up in
various in vitro studies. Durability evaluation in wet environment is necessary
to judge the performance of adhesive interface. Most of the earlier studies
have included neither long-term water storage, nor thermocycling regimens
before testing.2,7,9,30,34 This makes it difficult to make a direct comparison
between previous studies and the present one in which 1000 thermocycling
was applied. When no or limited thermocycling was performed, high bond
strengths may be found that may not correspond to the chair side experiences.
Such studies might also offer figures that misinterpret the long-term in vivo
bond strength and therefore should be evaluated with caution. If the specimens
were only stored in water without thermocycling, the bond strengths to
ceramics, as well as the incidence of cohesive ceramic fractures were found to
be excessively high.2,11,27,35 Therefore the clinical relevance of some of the
previous studies appears limited. Since controversial findings exist in the
literature, whether longer periods of thermocycling regimens are needed
remains a matter of discussion.

Bond strengths are influenced by several other factors one of which is the
luting cement type. In many of the studies, a chemically polymerized, large
filler particle adhesive, namely Concise was used as a luting resin in
combination with metal brackets.4,8,12,16 In contrast to metal brackets, it is
possible to bond the polycarbonate brackets with light polymerized resin
composites that exhibit markedly less porosity than chemically polymerized
resins. In this study, heavily filled luting cement with inorganic filler content
varying from 67-80% in weight was used. Further investigations could also be
addressed with other resins.

The present study did not find an ideal conditioning method without
limitations. Because many factors affect the bond strengths of brackets,
caution must be exercised to understand the characteristics of the surface
conditioning methods in accordance with the cements and brackets to be
chosen when comparing in vitro studies and furthermore when extrapolating
the in vitro measurement to the clinics.

Recently, alternative methods for conditioning ceramics have been
developed, that may become important replacements of the conventional
methods. There are however insufficient clinical data available at this time to
predict the clinical performance, which also cannot be interpreted from in vitro
studies.
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CONCLUSIONS

Within the limitations of the present study, the following conclusions were
made:
1. Bond strengths of the polycarbonate brackets luted with resin composite

cement tested on the dental ceramics after surface conditioning
techniques varied in accordance with the conditioning methods.

2. By using air particle abrasion with aluminium trioxide for the ceramic
surfaces, the critical parameter was found to be the strength of adhesive
joint of the luting cement to the bracket rather than to the ceramic.

3. The air-particle abrasion either with SiOx or aluminium trioxide together
with silanization eliminated the need for acid etching, primer and/or
bonding agent applications with sufficient bond strengths.

4. The use of HF acid would be still appropriate for orthodontic reasons, if the
critical aspect was accepted to use this chemical agent intraorally.
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ABSTRACT

The objective of this study was to evaluate the effect of three surface
conditioning methods on the shear bond strength of a particulate filler resin-
composite (PFC) to 5 PFC substrates. The specimens were randomly
assigned to one of the following surface conditioning methods: (1) Hydrofluoric
(HF) acid gel (9.5%) etching, (2) Air-borne particle abrasion (50 µm Al2O3), (3)
Silica coating (30 µm SiOx, CoJet®-Sand). After each conditioning method,
silane coupling agent was applied. Adhesive resin was then applied a thin layer
and light polymerized. The low-viscous diacrylate resin composite was bonded
to the conditioned substrates using polyethylene molds. All specimens were
tested at dry and thermocycled (6.000, 5 ºC-55 ºC, 30 s) conditions. One-way
ANOVA showed significant influence of the surface conditioning methods (p <
0.001), and the PFC types (p < 0.0001) on the shear bond strength values.
Significant differences were observed in bond strength values between the
acid etched specimens (5.7-14.3 MPa) and those treated with either air-borne
particle abrasion (13.0-22.5 MPa) or silica coating (25.5-41.8 MPa) in dry
conditions (ANOVA, p < 0.001). After thermocycling, the silica coating process
resulted in the highest bond values in all material groups (17.2-30.3 MPa).
Keywords: Air-borne particle abrasion, fracture, hydrofluoric acid, repair,
silanization, silica coating 

1. Introduction

In today`s dentistry PFC materials, applied directly or indirectly, occupy a
paramount position and they achieve acceptable longevity with much lower
cost than their ceramic counterparts. PFC restorations, especially when used
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as laminates, allow for minimally invasive preparations, or no preparations at
all, for the replacement of missing dental tissues by means of basic layering
technique.

Novel dental polymers today generally consist of a monomeric matrix
resin, silanated inorganic fillers, a polymerization initiator system, inhibitors for
storage stability, and pigmentation for shading. Although marked
improvements have been noted in terms of physical and mechanical properties
during the last 10-20 years, enzymes and alcohol present in the oral cavity, for
instance, can degrade the composite matrix [1-3]. Moreover composites are
less stable in fluids and their degradation rate is higher in saliva simulating
conditions, depending on the chemical nature of the monomers, amount of
dimers and oligomers, the degree of cross-linking in the polymerized matrix,
and other intraoral impact [4-6]. In addition, fatigue can accelerate the wear
process in composite materials. All these factors provoke discoloration,
degradation, microleakage, wear, ditching at the margins, delamination or
simply fracture being often experienced in clinical conditions, which in turn,
may require repair or replacement of the restoration [7-11].

Repair as an alternative to complete removal, would preserve the tooth as
it is often difficult to remove an adhesive restoration without removing an
integral part of the tooth or the restoration itself and thereby prolong the
service life of such restorations [12, 13].

A number of techniques have been proposed to improve composite repair
strengths through roughening, etching the substrate surface with acidulated
phosphate fluoride, HF acid gel, air-borne particle abrasion or using adhesive
resins [14-21]. While several researchers found that the surface roughness of
the composite was an important factor in developing high repair strength [21,
22], others reported that grinding or roughening of the bonding surface
decreased the bond strength [15, 20, 23]. Despite the hazardous effects of HF
acid gel, etching the surface of a composite restoration with this acid followed
by the application of a silane coupling agent is a well-known and
recommended method to increase bond strength. Although HF acid was found
effective in roughening the composite surface for bonding resin composite [24,
25], neither etching with these solutions nor adding silane resulted in an
adequate resin bond to some resin composites [26-29].

Recent developments in surface conditioning methods have resulted in
improved resin-to-resin bond strengths. One alternative has been introduced
with the use of silica coating and silanization [30]. Although comparative
studies showing the advantages of various types of surface conditioning
methods on different composites exist, there seems to be no consensus in the
literature regarding the best conditioning method for individual PFCs.
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Therefore, the objectives of this study were to evaluate the effect of three
surface conditioning methods on the shear bond strength of a PFC to five PFC
materials and to identify whether there exists an optimum method.

2. Materials and methods

Thirty-six specimens were made from five brands of PFC materials, namely
Gradia (GRA), Sculpture (SCU), Sinfony (SIN), Targis (TAR), Tetric Ceram
(TET) (total number of specimens=180). The composites were dispensed with
a hand instrument into cylindrical (diameter: 6 mm, thickness: 2 mm) undercut
cavities prepared in auto-polymerized poly(methylmethacrylate) (Palapress,
Vario, Heraeus Kulzer) and polymerized incrementally according to each
manufacturers` recomendations. Table I and II summarize the characteristics
of PFC types with codes and manufacturing company names.

TABLE I. Monomer matrix types and percentages of particulate filler composites with codes, and manufacturing company names.

Trade name Abbreviation Matrix type Manufacturer

Gradia GRA UEDMA/ ethylene dimethacrylate1 GC, USA

Sculpture SCU dimethacrylate2 Jeneric Pentron, USA

Sinfony SIN HEMA/diacrylate3 3M ESPE, Germany

Targis TAR Bis-GMA, DDDMA, UEDMA, TEGDMA4 Ivoclar Vivadent AG, Liechtenstein

Tetric Ceram TET Bis-GMA, UEDMA, TEGDMA5 Ivoclar Vivadent AG, Liechtenstein

Bis-GMA= Bis-phenol-A-glycidylmethacrylate

UEDMA= Urethane dimethacrylate

TEGDMA= Triethyleneglycol dimethacrylate

DDDMA= Decandiol dimethacrylate

HEMA=2-hydroxyethyl methacrylate

1 UDMA (10-25%) and ethylene dimethacrylate (5-10%) 

2 dimethacrylate 

3 10-30-% (octahydro-4,7-methano-1H-indenediyl) bis(methylene)diacrylate) 

4 Bis-GMA (9%), DDMA (4,8%), UEDMA (9,3%) 

5 Bis-GMA (<9%), TEGDMA (<5%), UEDMA (<8%) 

113

binnenwerk  17-11-2003 11:13  Pagina 113



TABLE II. Filler types and percentages of particulate filler composites with codes.

Trade name Abbreviation Filler type and content

Gradia GRA alumina silicate glass (40-50 w-%), amorphous precipitated silica (5-10 w-%) 

Sculpture SCU glass-infiltrated alumina (70 w-%) 

Sinfony SIN strontium-aluminium borosilicate glass, silicon oxide (50 w-%)

Targis TAR silanized barium glass fillers (46.2 w-%), highly dispersed silica (11.8 w-%), mixed     

oxides (18.2 w-%), catalyst and stabilizers (0.6 w-%), pigments (≤ 0.1 w-%) 

Tetric Ceram TET Silanated Ba-glass, ytterbium trifluoride, silanated metal oxide, silanated                   

barium-aluminum-fluoro-silicate glass, silanated silica glass (79 w-%)

The exposed surface of each specimen was ground finished to 1200 grit
silicon carbide abrasive (Struers RotoPol 11, Struers A/S) and cleaned for 10
min in an ultrasonic bath (Quantrex 90 WT, L&R Manufacturing Inc.) containing
distilled water and air-dried. Subsequently, the substrates in each PFC group
(n=6) were randomly assigned to each of the following three conditioning
methods:

2.1 Surface conditioning methods

Method 1: The substrates were etched with 9.5% HF acid gel (Ultradent®
Porcelain Etch) for 90 s in accordance with the manufacturer`s
recommendations.
Method 2: Air-borne particle abrasion with 50 µm Al2O3 (Korox®, Bego) was
applied using an intraoral air abrasion device (Dento-PrepTM, RØNVIG A/S)
from a distance of approximately 10 mm at a pressure of 2.5 bars for 4 s.
Method 3 was based on silica coating process that was achieved using the
same device under the same conditions but this time it was filled with 30 µm
SiOx (CoJet®-Sand, 3M ESPE AG).
The conditioned substrates were then coated with a 3-
methacryloxypropyltrimethoxysilane coupling agent, �-MPS (ESPE®-Sil, 3M
ESPE AG) and waited for its reaction for 5 min. Intermediate monomer resin
(IMR) (Schotchbond Multipurpose Adhesive, 3M Dental Products) was applied
a thin layer and it was light-polymerized (Optilux 501, Kerr) for 10 s.

