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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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