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ABSTRACT

The clinical success of resin bonding procedures for indirect ceramic restorations and ceramic repairs depends on the
quality and durability of the bond between the ceramic and the resin. The quality of this bond will depend upon the bonding
mechanisms that are controlled in part by the surface treatment that promote micromechanical and/or chemical bonding to the
substrate. The objective of this review is to correlate interfacial toughness (K,) with fracture surface morphological parameters
of the dental ceramic-resin systems as a function of ceramic surface treatment. This analysis is designed to identify mechanisms
that promote adhesion of these ceramic-resin systems and an appropriate bond test method to yield relevant adhesion
performance data.

Uniterms: Ceramics, Resins, Bond strength, Interfacial toughness, Fracture surface.

RESUMO

0 sucesso clinico de procedimentos adesivos para restauragdes ceramicas e reparo destas restauracdes depende da qualidade
e durabilidade da adesdo entre a ceramica e a resina. A qualidade desta adesdo dependera dos mecanismos adesivos que sdo
controlados em parte pelo tratamento de superficie que promove uma unido micro-mecanica e/ou quimica com o substrato. O
objetivo desta revisdo € correlacionar a tenacidade de fratura aparente da interface adesiva (K,) com os pardmetros morfolégicos
da superficie de fratura de sistemas ceramica-resina em func¢do do tratamento da superficie ceramica. Esta andlise € desenvolvida
para identificar os mecanismos que promovem a adesdo nestes sistemas ceramica-resina e uma metodologia apropriada para
testar a resisténcia adesiva produzindo resultados relevantes da performa adesiva.

Unitermos: Ceramicas; Resinas; For¢a de adesdo; Tenacidade; Superficie de fratura.

INTRODUCTION

The repair of a fractured ceramic restoration is a challenging
clinical situation and there is little documentation on the

The discovery that most dental ceramics could be acid
etched to create a micromechanical bond to resin has led to
the development of acid-etched and bonded ceramic
restorations ¥. This concept was extended to include the
repair of fractured dental ceramic restorations in the mouth.
Fracture of ceramic restorations leads to increased cost,
discomfort, time and labor when a replacement is required °.

clinical performance of the repaired restoration. Yet, repair
is a more cost effective option, provided the final result is
clinically acceptable *.

Materials and procedures used either to repair fractured
ceramic restorations with a resin composite or to bond
indirect ceramic restorations using a resin cement are based
on the results of bond strength tests that exhibit wide
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variability in test data and resulting fracture surface
Characteristics 11,16,21,22,24,26,27.50,55'

In the search for a method that produces a uniform stress
distribution across the interface, investigators have
evaluated similar adhesive systems under different bond
test configurations 47, These studies suggest that a
tensile bond strength test may be more appropriate to
evaluate the bond strength of adhesive interfaces because
of more uniform interfacial stresses. However, tensile tests
require careful alignment of the specimens to minimize the
risk of flexure .

The physical contribution to the adhesion process is
dependent on the surface topography of the substrate and
can be characterized by its surface energy **°. Dynamic
contact angle (DCA) analysis has been used to evaluate
the surface energy of treated ceramic surfaces and their
work of adhesion (W,) to resin. In principle, the work of
adhesion can be related to the apparent interface toughness
29

Fracture mechanics allows quantification of the
relationships between material properties such as
toughness, stress level, the presence of crack-producing
flaws, and crack propagation mechanisms. Another way to
assess the integrity of the bond is to estimate the apparent
interfacial fracture toughness of the adhesion zone by
promoting crack initiation within this zone. The apparent
fracture toughness value (K, ) reflects the ability of a material
to resist unstable crack propagation 283271,

The objective of this second part of the review is to
correlate apparent interfacial toughness (K,) with fracture
surface morphological parameters of the dental ceramic-resin
systems as a function of ceramic surface treatment. This
analysis is designed to identify mechanisms that promote
adhesion of these ceramic-resin systems and an appropriate
bond test method to yield relevant adhesion performance
data.