In an additional experiment, (n=15, 1/group) the conditioned surfaces of
the five substrates were first gold sputtered and then examined using a
scanning electron microscopy, SEM, (JSM-5500, Jeol Instruments).
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2.2 Bonding procedures

The bonding procedures were carried out in accordance with the
manufacturers` instructions by the same operator (M.Ö.) throughout the
experiments. The low-viscous diacrylate resin composite (Sinfony Dentin,
Shade A2, 3M ESPE) was bonded onto the conditioned PFC substrates using
translucent polyethylene molds with inner diameter of 3.6 mm and height of 5
mm. The resin composite was packed against the substrate with a composite-
filling instrument and polymerized in a light-curing oven (Visio Beta Vario, 3M
ESPE) for 40 s. Polyethylene molds were gently removed from the test
specimens.

All groups of PFC/conditioning method combinations were randomly
divided into 2 groups (n=6) for dry and thermocycled storing conditions. While
dry samples were kept in a dessicator at room temperature for 24 h prior to
testing, the other groups were subjected to thermocycling (Thermocycler
2000, Heto-Holten A/S) for 6.000 cycles between 5 ºC and 55 ºC in deionised
grade 3 water. The dwelling time at each temperature was 30 s. The transfer
time from one bath to the other was 2 s.

Specimens were mounted in a jig (Bencor Multi-T shear assembly,
Danville Engineering Inc.) of the universal testing machine (Llyod LRX, Lloyd
Instruments Ltd) and the shear force was applied to the adhesive interface until
failure occurred. The specimens were loaded at a crosshead speed of 1.0
mm/min and the stress-strain curve was analyzed with Nexygen 2.0 software
(Llyod LRX, Lloyd Instruments Ltd).

Statistical analysis was performed using SAS System for Windows,
release 8.02/2001 (SAS Institute Inc). P values less than 0.05 were considered
to be statistically significant in all tests.The differences in means of each group
were analysed by analysis of variance (ANOVA) with shear bond strength as
the dependent variable, the surface conditioning methods and the PFC types
as the independent factors. Since the interaction between surface conditioning
methods and PFC types were statistically significant (two-way ANOVA, p <
0.0001) in dry and thermocycled conditions, one-way ANOVA with multiple
comparisons using Tukey-Kramer adjustment test was used for further
analyses. Furthermore, two-sample t-test was used to determine the
significant differences between dry and thermocycled conditions.

3. Results

The results of the shear bond strength test for HF acid etching, airborne
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particle abrasion and silica coating are presented in Figs. 1a-c. One-way
analysis of variance (ANOVA) showed significant influence of the surface
conditioning methods (p < 0.0001), and PFC type on the bond strength values
(p < 0.001). The differences in bond strength between storage conditions were
significant except for TAR after air-borne particle abrasion (two-sample t-test,
p < 0.05).
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Fig. 1 a-c. Shear bond strengths after a) Hydrofluoric acid etching, b) Air-borne particle

abrasion and c) Silica coating at dry and thermocycled conditions. Vertical lines represent the

standard deviations. For abbreviations, see Table I.
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Conditioning the PFC substrates with the HF acid etching resulted in the
least favourable bond strength values amongst all conditioning methods
ranging between 5.7 MPa and 14.3 MPa in dry conditions and between 3.3
MPa and 9.5 MPa after thermocycling. In dry conditions after HF acid etching,
there were significant differences between SIN vs TET (p = 0.047), TAR vs TET
(p = 0.002). After thermocycling, there were significant differences between
SIN vs TAR (p = 0.0007), SIN vs TET (p = 0.0002) in the HF acid etched
groups.

In the air particle treated group, bond strengths increased significantly
compared to HF acid etching for GRA (13.0 MPa, p = 0.0007), SCU (15.7 MPa,
p = 0.0001), SIN (22.5 MPa, p = 0.0001), TAR (20.0 MPa, p = 0.02) and TET
(14.8 MPa, p = 0.009) in dry conditions and for SIN (18.0 MPa, p = 0.01), TAR
(21.2 MPa, p < 0.0001) and TET (12.5 MPa, p < 0.0001 MPa) after
thermocycling.

Significantly higher (p  < 0.0001), bond strengths were achieved after
silica coating and silanization amongst all the conditioning methods for all
types of PFCs ranging between 25.5 MPa and 41.8 MPa except for TAR after
air-borne particle abrasion vs silica coating (p = 0.17) in dry conditions.

SEM analysis, complementary to the shear bond strength tests, revealed
that HF acid gel dissolves the filler components of the PFCs and produces
porous irregular surfaces (Fig. 2a-e). On the other hand, airborne particle
treated groups either with Al2O3 or SiOx exhibited similar rough surfaces
covered with abundant sand particles on the substrate surfaces (Fig. 3a-b).
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Fig. 2c Fig. 2d

Fig. 2e

Fig. 2 a-e. Typical SEM view of a) GRA, b) SCU, c) SIN, d) TAR, e) TET PFC substrates

exposed to 9.5% HF acid gel application for 90 s and rinsing. Note that the acid treatment

dissolved the filler components of the substrates (original magnification x 5000).

Fig. 3a Fig. 3b

Fig. 3 a-b. Typical SEM view of a) GRA and b) TET after airborne particle abrasion with alumina

and SiOx, respectively. Note that the surfaces were covered with abundant sand particles

(original magnification x 5000).

binnenwerk  17-11-2003 11:13  Pagina 118



4. Discussion

The results of this study indicated that conditioning the substrates with HF acid
gel adversely affected the morphological features of PFC substrates thereby
resulting in poor repair strength when compared with other methods tested.

Usually inorganic fillers are integrated into the polymer matrix by silane
coupling agents, that form an interface between hydrophobic resin matrix and
hydrophilic filler particles. In most situations, hydrolyzed �-MPS is used as a
coupling agent for the fillers. Fluoride ion is implicated in depolymerization
reactions of matrix-filler interface. When PFC substrates are exposed to HF
acid gel, water monolayer may penetrate via voids to fillers, that in turn, may
disorganize the siloxane network formed from the condensation of
intermolecular silanol groups, which is responsible for stabilizing the filler-resin
interface [31]. All these mechanisms may weaken the particle-matrix interface
that leads to filler dissolution. This phenomenon was evidently observed in the
SEM analysis where a great portion of the fillers were detached from the
matrix after they were exposed to HF acid etching.

One important aspect of filler erosion after HF acid gel treatment is
dependent on the filler type. It has been reported that barium,
boroaluminosilicate, silicate, strontium glass, and zinc glasses exhibited
extended degradation on acid attack, whereas quartz, silica, lithium
aluminosilicates and their mixtures showed less involvement [32, 33]. The
SEM findings revealed that more fillers were dissolved in highly filled TET (79
w-%) that is composed of silica and barium fillers. A high filler content
adversely affects processing and on the other hand, too much cross-linking of
the resins could embrittle the material that was observed with TET. The
morphologic and compositional changes in patterns obtained for the materials
after etching are also dependent on the type of acid used as well as the
composition of the restorative material. Although flourides with lower
concentrations like 1.23% APF were used, similar findings were reported in
some previous studies where APF was found to dissolve the fillers and caused
degradation [34]. Nevertheless, etching the PFCs with a 9.5% HF gel for 90 s
resulted in variations in repair strength dependent on the composite material.
This is in line with the study of Swift et al [24] where they found that etching
with 9.5% HF acid gel for 30 s either increased or decreased the repair
strengths of composites. This finding together with ours could be explained on
the grounds of variations in matrix composition. All the monomers used in
current composite techniques are organic esters of methyl methacrylate
derivatives. Generally, organic esters in low pH undergo hydrolytic cleavage of
the ester group.
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Increased filler dissolution after HF acid conditioning might result in
increased surface area exposure of the resin matrix and consequently an
accelerated hydrolytic effect. This phenomenon was very evident in high filled
PFCs with similar filler types (TAR, TET) when compared to a relatively low
filled one (SIN).

Bond strength is dependent on unconverted C=C double bonds on the
resin, which may be attributed to either to a low conversion rate or a high
matrix portion. The bond between the substrate and new resin is also based on
unreacted C=C double bonds of the functional groups on the surface of polymer
matrix. A high degree of conversion that resulted from the use of heat and light
used for polymerization causes improvement in mechanical strength and
hardness and therefore makes the attachment of the new composite more
difficult. Controversy still exists regarding whether the degree of conversion is
compromised when PFCs are photo-activated [33]. However, it was also
assumed that a certain percentage of unconverted C=C double bonds are
available even after laboratory processing [35]. In this study, in dry conditions
satisfactory bond strengths were obtained according to ISO standards [36].
Although the substrates were only ground finished, there might be some
unreacted carbon bonds available on the surface. However to what extent those
types of unreacted bonding sites existed in the PFC materials, needs further
clarification, namely using e.g. infrared spectroscopy for the surface
characterization.

In FTIR (Fourier transformation infrared spectroscopic) evaluations that
has been already published, it was found that the UEDMA/TEGDMA phase had
a conversion rate of 70% and exhibited superior wear resistance, while the Bis-
GMA/TEGDMA had a conversion rate of 55% [37]. The least favourable results
obtained with GRA could be attributed to its high UEDMA matrix content. In
PFCs with such matrix content, the possibility to obtain free radical
polymerization bonding is low because of relatively small number of unreacted
C=C double bonds on the polymer surface [38]. Monomer mixtures of Bis-GMA
and TEGDMA give rise to polymers in which the quantity of remaining double
bonds increases with the content of Bis-GMA, without the mechanical
properties being significantly effected [39].

An interesting result was achieved with the SIN composite, with octahydro-
4,7-mathano-1H-indenediyl)bis(methylene)-diacrylate, in its monomer matrix. It
showed high bond strengths, similar to those of Bis-GMA/TEGDMA PFCs, with
also less decrease after thermocycling. One reason for this may be related to
the function of IMR that may bond covalently to the pendent, unreacted
methacrylate groups. It has been reported earlier that swelling of the composite
substrate surface with different solvents and the use of low-viscosity IMR
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influence the bond between two composites [20, 38, 40]. The functions of IMR
are to achieve better wetting of the substrate surface and to some degree
dissolve and swell the polymer surface of the substrate. The hydrophilic
adhesive joint in GRA, SCU, TAR, TET may be less rigid than the adhesive joint
made by hydrophobic monomer resin such as the main monomer of SIN.

After air-particle abrasion, either with Al2O3 or SiOx followed by
silanization, significant increase in bond strengths was noted. When comparing
the results of the acid etched groups with those of air-abraded ones, the
function of silane coupling agent should not be disregarded. In this study, �-
MPS was chosen because of the compatibility of the methacrylate moeity for
copolymerization with the PFC. Silane treatment also improves the wettability of
the filler, affects its surface energy, hence its dispersion in the matrix. However
when little or no filler remains after HF conditioning, this effect of silane could
obviously not profited from. One can anticipate that alumina or silica on the
surface of the substrate could form strong enough chemical bonds, covalent
bridges, through its surface hydroxyl groups with hydrolyzed silanol groups of
the silane:-Al-O-Si- or –Si-O-Si. The methacrylate groups of the organosilane �-
MPS compound form covalent bonds with the resin when polymerized.

It is difficult to compare our results with previous studies as storage
conditions are not the same but our findings after thermocycling with the use of
air-particle abrasion with either alumina or silica followed by silane coupling
agent and IMR application were higher than those reports where specimens
were tested either after short term water storage [34] or lower number of
thermocycles [28]. After thermocycling, the bond strengths provided were well
above the recommended ISO standards [36]. While some studies reported that
the type and chemical structure of repair resin have no influence on the strength
of the repair [35], some others proved that the use of silica coating provided a
significant improvement in the repair strength [28, 30]. Boyer et al [40] found that
highly filled resin composites provided higher bond strengths which contradicts
with our findings and warrants further research.

Water uptake has an important role in the chemical degradation of
composite materials that mainly takes place in the resin matrix that is a diffusion
controlled process with the diffusion coefficient decreasing with the
concentration of water in the matrix. Many resin composite bonding studies
have addressed the effect of storage time in water on bond strength of repairs.
Söderholm and Roberts [41] found that the repair resin had a tendency to
weaken when they were stored in water for 3 and 12 months. The variation in
coefficient of thermal expansion of materials and especially intermediate resin
could be factors responsible for the reduction of bond strength after
thermocycling.
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In clinical situations, when PFC substrates need to be conditioned prior to
bonding new resin, factors such as age of the substrate, surface chemistry and
morphology play role on the bond strength due to degradation in the oral
environment. Of course they affect the adhesion and require further
investigations.

5. Conclusions

Within the limitations of this study, the following conclusions were made:
1. Composite-to-composite adhesion strengths varied in accordance with the

PFC types and surface conditioning methods tested.
2. HF acid gel dissolved the filler particles but resulted in lower bond strengths

than alumina particle abrasion and silica coating.
3. Air-particle abrasion with silica particles followed by silanization increased

the bond strengths regardless of the PFC type.
4. When compared to dry testing conditions, bond strengths decreased after

thermocycling in all HF acid gel treated substrates but no significant change
was noted after alumina particle abrasion or silica coating followed by
silanization.
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SUMMARY

Bulk fracture of teeth, where a part of the amalgam restoration and/or the cusp
is fractured, is a common clinical problem. The aim of this study was to
evaluate the effect of different surface conditioning methods on the shear bond
strength of a hybrid resin composite to fresh amalgam. Amalgams (N=84) were
condensed into acrylic and randomly assigned to one of the following
treatments (N=6): (1) Alloy primer + opaquer, (2) Air-particle abrasion (50 µm
Al2O3) + alloy primer + opaquer, (3) Silica coating (30 µm SiOx) + silanization
+ opaquer, (4) Opaquer + pre-impregnated continuous bidirectional E-glass
fibre sheets, (5) Silica coating + silanization + fibre sheets, (6) Silica coating +
silanization + opaquer + fibre sheet application. Non-conditioned amalgam
surfaces were considered as control group (7). The mean surface roughness
depth (Rz) was measured from the control group and air-abraded amalgam
surfaces. The resin composite was bonded to the conditioned amalgam
specimens using polyethylene molds. All specimens were tested under dry and
thermocycled (6.000, 5ºC-55ºC, 30 seconds) conditions. The shear bond
strength of resin composite to amalgam substrates was measured in a
universal testing machine (1 mm/min). Surface roughness values for the non-
conditioned control group (Rz~ 0.14 µm) and for air-particle abraded surfaces
with either Al2O3 or SiOx (Rz~ 0.19 µm and Rz~ 0.16 µm, respectively) did not
show significant differences (p=0.23) (One-way ANOVA). In dry conditions,
silica coating and silanization followed by fibre sheet application exhibited
significantly higher results (14.8±5.6 MPa) than those of the groups
conditioned with alloy primer (2.2±0.7 MPa) (p<0.001), air-particle
abrasion+alloy primer (4.4±2.0 MPa, p<0.001), silica coating + silanization
alone (6.2±0.8 MPa, p=0.009) or non-conditioned group (1.4±0.6, p<0.001).
Silica coating and silanization followed by additional fibre sheets with opaquer
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application (23.6±6.9 MPa) increased the bond strength significantly
compared to those of other groups (group 5 vs group 6, p=0.007; other groups
vs group 6, p<0.001). Thermocycling decreased the bond strengths
significantly for all of the conditioning methods tested (for group 1, p<0.001; for
group 2, p=0.013; for group 3, p=0.002; for group 4, p=0.026; for group 5,
p=0.002; for group 6, p<0.001 and for group 7, p<0.001).

Clinical Relevance

Combination of silica coating and silanization with addition of E-glass fiber
sheets at the adhesive interface can be considered as an alternative method
to improve adhesion of resin composite to amalgam.

INTRODUCTION

Amalgam has served dentistry for more than a century. Although amalgam
fillings undergo constant corrosion and they might not fulfil all cosmetic-esthetic
demands, they are still commonly used. The results of recent surveys from
cross-sectional studies indicate that complete cusp fracture of posterior teeth
associated with amalgam restorations is a common problem in dental practice.
The failure rate range between 4.4 (Bader, Marin & Shugars, 1995) and 14
occasions (Heft & others, 2000) per 100 subjects or 20.5 teeth per 1000 persons
a year (Fennis & others, 2002).

A number of factors seem to contribute to the fracture of teeth with or
without loss of tooth substance and amalgam material, such as occlusal
instability, impact load, fatigue load during mastication, secondary caries,
microdefects, technical errors, insufficient sound tooth material available
surrounding the restoration (undermining cusps) or occlusal prematurity. In
addition, the more surfaces restored and/or the wider the isthmus, the greater
the chance of cusp fracture (Cavel, Kelsey & Blankenau, 1985; Morin & others,
1988; Lagouvardos, Sourai & Douvitsas, 1989; Rees, 1998). Thus it is likely that
the restorative status of the tooth has an influence on the incidence of fracture.
The majority of the fractures were observed in the supragingival location, which
suggested that the fractured tooth could be restored easily (Fennis & others,
2002). Although there is little published literature on the subject, repair of a
restoration is more cost-effective than total replacement where ever appropriate
(Randall, Vrijhoef & Wilson, 2001; Mjør & Gordon, 2002). It can be considered as
fitting in a trend towards a less interventionist procedure (Elderton, 1990).
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Recently, veneering the restorations with resin materials has been
attempted to solve the problem of repairing fractured teeth with amalgam
restorations. Various repair techniques have been suggested in the literature,
many of which are based on either mechanical and/or chemical adhesion
techniques (Liatukas, 1970; Lubow & Cooley, 1986; Plasmans & Reukers,
1993; Bichacho & others, 1995; Ruse, Sekimoto & Feduik, 1995; Salama & el-
Mallakh, 1997; Al-Jazairy, 2001). Mechanical means include roughening the
amalgam, preparing undercuts, creating grooves or placing self-threading pins
(Gordon, Laufer & Metzger, 1985). Chemical means on the other hand, use
multipurpose adhesive agents (Watts, Devlin & Fletcher, 1992; Giannini,
Paulillo & Ambrosano, 2002). While primers and adhesives form ionic bonds
with metal oxides or with the active metal compounds of the amalgam
(McConnell, 1993), several studies have shown that air-borne particle
abrasion modifies the metal surface and provides micro-roughness that is
essential for mechanical bonding (Lubow & Cooley, 1986; Ruse, Sekimoto &
Feduik, 1995; Giannini, Paulillo & Ambrosano, 2002). However, the existence
of a true chemical bond between amalgam and resin composites is
controversial (Miller & others, 1992; Bichacho & others, 1995).

The techniques that facilitate alloy-resin bonding have significantly
improved over the last decade (Özcan, 1998) and rely on both
(micro)mechanical and chemical adhesion. Numerous intraoral repair systems
are available and a growing number of systems are being introduced. Modern
surface treatment methods mostly require air-borne particle abrasion of the
metal prior to bonding. These new systems also involve the conditioning of the
substrate to produce bifunctional silane molecules that adhere to the metal
surface after being hydrolized to silanol and forming polysiloxane network on
the subtstrate and finally reacting with the monomers of the
opaquer/composite (Özcan, 2002). One system, in which silanes are also
used, is tribochemical silica coating. The surfaces are air-abraded with 30 µm
grain size aluminium trioxide modified with silisic acid. The blasting pressure
results in embedding of silica particles on the surface rendering the surface
chemically more reactive to resin via silane. One other repair alternative has
been proposed with the use of reinforcing fibers for the composite where
improved fatigue resistance of composites were noted (Vallittu, 2002).

The literature contains many reports on bonding of resin composites to
alloy surfaces but these methods have not been investigated for the purposes
of bonding composites to amalgam. Although the concept of veneering
amalgam restorations with composite is not new to restorative dentistry, there
seems to be no consensus in the literature regarding the best method for
repairing such restorations. Therefore the aim of this study was to assess the
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bond strength between amalgam and resin composite mediated by recent
surface conditioning methods.

METHODS AND MATERIALS

The amalgam (non-gamma 2, lathe-cut, high-copper alloy with 43 % Ag, 25.4
% Cu) (N=84) (ANA 2000 Duet, Nordiska Dental AB, Angelholm, Sweden) was
triturated according to the manufacturer`s recomendations regarding speed
and time and then condensed with a hand instrument into a cylindrical
(diameter: 6 mm, depth: 2 mm) undercut cavity prepared in auto-polymerized
PMMA (Palapress, Vario, Heraeus Kulzer, Wehrheim, Germany) until they
were slightly overfilled. The exposed surface of each specimen was ground
finished to 1200 grit silicone carbide abrasive (Struers RotoPol 11, Struers
A/S, Rodovre, Denmark) and cleaned for 10 minutes in an ultrasonic bath
(Quantrex 90 WT, L&R Manufacturing Inc., Kearny, NJ 07032-0607) containing
distilled water and air-dried. Subsequently, the amalgam specimens
(n=6/group) were randomly distributed in seven testing groups according to
their surface treatment (Table1, Fig 1):

Table 1. Surface treatment and testing groups (n=6/per group).

Conditioning principle Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7

Air particle abrasion √

(50 µm aluminium trioxide)

Silica coating √ √ √

(CoJet®-Sand, 30 µm SiOx)

Alloy primer √ √

Silane coupling agent √ √ √

Pre-impregnated bidirectional

E-glass fibre sheets √ √ √

Opaquer √ √ √ √ √

Bonding agent √ √

Composite resin √ √ √ √ √ √ √
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Surface conditioning methods

Group1: In the alloy primer treated groups, the primer [6-(4-vinylbenzyl-n-
propyl) amino-1, 3,5 triazune-2, 4-dithiol (VBATDT)] (Alloy Primer™, Kuraray
Medical Co, Ltd, Tokyo, Japan) was first applied on amalgam substrates and it
was allowed to dry prior to bonding procedures.