Effect of surface treatment on the contact angle
and work of adhesion

The clinical success of either a repaired ceramic
restoration or a resin cemented ceramic restoration will
depend on the quality and durability of the bond between
the ceramic and the resin. The quality of this bond will
depend upon the bonding mechanisms that are controlled
in part by the specific surface treatment used to promote
micromechanical and/or chemical retention with the substrate
24, Structural and surface analyses of etched ceramics have
shown that different etching patterns are created according
to the ceramic microstructure and composition, and to the
concentration, application time and type of etchant >'7:!8*
234048 Surface defects, often located in the glassy matrix,
and phase boundaries of heterogeneous ceramic materials
are preferably etched by the acids. Alteration of the surface
topography by etching will result in changes in the surface
area and on the wetting behavior of the porcelain 2%,
This may also change the ceramic surface energy and its
adhesive potential to resin ?*#. Differences in ceramic

composition will also produce unique topographic changes
after etching procedures ». Thus, the ceramic microstructure,
composition, and morphologic patterns after surface
conditioning should yield potentially useful information on
the clinical success of the bonding procedures for indirect
ceramic restorations and ceramic repairs 2%,

It has been reported that the surface changes produced
by fluorine content etchants such as hydrofluoric acid (HF),
ammonium bifluoride (ABF) and acidulated phosphate
fluoride (APF) represent unique patterns ». HF etching
produces a very aggressive effect on the surface of most
acid-sensitive ceramics, where porosities are scattered
uniformly throughout the ceramic surface. This pattern is
more evident for leucite-based ceramics than for either single-
phase or high-content alumina ceramics (Figure 1) '>!7:182
25,36,74.

ABF etching produces mostly linear defect patterns that
were primarily formed because of the etchant attack on
existing surface cracks, leucite-induced cracks, and phase
boundaries (Figure 2). This etching pattern is also observed
after using HF for reduced amount of time and/or in lower
concentration, as for SEM preparation for microstructural
observations, suggesting that ABF acts as a low power HF
etchant »%,

The APF etchant seems to build up surface deposits
preferentially on the leucite crystal phase (Figure 3) %,
These studies demonstrated that treating the ceramic surface
with APF alone produces an insufficient, inconsistent,
micromechanical retentive surface and, as a consequence,
the lowest bond strengths of resin-based composite to
ceramics. Treating the ceramic surface with HF produced a
substantial, consistent, surface roughness on acid-sensitive
ceramics, mainly because of its action on defects and phase
boundaries %, These results have a positive correlation
with the results from contact angle measurements between
the ceramic and resin, reported by Della Bona, et al. *2004.

The etched ceramic topography can be explained by the
chemical reactivity of the crystals of single-phase materials
that depends on crystallographic orientation. In
polycrystalline materials, etching characteristics vary among
crystal types. Atoms along the crystal boundaries are more
chemically active and dissolve at a greater rate than those
within the crystals, resulting in the formation of small grooves
or linear defects after etching (Figures 1-3) 4253,

Therefore, it has been suggested that (1) differences in
ceramic microstructure and ceramic composition are
controlling factors in the development of micromechanical
retention produced by etching, and (2) the etching
mechanism is different for all etchants with HF producing
the most prominent etching pattern on most acid-sensitive
ceramics >,

Some clinicians also use coarse diamond and/or oral
gritblaster (airborne-particle abrasion systems) as the first
step for repairing fracture ceramic restorations. It has been
shown that other than the scalloped surface created by the
rotary instrument, both preparations have a similar
topography. In addition, these methods tend to create more
stress and sharp cracks onto the ceramic surface, which are
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FIGURE 1- Photomicrographs of HF-etched ceramics. (A)
Vita Omega dentine ceramic (Vita Zahnfabrik, Bad
Sackingen, Germany), a leucite based feldspathic ceramic.
(B) Duceram-LFC ceramic (Ducera, Rosbach, Germany),
a single-phase low-fusing glass. (C) In-Ceram Zirconia
ceramic (Vita Zahnfabrik, Bad Sackingen, Germany), a
glass-infiltrated zirconia reinforced alumina-based
ceramic. HF etching produces a very aggressive effect on
the surface of most acid-sensitive ceramics (A). The acid
effect is reduced for either single-phase (B) or high
crystalline content ceramics (C). From Della Bona and
Anusavice?®, 2002.

N -

FIGURE 2- Photomicrographs of ABF-etched Vita Omega
dentine ceramic (Vita Zahnfabrik, Bad Sackingen,
Germany), a leucite based feldspathic ceramic. This acid
produces mostly linear defects (grooves) by attacking
existing surface cracks, leucite-induced cracks, and phase
boundaries. From Della Bona and Anusavice?®, 2002.

dentine ceramic (Vita Zahnfabrik, Bad Sackingen,
Germany), a leucite based feldspathic ceramic. This acid
seems to build up surface deposits preferentially on the
leucite crystal phase. From Della Bona and Anusavice?,
2002.

readily attacked by acids and may weaken the substrate *.