Group 2: Alloy primer was applied following air-borne particle abrasion
with 50 µm Al2O3 (Korox®, Bego, Bremen, Germany) using an intraoral air
abrasion device (Dento-PrepTM, RØNVIG A/S, Daugaard, Denmark) from a
distance of approximately 10 mm at a pressure of 2.5 bars for 4 seconds.

Group 3: Silica coating process was achieved using the same device
under the same conditions but this time it was filled with 30 µm SiOx (CoJet®-
Sand, 3M ESPE AG, Seefeld, Germany) (Fig 2). Following air-particle
abrasion, a 3-methacryloxypropyltrimethoxy silane coupling agent (MPS)
(ESPE®-Sil, 3M ESPE AG) was applied and waited for its evaporation for 5
minutes.
In the glass fiber treated groups, two pieces of polymer-monomer gel pre-
impregnated photopolymerizable bidirectional E-glass-fiber sheets (thickness:
0.06 mm, StickTech, Turku, Finland) were cut (diameter of the circular sheet:
3.6 mm) and placed in one group on the non-conditioned amalgam surfaces
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Amalgam

50 µm Al2O3/30 µm SiOx

Alloy primer/Silane coupling agent

Opaquer

Pre-impregnated bidirectional
E-glass fibre sheets+bonding agent

Composite resin

Figure 1. Schematic representation of the amalgam-composite specimens with corresponding

surface conditioning methods.
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(Group 4) and in two groups on silica coated and silanized substrates (Group
5 and 6) (Fig 3). Adhesive resin (Schotchbond Multipurpose Adhesive, 3M
Dental Products, St Paul, MN 55144) was applied after the placement of each
fiber sheet and it was light-polymerized (Optilux 501, Kerr, West Collins
Orange, CA 92867) for 10 seconds. The polished amalgam surfaces were
considered as control group (7).

In order to mimic the clinical situations where the amalgam is exposed
and interfere with cosmetic-esthetic perspective, except group 5, opaquer
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Figure 3. Application of polymer-monomer gel

pre-impregnated photopolymerizable

bidirectional E-glass-fiber sheets on the

amalgam surfaces. The thickness of each

fiber layer is 0.06 mm.

Figure 2. Application of chair side airborne

particle abrasion on the amalgam surfaces

using the intraoral sandblaster.
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(Visiogem, 3M ESPE AG) was applied a thin layer in all groups and light-
polymerized for 20 seconds.

Bonding procedures

The bonding procedures were carried out in accordance with the
manufacturers` instructions by the same operator throughout the experiments.
The highly filled (79 w-% filler) resin composite (Tetric Ceram, Shade A2,
Ivoclar, Schaan, Liechteinstein) was bonded to the conditioned amalgam
specimens using translucent polyethylene molds with inner diameter of 3.6
mm and height of 5 mm. The resin composite was packed against the
substrate with a composite-filling instrument.The resins were light polymerized
for 40 seconds. Light-intensity was 770 mW/cm2. Polyethylene molds were
gently removed from the test specimens.

In an additional study (n=18, 6/group) the mean surface roughness depth (RZ)
from the polished and air-abraded amalgam surfaces either with Al2O3 or
SiOx was measured (Perthometer S8P 4.51, Feinprüf GmbH, Göttingen,
Germany). The mean roughness value was calculated from 3 single
measurements. Each value represented the distance between the lowest and
the highest point of the surface profile. These specimens were not used for the
bond test in case the measurements may damage the surfaces.

All experimental groups were assessed at both dry and thermocycled
storing conditions. While dry samples were kept in a dessicator at room
temperature for 24 hours prior to testing, the other groups were subjected to
thermocycling (Thermocycler 2000, Heto-Holten A/S, Allerod, Denmark) for
6.000 cycles between 5ºC and 55ºC in deionised grade 3 water. The dwelling
time at each temperature was 30 seconds. The transfer time from one bath to
the other was 2 seconds.

Specimens were mounted in a jig (Bencor Multi-T shear assembly,
Danville Engineering Inc., San Ramon, CA 94583) of the universal testing
machine (Llyod LRX, Lloyd Instruments Ltd, Lloyd, Canada) and a shear force
was applied to the adhesive interface until fracture occurred. The specimens
were loaded at a crosshead speed of 1.0 mm/min and the stress-strain curve
was analysed with Nexygen 2.0 software.

Statistical analysis was performed using SAS System for Windows,
release 8.02/2001 (Cary, NC). The comparisons between surface
conditionings at dry conditions were made by one-way analysis of variance
(ANOVA) with multiple comparisons using Tukey's honestly significant
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difference test. Student’s t-test was used to determine the differences between
dry and thermocycled conditions and Pearson`s correlation coefficient was
used to evaluate the association between surface roughness and bond
strength. P values less than 0.05 were considered to be statistically significant
in all tests.

RESULTS

Surface roughness values for the non-conditioned control group (Rz~ 0.14 µm)
and for air-particle abraded surfaces with either Al2O3 (Rz~ 0.19 µm) or SiOx
(Rz~ 0.16 µm) did not show significant differences (p=0.23) (Fig 4).
Furthermore the surface roughness was not significantly correlated with the
bond strength values (Pearson’s correlation coefficient r=0.42, p=0.09).

One-way ANOVA showed that shear bond strength was significantly
affected by conditioning methods (p<0.001). Figure 5 displays box plots of the
bond strength values associated with surface conditioning techniques at dry
and thermocycled conditions. In dry conditions, silica coating and silanization
followed by fibre sheet application exhibited significantly higher results with
(14.8±5.6 MPa) and without opaquer (23.6.8±6.9 MPa) than those of the
groups conditioned with alloy primer (2.2±0.7 MPa, p<0.001), air-particle
abrasion + alloy primer (4.4±2.0 MPa, p<0.001), silica coating + silanization
alone (6.2±0.8  MPa, p=0.009) or non-conditioned group (1.4±0.6, p<0.001).
Silica coating and silanization followed by additional fibre sheets with opaquer
application (23.6±6.9 MPa) increased the bond strength significantly
compared to those of other groups (for group 5, p=0.007 and for other groups,
p<0.001).

Thermocycling decreased the bond strengths significantly for all of the
conditioning methods tested (group 1, p<0.001; group 2, p=0.013; group 3,
p=0.002; group 4, p=0.026; group 5, p=0.002; group 6, p<0.001; group 7,
p<0.001) and the least favourable results were obtained with the alloy primer
treated groups with (4.4±2.0 MPa, 1.0±1.9 MPa) or without air-particle
abrasion (2.2±0.7 MPa, 0 MPa) at both dry and thermocycled conditions,
respectively.
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DISCUSSION

Replacement of amalgam restorations is associated with loss of tooth tissue
by progressive cavity enlargement and repeated insults to the pulp. Since
repair of amalgam restorations with amalgam is not reliable, experience
indicates that an adhesive approach should be considered. Moreover, for the
repaired restoration to withstand functional loads, strong and durable bond is
needed.

Roughening the amalgam surface can increase the surface area and
facilitate mechanical interlocking of the adhesive. The results of this study
suggest that roughening the amalgam surface by air-particle abrasion provide
some micro-roughness that was also in accordance with several previous
studies (Okabe & others, 1978; Lubow & Cooley, 1986; Quiroz & Swift, 1986;
Ruse, Sekimoto & Feduik, 1995; Salama & el-Mallakh, 1997) but in fact
surface roughening itself did not dictated the bond strength. The present study
was performed on fresh amalgam surfaces where a high surface energy can
be expected but a change in surface roughness of high-copper amalgams over
time, due to the formation of Cu6Sn5 crystals could also provide some
roughness for micro-mechanical bonding.

Alloy primers are designed for conditioning both noble and base alloys
and they are claimed to promote the bond strength. The postulated interaction
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Figure 5. Shear bond strengths (MPa) of the

resin composite bonded to conditioned

amalgam substrates at dry and thermocycled

conditions. Box plots represent the minimum

value, first quartile, median, third quartile and

maximum value.

Figure 4. The surface roughness (µm) (Rz) of

the tested amalgam (n=6 per group) for air-

particle abraded groups with either Al2O3
(Group 2) or SiOx (Group 3) and non-

conditioned group (Group 7). Box plots

represent the minimum value, first quartile,

median, third quartile and maximum value.
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mechanism of alloy primers involves adhesion to the alloy via hydrophilic
carboxylate groups and the exposure of a hydrophobic moiety that is able to
interact with the resin composite. The alloy primer used in this study contains
VBATDT as the functional monomer for noble alloys and hydrophobic 10-
methacryloyloxydecyl dihydrogen phosphate monomer (MDP) as the
functional monomer for base alloys (Yanagida, Matsumura & Atsuta, 2001). At
present, the majority of the commercially available amalgam products are the
high-copper amalgams. Use of these products avoids the formation of the
easily corroding �2(Sn8Hg) phase. Amalgam is an alloy where mercury plays
an essential role but the exact mechanism of adhesion to amalgam is unclear.
Principally, silane (oligomers) monomers/molecules react with each other
forming branched siloxane bonds, -Si-O-Si-, and with an inorganic substrate
(matrix) (i.e. silica, metal oxides that contain basic hydroxyl –OH groups) with
which they can form –Si-O-M- bonds (M=metal). It is likely that the oxide layer
on the surface of the amalgam surface used in this study was not sufficiently
formed as it is formed on other alloys. Therefore MPS silane coupling agent
and MDP-VBATDT primer did not form durable covalent bonds with amalgams
since there might not have been excess of hydroxyl groups on the surface. The
type of amalgam may also influence the results. Higher bond strengths have
been reported for bonding to spherical dental amalgam compared to lathe-cut
or admixed amalgams (Watts, Devlin & Fletcher, 1992). However, in clinical
practice it is not always possible for a clinician to determine the specific type
of dental amalgam.

Tribochemical silica coating followed by silanization enhanced the bond
between the resin composite and the amalgam compared with the non-
conditioned or alloy primer treated groups.The quality and concentration of the
surface oxides after silica coating and silanization affect the extent of
molecular orientation providing a configuration that sterically favours cross-
linking of the monomers of the resinous phase composites and thus increases
the polymerization at the interface (Schneider, Powers & Pierpoint, 1992;
Anagnostopoulos, Eliades & Palaghias, 1993). However, no statistically
significant differences were found in the bond strengths between the two air-
particle abraded groups followed by either only alloy primer or MPS silane
application.

One interesting finding of this study was the significant influence of the
application of glass fibers on bond strength especially on the silica coated and
silanized amalgam surfaces. The glass fibers used in this study were pre-
impregnated with polymer-monomer gel. The results obtained in this group
exhibited mean bond values ranging between 9.2 MPa and 23.6 MPa that
exceeds the recommended ISO standard (1996) and therefore could be
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considered strong enough for clinical applications. In general, stress
concentrations within the resin and the interface can be relieved by initiation of
a crack and its propagation through the resin until it meets the fibers, resulting
in debonding of the resin composite. This phenomenon together with the
interaction between the silica coated and silanized oxides needs further
investigation on a large number of specimens. It is also possible that the
polymer matrix between the glass fibers (semi-interpenetrating polymer
network of polymethylmethacrylate and cross-linked dimethacrylates) could
have behaved as low modulus stress breaker between the amalgam and the
repair composite resin.

The observation of a significant decline in bond strength after long-term
thermocycling is probably due to the hydrolytic degradation of the chemical
bond between the active monomers in the coupling agents studied and the
amalgam substrates. Either water sorption or thermally-initiated reorientation
of the coating might cause stress relaxation (Schneider, Powers & Pierpoint,
1992). Direct comparison with previous studies is difficult to make since they
differed in storage conditions but our findings after thermocycling with the use
of alloy primer alone or air-particle abrasion with Al2O3 followed by alloy
primer application were lower than those reports where specimens were
tested either after short term water storage (Hadavi and others, 1991; Cooley,
Tseng & Barkmeier, 1991; Chang & others, 1992; Watts, Devlin & Fletcher,
1992; Ruse, Sekimoto & Feduik, 1995) or lower number of thermocycles
(Bichacho & others, 1995). After thermocycling, except for the glass fiber sheet
treated groups, the bond strengths provided in other groups were lower than
the recommended ISO standards.

In this study, opaquer has been advocated to mask the amalgam prior to
composite bonding in order to simulate the clinical situations where fracture of
amalgam was encontoured with esthetics such as in some visible areas of the
mouth. The opaquer used in this study was dimethacrylate based that is
provided in a powder-liquid system. One can anticipate that bond strengths
may vary with chemical composition and consistency of the opaquer. Lack of
information also exists on the influence of the thickness of opaquer layer on
the bond strength. It could be expected that the cohesional strength of the
opaquer is lower than that of resin composite. Therefore a thick layer of
opaquer might decrease the bond strength. However, this needs further
investigation.

In clinical situations where an amalgam fracture is experienced, factors
such as existence of intact enamel/dentin, repair resins with different elastic
modulus, surface chemical composition, morphology and age of the amalgam
could also affect the adhesion of resin composites to amalgam surfaces.
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CONCLUSIONS

From this in-vitro study, the following conclusions were drawn:
1. Bond strengths of resin composite to amalgam substrates varied in

accordance with the surface conditioning techniques.
2. Combination of silica coating and silanization with addition of optional pre-

impregnated bidirectional e-glass fiber sheets at the adhesive interface
increased the bond strengths significantly and therefore can be considered
as an alternative method to improve attachment of resin composite to
amalgam.

3. Thermocycling decreased the bond strength values substantially after all
surface conditioning methods tested.
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The use of conditioning methods was found to be a prerequisite to promote the
adhesion between some of the substrates and the resin composites tested in
this thesis.

Methodology

The composite to ceramic/alloy bond is susceptible to chemical, thermal and
mechanical influences under intraoral conditions. The simulation of such
influences in the laboratory is compulsory to draw tentative conclusions on the
long-term durability of specific bonding procedure and to identify superior
materials and techniques. Long term water storage and thermocycling of
bonded specimens are unanimously accepted methods to simulate aging and
to stress the bonding interface. The influence of prolonged thermal cycling and
water storage seems to affect the durability of adhesion of polymeric
adhesives to various alloys, ceramics and polymers used in dentistry. In this
thesis, long term thermocycling was applied prior to testing according to ISO
(International Organization for Standardization) except where semi-permanent
bonding was envisaged, i.e. bracket adhesion in orthodontics. The validity of
the studies existing in the literature that have not fulfilled this requirement
should be considered with caution. Moreover, the available ISO standard itself
may also not be sufficient to predict long-term clinical durability of the
restorations bonded using these adhesion systems. Although bond values
above the recommended ISO were obtained after silica coating followed by
silanization in almost all experiments of this thesis, the relationship between
the nature of the substrate, adhesive and technique often leads to uncertainity
when carrying out clinical work. The question was posed, have we yet
developed the optimal bonding that can serve for long-term clinical
applications?

Material selection and clinical recommendations on resin bonding are
based on mechanical laboratory tests that show great variability in materials
and methods. One of the most common testing method is the shear bond test;
however some researchers prefer modified tensile tests to eliminate the
occurrence of non-uniform interfacial stresses. The specific fracture pattern in
shear testing may cause cohesive failure in the substrate which may lead to
erraneous interpretation of the actual data and taint an abolute ranking of the
tested materials when shear test is employed. Nevertheless since the results
from tensile tests are reported to be greatly influenced by specimen geometry
and the occurrence of non-uniform stress distributions during load application,
for the experiments in this thesis mainly a shear test was employed. In further
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studies, the findings of this thesis can be confirmed with the use of tensile
tests.

A review of literature on particularly ceramic bonding revealed a sample
size of 6 to 10 specimens per group is commonly used. A sample size of 4
specimens per group was reported to be sufficient to achieve 90 % power in
detecting differences between group means.1 A sample size of 10 specimens
per group provides more than 99 % power. Except for the study on the
adhesion of core materials on to titanium posts where 10 specimens were
used, throughout this thesis, 6 specimens were used for the experiments from
which above 90 % power could be expected.

Surface conditioning with HF acid gel

Adhesive bonding techniques and modern ceramic and polymer systems offer
a wide range of highly aesthetic and conservative treatment options. Currently
various ceramic and particulate filler resin (PFC) substrates are being used in
restorative dentistry as alternatives to metal infrastructures.The applications of
new ceramics range from implant abutments, fixed-partial-dentures, laminates,
posts, to inlay, onlay restorations either processed in the laboratory in special
furnaces and equipment or in combination with CAD-CAM (Computer Aided
Design/ Computer Aided Manufacturing) technology. The most frequently used
ones are zirconium dioxide (ZrO2), lithium disilicate, leucite-reinforced
ceramics or high alumina ceramics (with 70-90 % alumina). Bonding to
traditional silica-based ceramics is a predictable procedure yielding durable
results when certain guidelines are followed. In this study, HF acid etching
demonstrated satisfactory results for ceramics with glassy matrix. However, it
should also be noted that previous reports including our findings revealed high
standard deviations in this application compared with other surface
conditioning methods. One conceivable explanation for high standard
deviations could be that the poorly adhering precipitates that are deposited at
the bottom surface of the grooves and channels, created by acid treatment and
rinsing which may weaken resin-ceramic bonds and lead to failure. Ultrasonic
cleaning could be one option but in this experiment, washing and rinsing were
performed using air-water syringe. Investigation of the possible influence of
cleaning regimens on the removal of acidic gel products is warranted. In
clinical applications however, when etching will be contemplated by chair side,
this finding might have a big impact on the marginal areas of the restorations.
The ceramic surfaces that are not etched properly might correspond to the
margins, which in turn may lead to ditching between the tooth and the
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restorations, thereby create locations for plaque accumulation. They may also
lead to wear of the luting resin at the interface, or loss of adhesion and
eventually uneven stress distribution and fracture of the restoration. In further
clinical studies, this issue will be given a close look.

Although HF acid gel worked fairly well in terms of receiving high bond
strength on glass matrix ceramics, the results were poor when it was used for
conditioning the reinforced ceramics. The composition and physical properties
of high-strength ceramic materials, such as aluminum trioxide-based and
ZrO2-based ceramics differ substantially from silica-based ceramics and
obviously require alternative bonding techniques to achieve a strong, long-
term, durable resin bond. The results of this study indicated that HF acid gel
dissolved the glassy matrix or crystalline components of the glass ceramics
but did not dissolve either ZrO2 or the grain boundaries in high alumina
ceramics. With the increasing number of ceramics with different components,
there is still no optimized method available. As long as the available
conditioning methods will not be optimized, the development in the ceramic
field is expected to continue experiencing failures.

The results of the study on the use of various conditioning methods for
PFC substrates prior to layering indicated that conditioning the substrates with
HF acid gel adversely affected the morphological features of PFC substrates
thereby resulting in poor repair strength when compared with other methods
tested. Usually, inorganic fillers are integrated into the polymer matrix by silane
coupling agents, that form an interface between hydrophobic resin matrix and
hydrophilic filler particles. When PFC substrates are exposed to HF acid gel,
water monolayer may penetrate via voids to fillers, that in turn, may
disorganize the siloxane network formed from the condensation of
intermolecular silanol groups, which is responsible for stabilizing the filler-resin
interface. All these mechanisms may weaken the particle-matrix interface that
leads to filler dissolution. This phenomenon was evidently observed in the
SEM analysis where a great portion of the fillers were detached from the
matrix after they were exposed to HF acid etching. The results of this study
showed that the use of HF acid gel could not be a predictable option for
conditioning PFC materials for repair or relamination purposes. The
morphologic and compositional changes in patterns obtained for the materials
after etching were also found to be dependent on the type of acid used as well
as the composition of the restorative material. Increased filler dissolution after
HF acid gel conditioning might result in increased surface area exposure of the
resin matrix and consequently an accelerated hydrolytic effect. This
phenomenon was very evident in high filled PFCs with similar filler types when
compared to a relatively low filled one.
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Many of the manufacturers of non-silica-based ceramics still do
recommend the conditioning methods based on HF acid gel application to
condition the ceramic surfaces in clinical practice, notwithstanding its
insufficient effectiveness and well-recognized hazardous effects. Etching
ceramics or composites with HF acid is a practical option since it can be easily
applied at the chair side without any requirement of additional devices.
However, they may lead to serious clinical manifestations. HF acid gel belongs
together with HCl (hydrochloric acid, a very strong acid) to the group of
hydrogen halogens. These are corrosive, hazardous and cytotoxic acids. HF
acid gel (a medium strong acid) distinguishes itself from the other hydrogen
halogens by only partly ionizing in water. HF acid, when penetrating the skin,
causes rapid destruction of underlying tissue. The dissociated hydrogen ion
leads to dehydration and corrosion of tissues similar to other acid burns. The
caustic fluoride ion can induce liquefaction necrosis of soft tissue and
destruction of the supporting bone. If HF-vapors are inhaled, they can cause
lung-edema and after weeks liver and kidney insufficiency can appear. It is the
pain associated with hydrofluoric acid burns that requires medical assistance.
Clinicians should exercise extreme caution when handling this material either
in vitro or in vivo at chair side application. The use of HF acid gel is the most
frequently advised method for conditioning the inner surface of such
restorations prior to cementation. HF acid gel selectively dissolves glassy or
crystalline components of the ceramic and produces a porous irregular surface
that increases the surface area and facilitates the penetration of the resin into
the microretentions of the etched ceramic surfaces.