Ceramics with high crystalline content (aluminum and/
or zirconium oxides), also called acid-resistant ceramics, have
demonstrated better clinical performance than feldspar-,
leucite-, and lithium disilicate-based ceramics, known as acid-
sensitive ceramics. However, an increase in mechanical
strength, by increasing the crystalline content and
decreasing the glass content, results in an acid-resistant
ceramic whereby any type of acid treatment produces
insufficient surface changes for adequate bonding to resin
24253031353751.5473 For these acid-resistant ceramics, a silica
coating process (silicatization) has been suggested to
maximize the bond to resin 3042351347075 The silica coating
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systems (Rocatec and Cojet, 3M-ESPE) create a silica layer
on the ceramic surface because of the high-speed surface
impact of the alumina particles modified by silica. It has
been reported that the airborne particles can penetrate up
to 15 mm into the ceramic and metal substrates ™. This
tribochemical effect of the silica coating systems may be
explained by two bonding mechanisms: (1) the creation of a
topographic pattern via airborne-particle abrasion allowing
for micromechanical bonding to resin; and (2) the chemical
bond of the silica coated ceramic surface, the silane agent,
and the resin material. Therefore, a silica-silane chemical
bond can occur with acid-resistant ceramics if a silica coating
of the ceramic surface is used (Figure 4)3!45:46:5475,

Silane has been used to enhance bonding between
organic adhesives and ceramics or metals in various
industries since the 1940’s®2. The technology of
organosilane coating of inorganic filler particles has
improved their bonding to matrix resins '*. This technology
also improves the chemical adhesion of ceramic bonded
restorations****% and resin-bonded ceramic repairs
8.12.18.24.2627.4048 However, the long-time stability of the
adhesive bonding using silane coupling agents has been
Challenged1°’32*33‘44’63.

Silane coupling agents bond to Si-OH on ceramic
surfaces by condensation reactions and methyl methacrylate
double bonds provide bonding to the adhesive. As long as
there are adequate Si-OH sites on the ceramic surface,
satisfactory bonding should be achieved. Therefore, if the
goal is to obtain a thin silane coating on any ceramic surface,
the silane protocol should consider the different ceramic
microstructures and silane types, and mechanisms to reduce
the silane coating thickness, i.e., heat treatment.

Silane is known to be hydrophobic, which is the property
believed to reduce hydrolytic degradation of the bond. It
also may improve wetting of the ceramic surface by the
adhesive, since the silane-coated surface is organophilic to
the adhesive. However, the contact angle measurements
have proven otherwise®. To obtain complete wetting of a
surface, the adhesive must initially be of low viscosity and
have a surface tension lower than the critical surface tension
of the mineral surface®. Lee* (1975) reported that the surface
energy of glass surfaces treated with a silane coupling agent
is 36.7 mJ/m? and the critical surface energy is 28.0 mJ/m? at
20°C. Both values are lower than the surface tension of the
resin (39.7 mJ/m?). This should explain the high contact angle
values observed for silane treated ceramic surfaces®.

Therefore, the adhesion between dental ceramics and
resin-based composites is the result of a physico-chemical
interaction across the interface between the resin (adhesive)
and the ceramic (substrate). The physical contribution to
the adhesion process is dependent on the surface
topography of the substrate and can be characterized by its
surface energy. Alteration of the surface topography, e.g.,
etching and airborne-particle abrasion, will result in changes
on the surface area and on the wettability of the substrate®-.
This may also change the surface energy and the adhesive
potential 72415,

The wetting behavior (wettability) of the resin on the

treated ceramic substrate can be characterized using contact
angle measurements and surface energy calculations. The
wettability of a solid surface by a liquid (e.g., adhesive) can
be characterized by Young’s equation (Figure 5):

Yoo = Ysv = Ny Cosq M

where g is the free energy per unit area of the solid

surface in equilibrium with vapor, g is the surface tension
of liquid balanced with its vapor tension, g, is the interfacial
energy, and q is the contact angle. The work of adhesion
(W) of the liquid drop on a substrate can be expressed by
Dupré’s equation:

WA il S Ve % @

Combining equations (1) and (2) yields the following
Young-Dupré equation:

W, =7, (1+Cosq) 3)

An increase in the ceramic surface energy can improve
the bond strength between ceramic and resin composite.
Contact angle values can be used as an indicator of total
surface energy and wettability®. The dynamic contact angle
(DCA) analysis using high-performance liquid

chromatography (HPLC) grade water as the probing liquid
was used to quantify the influence of surface treatments on
contact angle (0) of a feldspathic ceramic®. It was found
that chemical and mechanical treatment of ceramic surfaces

FIGURE 4- SEM Photomicrograph of a silica coated In-
Ceram Zirconia ceramic (Vita Zahnfabrik, Bad Sackingen,
Germany), a glass-infiltrated zirconia-reinforced alumina-
based ceramic. The little grains bonded onto the ceramic
surface are alumina (Al,O,) particles modified by silica
that were sandblasted using the Cojet system (3M-ESPE).