However, HF acid gel can achieve proper surface texture and roughness
on the ceramics having glassy matrix in their structures. The concentration 
(5 - 9.6 %) and the durations (20 s-2 min) of HF gel application vary between
different manufacturers and needs to be standardized with regard to the
ceramics used. Further surface and chemical analysis, such as EDS (Energy
Dispersive Spectroscopy) and XRF (X-Ray Fluoresence) analysis, for a better
understanding of the effects of this gel on various ceramics are needed to
perform in order to find out the corrosion rate and degree of the glassy matrix
dissolution and the remnants of acid left on the ceramics. The relation after
acid etching and the corrosion rate or by-products and whether they can
initiate crack propagation are of future research interest.

Bond strengths are influenced by several factors one of which is the luting
cement type. The restorations made out of ceramics were bonded to tooth
preparations using generally resin-based luting cements. The results of this
study revealed satisfactory bond strengths when the Bis-GMA based resin
cement was used for glass matrix ceramics. The question still needs to be

146

binnenwerk  17-11-2003 11:13  Pagina 146



addressed in further studies whether the luting cement alone and/or the
combination with the conditioning method play the curicial role in long-term
adhesion particularly for the reinforced ceramics. Future studies will also focus
on the use of MDP (10-metharcyloyloxydecyldihydrogenphosphate) monomer
based luting cements in combination with the conditioning methods tested in
this thesis.

Surface conditioning with airborne particle abrasion

Although clinical evidence is lacking for an optimal method for conditioning all
ceramics, so far in vitro data using alumina air-particle abrasion and
tribochemical silica coating together with silanization revealed satisfactory bond
results between the luting cement and the densely sintered high alumina and
ZrO2 based ceramics.

The air abrasion systems rely on air-particle abrasion with different particle
sizes (110 and 30 µm). The abrasive process removes loose contaminated
layers and the roughened surface provides some degree of mechanical
interlocking or “keying” with the adhesive. It can be argued that the increased
roughness also forms a larger effective surface area for the bond. While these
mechanisms explain some of the general characteristics of adhesion to
roughened surfaces, it may also introduce physico-chemical changes that affect
surface energy and wettability. The determination of surface energy and the
associated phenomenon of wettability by contact angle measurements are key
subjects for future research.

The use of silica coating followed by silanization or acrylization (application
of silanization in a special furnace) was not only very effective on reinforced
ceramics but also gave very promising results when they were employed on
titanium posts prior to adhering resin based core materials. Originally the
equipment designed for silica coating process used in this study was brought to
dental market to be used in laboratory conditions. In order to avoid possible
contamination during delivery of the restoration from the laboratory to the clinic,
recently these techniques have been brought to the chair side and can be
applied using an intraoral air-abrasion device. Our recent data showed
comparable results when silica coating was applied at “chair side” for different
alloys, ceramics or composites.2,3 Due to the numerous occurrences of
resinous and/or metal interfaces in dentistry, the application range of new
conditioning methods is wide. The promising results obtained for titanium alloys
in this thesis could also be tried for other alloys used in dentistry and
restorative/prosthetic dentistry can benefit from these conditioning systems.
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Aluminium trioxide treatment and tribochemical silica coating followed by
silanization evidently enhanced the bond between the ceramic surfaces and
the luting cement. Silica coating followed by silanization has also been tried for
the first time in this study in conjunction with transparent polycarbonate
brackets. One important aspect of bond tests in orthodontic applications is the
evaluation of the failure types. Failures at the bracket/composite interface could
be expected to be more favourable. Only in the silica coated and silanized
group after debonding, the resin was predominantly left adhered on the
ceramic surface. This type of failure in the adhesive-bracket interface reveals
the fact that the chemical bonding was equal to or exceeded the mechanical
retention provided by the bracket base and the bond strength to the ceramic
surface was greater than the cohesive strength of the luting resin. When some
remnants of the luting agent is left on the ceramic surface, this type of failure
is favourable for the clinicians since they only need then to polish the ceramic
surface.

Bonding of brackets in orthodontics has two adhesion aspects: adhesion
of the luting cement to the conditioned substrate and adhesion of the luting
cement to the bracket base. Among the conditioning methods tested on
feldspathic ceramic prior to bonding polycarbonate brackets in this study,
conventional acid-etching with 37% orthophosphoric acid revealed the least
favourable bond results. HF acid gel on the other hand was more effective than
phosphoric acid (H3PO4) in dissolving the crystalline and glassy phase of the
ceramic and therefore facilitated better micromechanical retention however the
results were not statistically significant after thermocycling. With the bonding of
brackets in orthodontics, the clinician has to address the critical question of
whether a bond was strong enough to withstand the forces. On the other hand,
this bond should allow for safe debonding, leaving the tooth substance or the
underlying restoration intact at the end of the orthodontic treatment.

It has been frequently suggested that clinically adequate bond strength for
a metal orthodontic bracket to enamel should be between 6 to 8 MPa. However
when the literature suggesting these values were traced, it was noted that the
water storage or thermal conditioning were either missing or too short. This
study did not deal with conditioning the bracket base but this may be important
for clinical performance of brackets. Furthermore the new conditioning
systems could also be tried on metal or ceramic brackets.

Silanization

One of the initial steps after all the surface treatment tested in this thesis,
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involves silane coupling agent application. Application of silane coupling agent
to the preconditioned surfaces provides a covalent and hydrogen bond. Silanol
groups bond chemically to the silicon dioxide formed on the surface of the
substrate. Silanized interfaces appear to be unstable in humid conditions and
the siloxane bond was found to deteriorate under moisture.4 Since the resins
are permeable to water, the stability of siloxane layer on the resin composite
was expected to change with hydrolysis over time. The decrease after
thermocycling in all surface conditioning methods followed by silanization
could be explained on these grounds. However, the hydrolysis time varies,
depending on the silane concentration, solution or temperature. Silane
oligomers react with each other forming branched hydrophobic siloxane
bonds, –Si-O-Si-, and with an inorganic matrix (e.g. silica, metal oxides that
contain hydroxyl –OH groups) they can form –Si-O-M– bonds (M = metal).
Fresh metal surfaces have very high surface energies. In air the outermost
surfaces are oxidized and become covered by hydroxyl groups. The acidic
silanol groups then can react with the basic OH- groups on the metal. The
basicity of the metal surfaces depends upon e.g. the chemical nature of the
metal itself and the pretreatment before the silane treatment. On the inorganic
substrate (metal) thus will be formed siloxane bonds of both types, -Si-O-M-
and above and between them, –Si-O-Si-. According to the latest ideas, there
will be a film, a hydrophobic and branched polysiloxane layer that may contain
also free hydrogen bonded oligomers. If the substrate is silica (quartz, SiO2)
or silicate, then only a siloxane layer, -Si-O-Si- will be formed. The branched
silane layer (film) thickness is dependent only on the concentration of the
silane solutions. Theoretically, it should be a monolayer but in practice it may
be 50-150 nm thick, approximately. There are numerous factors that affect the
adhesion of silanes to metals, e.g. isoelectronic point of the metal oxide, the
chemical character of oxide bond, the metal oxide solubility in water. None of
these issues have been investigated in this thesis but since silane coupling
agents have versatile effects, based on the various working mechanisms
described in the introduction, dominant working principle of these agents are
under investigation in our ongoing studies.

Alternative methods tested

In the final part of this thesis, where conditioning methods were tested on
amalgam substrates, the use of E-glass fibers was tried for the first time in
combination with silica coating and silanization. Interestingly, the addition of
optional resin-impregnated bidirectional E-glass fiber sheets at the adhesive
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interface increased the bond strengths significantly and therefore can be
considered as an alternative method to improve attachment of resin composite
to amalgam. The glass fibers used in this study were pre-impregnated with
polymer-monomer gel. In general, stress concentrations within the resin and
the interface can be relieved by initiation of a crack and its propagation through
the resin until it meets the fibers. In other words, the use of fibers most
probably absorbed the forces and diverted the crack propagation and as a
result of this, higher bond strengths were achieved. This phenomenon together
with the interaction between the silica coated and silanized oxides needs
further investigation on a large number of specimens. It is also possible that
the polymer matrix between the glass fibers (semi-interpenetrating polymer
network of poly(methylmethacrylate), PMMA, and cross-linked
dimethacrylates) could have behaved as low modulus stress breaker between
the amalgam and repair composite resin.The fiber layer therefore can even the
debonding stress concentrations. It would be interesting to investigate its effect
on other alloys.

When these conditioning methods are used often opaquers have been
advocated to mask the underlying alloy when the resulting restoration has to
meet aesthetic criteria such as in some visible areas of the mouth. In this
study, methacrylate opaquer demonstrated higher resistance values than
bismethacrylate opaquer. Monomethacrylates are linear polymers with high
flexibility but providing better adhesion and on the other hand, polymerization
is more difficult to be obtained by conventional light-curing devices. However,
dimethacrylates are highly cross-linked with increased brittleness.5 The
varying results due to the chemical composition and consistency of the
opaquer may require future studies. Lack of information exists on the influence
of the thickness of the opaquer layer on the bond strength. It could be expected
that the cohesional strength of the opaquer is lower than that of resin
composite. Therefore thick layer of opaquer might decrease the bond strength.
However, this needs further investigation.

Clinical implications

Clinicians often do expect the same result using one conditioning method for
all materials used in dentistry. It should be the ultimate goal of a clinician to
know and understand the basic structure and properties of adherend and
adhesives in their clinical practices and choose the right surface conditioning
method that chemically suits the materials and of course depending on the
application. The general outcome of this thesis suggests that in contrast to
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what is being regularly applied for adhesion principles creating
macromechanical principles, relatively recent surface conditioning techniques
based on a combination of micromechanical retention and chemical coating
should be considered for durable restorations applied in adhesive dentistry.
More importantly these methods seem to offset the importance of the varieties
of the substrates and therefore could be applicable to a wide range of dental
materials. The equipment to apply these techniques was sophisticated and
expensive during the last two decades but they are recently simplified and
brought to the chair side.

Further clinical studies should seriously consider the use of right
conditioning methods for the specific substrate. Future in vitro experiments
should focus on the worst-case scenario to assess the performance of the
current conditioning methods in dental materials science so that the results
could be extrapolated to clinical situations.
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Since previous investigations revealed that most clinical failures in adhesively
luted ceramic restorations initiate from the cementation or internal surfaces,
the study presented in Chapter II evaluated the effect of three different surface
conditioning methods on the bond strength of a Bis-GMA based luting cement
to glass ceramics, glass infiltrated alumina, glass infiltrated ZrO2 reinforced
alumina. The three conditioning methods assesed were: (1) HF acid etching,
(2) Air-borne particle abrasion, (3) Tribochemical silica coating. All specimens
were tested for shear bond strength at dry and long-term thermocycled (6000
times) conditions. It was hypothesized in this study that amphoteric alumina in
the ceramic matrix could form strong enough chemical adhesion bonds,
covalent bridges, through its surface hydroxyl groups with hydrolysed silanol
groups of the silane: -Al-O-Si-. The results indicated that bond strengths of the
Bis-GMA based composite luting cement tested on the dental ceramics after
surface conditioning techniques varied in accordance with the ceramic types.
HF acid gel was effective mostly on the ceramics having glassy matrix in their
structures. The findings confirmed that the use of HF acid appeared to be the
method of choice for bonding the Bis-GMA resin composite luting cement to
those ceramics having glassy matrix in their structures. Conditioning the
ceramic surfaces with air-particle abrasion followed by silanization provided
higher bond strengths for high-alumina ceramics and the values increased
more significantly after silica coating followed by silanization. Thermocycling
decreased the bond strength values significantly after all surface conditioning
methods tested and the least favourable results were obtained with ZrO2 and
glass infiltrated ZrO2 reinforced alumina.

Experimental and clinical reports provide evidence of significant
differences in the survival of metal posts.The separation of core materials from
titanium posts has been identified as one of the clinical problems related to
post-core restorations. To withstand functional loads, the bond between the
core material and the post should be strong and durable. In order to study the
interaction between conditioned titanium posts and cores, in Chapter III, 6
brands of core materials with different compositions (microfilled, hybrid,
compomer, resin-modified glass ionomer) were applied to titanium posts that
were previously conditioned and coated with either of the two types of light-
polymerized opaquers (methacrylate, bismethacrylate). Five conditioning
methods based on silica coating followed by silanization and acrylization
namely, Silicoater Classical, Silicoater MD, Rocatec, Kevloc and Siloc were
used. The resistance of the various core materials adapted to differently
conditioned titanium posts were evaluated using a torque test that is quite an
aggressive method compared to previous test methods existing in the
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literature. When compared with the non-conditioned control group, the results
indicated that the resistance to torsional forces for the core materials on
titanium posts increased with the use of chemical surface conditioning
techniques and varied in accordance with the opaquer type. Type of core
material also significantly influenced the resistance after long term
thermocycling. Resistance against torque forces was the greatest with Siloc
and then, in descending order, with Silicoater Classical, Silicoater MD,
Rocatec, and Kevloc surface conditioning systems. The resistance of core
materials based on silica coating and silanization or silica coating and
acrylization varied in accordance with the opaquer used. Methacrylate
opaquer demonstrated higher resistance values than bismethacrylate
opaquer. Monomethacrylates are linear polymers with high flexibility but
providing better adhesion and on the other hand, polymerization is more
difficult to be obtained by light curing. However, dimethacrylates are highly
cross-linked with increased brittleness. Hybrid composites and compomers
used as core materials demonstrated higher torque resistance compared with
microfilled composites or resin-modified glass ionomer.

With the increased demand for adult orthodontics, the orthodontists are
often faced with the problem of luting brackets to metal-ceramic fixed-partial-
dentures. Recently, more aesthetic and relatively invisible brackets, satisfying
patient desires gained popularity in orthodontics. Unfortunately lack of durable
bonding between the brackets and ceramic restorations is still a major problem
in adult orthodontics. Bonding concepts in orthodontics are somewhat different
than in the other restorative applications in operative dentistry. Since bonding
in orthodontics is semi-permanent in nature, bond strength should be high
enough to resist debonding during the whole course of treatment but also low
enough so that damage to the existing tooth or restoration would not occur
during debonding. In the study presented in Chapter IV, the effect of five
different surface conditioning methods, namely (1) Phosphoric acid (H3PO4) +
primer+ bonding agent, (2) HF acid gel + primer +bonding agent, (3) chair side
tribochemical silica coating (4) Air-borne particle abrasion with alumina +
silane, (5) Air-borne particle abrasion with alumina + silane + bonding agent
were tested for the shear bond strength of polycarbonate brackets to glazed
feldspathic ceramic surfaces using light-polymerized resin-based cement.
Since the orthodontic treatment duration is shorter than conventional
restorative procedures, bond tests were performed after only 1000 cycles. The
results indicated that bond strengths of the polycarbonate brackets luted with
resin composite cement tested on the dental ceramics after surface
conditioning techniques varied in accordance with the conditioning methods.
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Air-borne particle abrasion with aluminium trioxide or silica coating followed by
silanization demonstrated the most favourable bond strengths.The satisfactory
bond strengths obtained after air-particle abrasion either with silica or alumina
together with silanization could eliminate the need for acid etching, primer
and/or bonding agent applications. After debonding, the fracture sites of the
ceramic specimens and the bracket bases were further examined under
scanning electron microscopy to evaluate the changes on the surface. The
failure modes were classified according to modified Adhesive Remnant Index
(ARI) system. While in the phosphoric acid etched group, the brackets failed
mainly at the ceramic/resin interface with all of the luting cement remaining on
the bracket base, in the HF acid treated group, predominantly less than half of
the composite was left on the ceramic surface after debonding. In both air-
borne particle abraded groups, more than half of the luting cement was left
adhered to the ceramic surface and the bracket base. On the contrary, in the
silica coated group, luting cement was mainly debonded from the bracket base
being left adhered to the ceramic surfaces with distinct impression of bracket
mesh. The type of failures observed after debonding indicated that the critical
parameter was the strength of the adhesive joints of the luting cement to both
the bracket and the ceramic. Bond strengths of the polycarbonate brackets
luted with resin composite cement tested on the dental ceramics after surface
conditioning techniques varied in accordance with the conditioning methods.
The use of HF acid would still be appropriate for orthodontic reasons with
sufficient bond strength and favourable failure modes after debonding if the
critical aspect was accepted to use this chemical agent intraorally.

Adhesion of resins to processed composites has been difficult to achieve.
Aggressive oral environment and enzymatic changes all provoke discoloration,
degradation, microleakage, wear, ditching at the margins, delamination or
simply fracture being often experienced in clinical conditions, that may require
replacement of the restoration. We hypothesized that if the right conditioning
method could be found then a new layer of composite could be applied to the
already polymerized one in an attempt to prolong the service life of
restorations suffering from small deficiencies. Therefore the objective of the
study presented in Chapter V was to evaluate the effect of three surface
conditioning methods 1) HF acid gel (9.5 %) etching, (2) Air-borne particle
abrasion (50 µm Al2O3), (3) Silica coating (30 µm SiOx, CoJet®-Sand) on the
shear bond strength of a low-viscous diacrylate veneering particulate filler
resin-composite (PFC) to 5 PFC substrates. The bond strengths were
evaluated at both dry and thermocycled (6.000 cycles) conditions. Bond
strengths of low-viscous diacrylate veneering resin to PFC substrates tested,
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increased with the use of silica coating and silanization and varied in
accordance with the PFC types. HF acid gel appeared to dissolve the filler
particles but resulted in the least favourable bond strengths when compared
with other methods tested. Air-borne particle abrasion with silica particles
increased the bond strengths regardless of the PFC type. When compared to
dry testing conditions, bond strengths decreased after thermocycling in all HF
acid gel treated substrates but no significant change was noted after air-
particle abrasion or silica coating followed by silanization.

Complete or partial cusp fracture of posterior teeth associated with
amalgam restorations is a common problem in dental practice. In an attempt
to find a reliable method to restore the fractured surfaces without drilling and
removing the sound amalgam restorations, in the study presented in Chapter
VI, the effect of different surface conditioning methods on the shear bond
strength of a hybrid resin composite to fresh amalgam were evaluated.
Amalgams were conditioned using one of the following conditioning methods:
(1) Alloy primer + opaquer, (2) Air-borne particle abrasion (50 µm Al2O3) +
alloy primer + opaquer, (3) Silica coating (30 µm SiOx) + silanization +
opaquer, (4) Opaquer + pre-impregnated continuous bidirectional E-glass fibre
sheets, (5) Silica coating + silanization + fibre sheets, (6) Silica coating +
silanization + opaquer + fibre sheet application. Non-conditioned amalgam
surfaces were considered as control group (7). The mean surface roughness
depth (Rz) was measured from the control group and air-abraded amalgam
surfaces. All specimens were tested at dry and thermocycled (6.000 cycles)
conditions. The results revealed that combination of silica coating and
silanization with addition of glass fiber sheets at the adhesive interface could
be considered as an alternative method to improve adhesion of resin
composite to amalgam. Bond strengths of the resin composite to amalgam
substrates varied in accordance with the surface conditioning techniques.
Conditioning the amalgam surface with air-borne particle abrasion prior to
bonding resin composite provided higher bond strengths compared to the non-
conditioned control group or alloy primer treated groups in dry conditions. The
use of optional E-glass fibers was tried for the first time in this study in
combination with silica coating and silanization. The addition of optional resin-
impregnated bidirectional E-glass fiber sheets at the adhesive interface
increased the bond strengths significantly and therefore can be considered as
an alternative method to improve attachment of resin composite to amalgam.
Thermocycling decreased the bond strength values significantly after all
surface conditioning methods tested.
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In Chapter VII the methodological aspects of the experiments conducted
in Chapters II-IV are evaluated and the results obtained after thermocycling in
relation to the recommended ISO standard are discussed. The efficacy of
various adhesion methods and some hazardous aspects related to the use of
hydrofluoric acid are critically evaluated and the future research ideas that are
planned on surface analysis are mentioned. Furthermore in this chapter,
recent data obtained by the author after the completion of this thesis using
airborne particle abrasion, silica coating together with silanization are
mentioned and the ongoing research, further investigation on the working
mechanisms and durability of these methods are discussed. Finally the results
of this thesis were extrapolated to clinical situations. The results of this thesis
seem to be more in favour of chemical conditioning methods for various
substrates. Using these methods in clinical practice may prolong the service
life of dental restorations in a cheaper way, avoid the total replacement of the
existing restorations and preserve the tooth structure in a non-traumatic way.
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DUTCH SUMMARY-SAMENVATTING
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SAMENVATTING

De meeste klinische mislukkingen van adhesief bevestigde keramische
restauraties vinden een oorsprong aan het grensvlak tussen
bevestigingscement en het interne oppervlak van de restauratie. Daarom
evalueerde de studie in hoofdstuk II het effect van drie methoden van
oppervlakteconditionering op de hechtsterkte van een composietcement (op
basis van Bis-GMA) aan de volgende keramieken: glaskeramiek, met glas
geïnfiltreerd alumina, met glas geinfiltreerd  en met zirkoniumoxide versterkt
alumina.