Vapor Liquid \ &

FIGURE 5- Schematic illustration of a liquid drop on a solid
surface with energy vectors and contact angle (6) as
described by the equations 1-3. From Della Bona, et al. %,
2004.
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yield increased total surface areas and increased total
surface energies. The used of high purity water as a probing
medium is valid for analyzing differences between
substrates, such as the effect of etching on dental ceramic
surfaces. According to equation (3), W, is dependent on
the surface tension of the liquid (e.g., an adhesive) and its
contact angle on the substrate. Thus, the values obtained
using water as a probing liquid are not useful to calculate
the W, of resin bonded to ceramic. Instead, an adhesive-
equivalent fluid resin should be used as the probing medium
to characterize the changes in the wetting behavior of dental
ceramics caused by any surface treatment®. So, to study
the W, for clinical systems, a resin of similar composition to
that of the adhesive should be used. This study protocol
was used® and results showed that untreated ceramics
displayed a larger mean contact angle (0) than the etched
ceramics. This improved ceramic wettability by low viscosity
resins is resultant of the increase in surface area, which
allows a solid to draw more medium onto its surface and
exerts greater interfacial force on the specimen.
Consequently, roughened surfaces display smaller contact
angles and a greater W, . A good correlation can be observed
between the amount of surface disruption and the resulting
contact angle. Thus, the greater the surface disruption, the
lower the contact angle and the greater the W,*.

Bond strength and interfacial fracture
toughness of resin/ceramic systems

Bond strength tests have been used to predict the clinical
performance of repaired fractured ceramic restorations and
resin bonded ceramic restorations, even though, most of
these tests exhibit a wide variability in fracture patterns and
bond strength values. The commonly used shear bond test
often produces fracture at a distance from the resin-ceramic
adhesion zone that may lead to erroneous conclusions on
bond quality. Such failures of the substrate prevent
measurement of interfacial bond strength and limit further
improvements in bonding systems!6212378,

To test the integrity of bonded interfaces one can subject
a bonded assembly to a variety of loading conditions to
control the crack path along the interface or within the
interfacial region. Analyses of bond tests have revealed
several problems associated with most common test
arrangements and suggest a lack of reliability of such
measurements in assessing the adhesive behavior of bonded
dental materials. Several studies have identified the
nonuniform stress distributions along bonded interfaces.
These variable stress patterns suggest that a standardized
research protocol may address only a part of the problem
3,4,9,20,22,69,76,78.

In the search for a method that produces uniform stress
distribution across the interface, investigators have
evaluated similar adhesive systems under different bond
test configurations®>*’’, These studies suggest that a
tensile bond strength test may be more appropriate to
evaluate the bond strength of adhesive interfaces because
of more uniform interfacial stresses.

The microtensile test, a tensile bond test with reduced
testing area, was developed as an attempt to eliminate the
nonuniform stress distribution at the adhesive interface and
to minimize the influence of interfacial defects®. The
reduction in the number and size of defects in the adhesive
zone is thought to decrease bulk cohesive failures and
increase the tensile bond strengths, regardless of the cross-
sectional shape. This test has been used to measure the
bond strength of composite to dental tissues!'s7-38.60.6467.68
and to ceramics 273,

The non-trimming method to obtain specimens for the
microtensile test places less stress on the adhesion zone.
As no specimen finishing is necessary, this method also
avoids areas of stress concentration produced by polishing
materials of different hardness values*?.

The evaluation of the structural integrity of the adhesion
zone by Weibull analysis is also an important component
for an integral analysis of the bonding interface ***’. The
strength values reported using the microtensile test are
considered a reliable indicator of the composite-ceramic
bond quality since all fractures occur within the adhesion
zone. In addition, the microtensile test produces variable
fracture surface morphology and fracture origins for the
same adhesive interfaces within the adhesion zone. However,
the ceramic/resin seems to be the weakest bond interface of
this system and each ceramic surface treatment have a trend
for the mode of failures, which have been studied and
classified (Figure 6) ¥. Adhesive failures (mode 1) are not
common and normally happened during specimen cutting
procedures. HF-treated ceramic specimens usually produce
failures that start at the ceramic-adhesive interface and
propagate through the adhesive (mode 4), then either reach
the adhesive-composite interface (mode 5) or return to the
ceramic-adhesive interface (mode 2)*?'.