De drie conditioneringmethoden waren: (1) etsen met hydrofluoride (HF),
(2) zandstralen met aluminiumoxide en (3) tribochemische silicacoating, alle
gevolgd door aanbrengen van silaan. Van deze preparaten werd de
afschuifsterkte bepaald na droog bewaren en na thermocycling in water (6000
cycli). De hypothese in deze studie was dat alumina in de keramische matrix
voldoende sterke hechting aan composietcement zou kunnen bereiken door
covalente bruggen tussen oppervlakkige hydroxylgroepen en gehydrolyseerde
silanolgroepen van het silaan: -Al-O-Si-. De hechtsterkte van het Bis-GMA
cement na de verschillende conditioneringmethoden was afhankelijk van het
type keramiek. Etsen met HF gaf de beste resultaten bij keramieken met een
glasmatrix. Zandstralen gevolgd door silanisering resulteerde in een hogere
hechtsterkte voor de hoog-alumina keramieken. Silicacoating gevolgd door
silanisering gaf nog hogere hechtsterktes. De wijze van bewaren van de
preparaten had significante invloed op de hechtsterkte, waarbij thermocycling
leidde tot lagere hechtsterktes, vooral in de met glas geinfiltreerde met ZrO2
versterkt alumina.

Van plastische stiftopbouwen is bekend dat opbouwmaterialen los kunnen
raken van titanium stiften. Om functionele belasting te kunnen weerstaan moet
de hechting tussen stift en opbouwmaterialen sterk en duurzaam zijn. In de
studie in hoofdstuk III wordt de interactie onderzocht tussen 6 merken van
verschillende typen opbouwmaterialen en titanium stiften. De stiften waren
voorbehandeld met een van de volgende methoden: Silicoater Classical,
Silicoater MD, Rocatec, Kevloc en Siloc. Deze conditioneringmethoden zijn
alle gebaseerd op silicacoating en silanisering of acrylisering. In de
controlegroepen werd geen voorbehandeling toegepast. Na conditionering
werden 2 verschillende lichthardende opaquers op de stiften aangebracht, één
op basis van methacrylaat en één op bismethacrylaatbasis.

De hechtsterkte van de opbouwmaterialen aan de stiften werd onderzocht
met een torque test. Deze methode is vrij aggressief in vergelijking met andere
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bestaande hechtsterkte onderzoeken. Het type opbouwmateriaal beinvloedde
de hechtsterkte na thermocycling significant. Hybride composieten en
compomeren vertoonden een hogere torsieweerstand dan de microfill
composieten en harsgemodificeerd glasionomeercement.

De weerstand tegen torsiekrachten was het grootst bij Siloc, in
afnemende volgorde gevolgd door Silicoater Classical, Silicoater MD, Rocatec
en Kevloc.

Hechtsterktes werden ook beinvloed door het type opaquer: de
methacrylaat opaker gaf hogere waarden dan het bismethacrylaat type.
Monomethacrylaten zijn lineaire polymeren met hoge flexibiliteit en goede
adhesie, maar polymerisatie met licht is moeilijker. Daarentegen vertonen de
bismethacrylaten in hoge mate crosslinking, maar zijn ze brosser.

Doordat in toenemende mate volwassen patiënten vragen om orthodontische
behandeling komt het vaker voor dat brackets op porseleinen restauraties
moeten worden geplaatst en dat patiënten vragen om bijna onzichtbare
brackets.

Helaas is de hechting van brackets aan keramische restauraties nog
steeds niet betrouwbaar. De eisen die worden gesteld aan hechting zijn in de
orthodontie anders dan in de restauratieve tandheelkunde. In de orthodontie
hebben hechtprocedures een semi-permanent karakter: de hechting moet zo
sterk zijn dat brackets niet tijdens behandeling los raken, maar ook zo zwak
dat ze gemakkelijk zijn te verwijderen na behandeling, zonder beschadiging
van tandmateriaal of ander substraat.

Hoofdstuk IV beschrijft een onderzoek naar het effect van vijf verschillende
oppervlaktebehandelingen op de hechting van polycarbonaat brackets aan
veldspaat porselein.

De brackets werden gecementeerd met lichthardend composiet, nadat het
porselein was behandeld met een van de volgende conditioneringmethoden:
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(1) etsen met fosforzuur + primer + bonding agent, (2) etsen met
hydrofluoridezuur + primer + bonding agent, (3) tribochemische silicacoating
(chair-side), (4) zandstralen met aluminapartikels + silaan + bondingagent.
De hechtsterktes werden bepaald met afschuiftest, na thermocycling. Omdat
orthodontische behandelingen relatief kort duren zijn de hechtsterktes
bepaald na “slechts” 1000 cycli.

De conditioneringtechnieken hadden verschillende hechtsterktes tot
gevolg. De beste resultaten werden bereikt na zandstralen of silicacoating
gevolgd door silanisering. Dit zou kunnen betekenen dat etsen en primer en/of
bondingapplicatie niet langer nodig is. Na los raken van de brackets werden de
breukvlakken onder scanning elektronenmicroscoop onderzocht op de wijze
van falen. Deze werd geclassificeerd volgens de gemodificeerde Adhesive
Remnant Index (ARI).

In de fosforzuur-groep trad breuk voornamelijk op ter plaatse van het
grensvlak van porselein met composiet, waarbij alle cement achter bleef op de
bracket. In de met hydrofluoridezuur behandelde groep bleef meestal minder
dan de helft van de composiet achter op het porseleinoppervlak.

In de beide gezandstraalde groepen bleef meer dan de helft van het
bevestigingscomposiet zitten aan het porselein en aan de brackets. In de
silicacoating groep echter, was het composiet grotendeels los geraakt van de
bracket maar achter op het porselein.

Uit observatie van de breukvlakken blijkt dat de kritieke parameter de
sterkte van de adhesieve verbinding van het cement aan zowel bracket als
porselein is.

Etsen met hydrofluoride zou geschikt kunnen zijn voor orthodontische
gebruik, maar de gezondheidsrisico’s van intraorale toepassing mogen niet
onderschat worden.

In composietrestauraties treden door blootstelling aan het aggressieve
mondmilieu veranderingen op, die verantwoordelijk zijn voor processen als
verkleuring, microlekkage, slijtage, randbreuk, delaminatie. Ook kan
bulkfractuur optreden.
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Bij geringe schade aan een overigens goed functionerende restauratie,
zou reparatie van de restauratie te verkiezen zijn. Maar omdat hechting van
kunststof aan reeds uitgehard composiet moeilijk is te realiseren, wordt vaak
gekozen voor vervanging van de restauratie.

Een adequate conditioneringmethode zou het mogelijk moeten maken
hechting tussen nieuw en oud composiet te verkrijgen, waarmee de oude
restauratie kan worden bedekt met een nieuwe laag composiet. In hoofdstuk V
wordt een onderzoek beschreven waarin de effecten van drie
conditioneringmethoden op afschuifsterkte van oud aan nieuw composiet
werden geëvalueerd. Vijf verschillende composieten werden voorbehandeld
met drie methoden: (1) etsen met 9,5% hydrofluoride (HF), (2) zandstralen met
50 �m aluminiumoxide en (3) silicacoating met 30 �m siliciumoxide (CoJet®-
zand). Na voorbehandeling werd een laag viskeus diacrylaat veneering
particulate filler composiet (PFC) aangebracht. De hechtsterkte werd bepaald
in afschuiftest na droog bewaren en na thermocycling (6000) cycli.
Hechtsterktes waren groter na silicacoating + silanisering en waren
verschillend voor de diverse geteste composieten.

HF blijkt de vulstofpartikels op te lossen, maar resulteerde in de minst
gunstige hechtwaardes vergeleken met de andere methodes. Zandstralen
verhoogt de hechtsterktes onafhankelijk van het type composiet. Bij alle met
HF behandelde preparaten werden lagere hechtwaarden gevonden dan na
bewaren in droge conditie, maar na zandstralen en silicacoating plus
silanisering waren geen significante verschillen tussen de samples na droog
bewaren en na thermocycling.

Complete of gedeeltelijke knobbelfractuur in met amalgaam gerestaureerde
elementen is een bekend klinisch probleem in de tandartspraktijk. In de studie
gepresenteerd in hoofdstuk VI wordt geprobeerd een betrouwbare methode
te vinden voor het restaureren van fracturen zonder boren en zonder
verwijderen van nog goed functionerende amalgaamrestauraties. Het effect
van verschillende oppervlaktebehandelingen op de afschuifsterkte van een
hybride composiet op vers amalgaam werd geëvalueerd. Amalgaam werd op
3 manieren voorbehandeld: (1) Alloy primer + opaquer, (2) zandstralen met 
50 �m aluminiumoxide + alloy primer + opaquer, (3) silicacoating met 30 �m
siliciumoxide + silanisatie + opaquer, (4) opaquer + gepreïmpregneerde
bidirectionele E-glas vezel sheets, (5) silicacoating + silanisatie +
glasvezelsheets, (6) silicacoating + silanisatie + opaquer + glasvezelsheets.
Ongeconditioneerd amalgaam vormde de controlegroep.

Oppervlakteruwheid (Rz) werd gemeten bij de controlegroep en de
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gezandstraalde groep. Afschuifsterktes werden bepaald na droog bewaren en
na thermocycling (6000 cycli).

De resultaten laten zien dat silicacoating + silaan gecombineerd met
glasvezel sheets een veelbelovende techniek kan zijn om composiet aan
amalgaam te hechten.

De conditioneringmethoden hadden invloed op de hechtsterktes.
Zandstralen van het amalgaam gaf hogere hechtsterktes dan de
controlegroep en de alloy primer groep in droge omstandigheden. Na
thermocycling werden significant lagere hechtsterktes gemeten voor alle
conditioneringmethoden.

In hoofdstuk VII worden de methodologische aspecten van de onderzoeken
in hoofdstukken II tot en met VI en de resultaten verkregen na thermocycling
in relatie tot de aanbevolen ISO standaard besproken. De effectiviteit van
verschillende hechtprocedures en enkele schadelijke aspecten van
hydrofluoridezuur worden kritisch tegen het licht gehouden en toekomstig
onderzoek omtrent oppervlakteanalyse wordt beschreven.Verder worden in dit
hoofdstuk recente data genoemd, die na het voltooien van het proefschrift
door de auteur zijn verkregen uit onderzoek naar zandstralen en silicacoating
+ silanisatie. Nader onderzoek naar de werkingsmechanismen en
duurzaamheid van deze methoden worden besproken. Tot slot worden de
resultaten van dit proefschrift geëxtrapoleerd naar de klinische situatie. De
resultaten van dit proefschrift laten een gunstig effect zien van combinaties
van micromechanische en chemische hechttechnieken op verschillende
substraten. Klinische toepassing kan de levensduur van tandheelkundige
restauraties verlengen en kan voorkomen dat volledige vervanging van
restauraties noodzakelijk is bij geringe onvolkomenheden. Hiermee kan
onnodig trauma aan tandweefsel worden voorkomen en kunnen kosten
bespaard worden.
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