Therefore, optical microscopy observation is often not
enough to determine the mode of failure of bonding
interfaces. A thorough SEM examination of the fracture
surfaces following the principles of fractography and
confirmation of surface composition through the use of X-

* Adhesion Zone Mode 1 Mode 2 Mode 3 Mode 4 Mode §

FIGURE 6- Schematic representation (side view) of the
modes of failure for the microtensile bond strength test of
ceramic bonded to resin composite, based on crack
initiation and principles of fractography. Mode 1: adhesive
separation at the ceramic-adhesive resin interface. Mode
2: failure starts at the ceramic-adhesive interface, goes
into the adhesive resin and returns to the interface. Mode
3: failure from internal flaw (penny-shape internal crack).
Mode 4: failure starts at the ceramic-adhesive interface
propagates through the adhesive resin. Mode 5: failure
starts at the ceramic-adhesive interface, goes through the
adhesive resin to reach the resin composite- adhesive
interface. From Della Bona, et al. 2, 2003.
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ray elemental map analysis (Figure 7) produce a more
consistent and complete description of the fracture process
and the modes of failure **?7, These analyses would avoid
simplistic comments such as the “mixed mode of failure”
that often follows the “adhesive and/or cohesive”
unscientific observations. Thus, when fractography is
correctly used to determine the fracture origin, a proper
scientific statement on the mode of fracture can be
formulated.

Although the mode of failure is an important aspect of
bond strength tests, this parameter is not commonly
reported. A detailed inspection of the fractured surfaces
can indicate the failure mode of a bonded assembly. The
fracture behavior of adhesive interfaces will depend on
stress level, the flaw distribution, material properties, and
environmental effects. Therefore, fracture surface
characterization combined with analyses of fracture
mechanics parameters are of great importance to understand

FIGURE 7- SEM image (top) and X-ray elemental maps of
fracture surface of IPS Empress ceramic (lvoclar AG,
Schaan, Liechtenstein) bonded to resin composite (Z100,
3M Dental Products, St Paul, USA). The label at the top of
X-ray maps indicates the elements and their intensity. The
critical flaw is indicated by the white arrows at the top right
corner of the SEM micrograph (x100). The fracture starts
along the ceramic/adhesive interface, propagates through
the adhesive resin to reach the resin composite-adhesive
interface (Failure Mode 5). From Della Bona, et al. ?”, 2003.

and predict bonded interface reliability'.

A careful interpretation of the failure mode is required to
prevent inappropriate conclusions about the utility of the
microtensile test and the adhesion zone phenomena. Several
dentin bond strength studies using microtensile test have
reported the modes of failure based on SEM
observationg®336061.668727 = Thege studies based the failure
classification on the substrate location where the fracture
occurred. Examining the information provided in these
studies one concludes that most of the failures occurred
within the adhesion zone, as defined by Della Bona, et al.”’
2003. Yet, an understanding of the fracture mechanics
concepts and the analysis of fracture events on the basis of
fractography will reduce the risk for data misinterpretation
such as the inference that the bond strength must exceed
the cohesive strength of the ceramic when the fracture
initiates away from the interface. Therefore, the classification
of the modes of failure based on principles of fractography
(Figure 6) should assist researchers to correctly interpret
the fracture phenomena ?’.

As demonstrated by finite element stress analyses
(FEA), the non-uniformity of the interfacial stress distribution
generated during conventional tensile and shear bond
strength testing may lead to fracture initiation from flaws at
the interface or within the substrate at areas of high localized
stress 22777, To promote crack initiation within the interfacial
zone, an interfacial toughness test can be used, as suggested
by Della Bona et al.?’, 2003. Those authors used
fractography to identify the initial critical flaw and suggested
that the interfacial fracture toughness, a more meaningful
property than bond strength, could be assessed employing
fracture mechanics principles.

The fracture toughness value (K ) reflects the ability of
a material to resist unstable crack propagation. Extensive
literature exists on the various techniques used for measuring
the fracture toughness of ceramics®*. Fracture mechanics
allows quantification of the relationships between material
properties, stress level, the presence of crack-producing
flaws, and crack propagation mechanisms. Another way to
assess the strength of the bond is to estimate the apparent
interfacial fracture toughness (K,) of the adhesion zone by
promoting crack initiation within the bonding interface.
Strictly speaking, measurement of the toughness at the
interface using K is undefined. However, tensile tests can
be performed in which a crack or defect is the source of
failure. Therefore, the apparent fracture toughness of the
interface can be calculated from the size of the defect and
the strength with the appropriate geometric factor. Thus,
the apparent fracture toughness value (K, ) reflects the ability
of a material to resist unstable crack propagation at the
interface™7!.

Usually, in order to maintain equal compliances of the
specimen halves, i.e. for the two halves to have equal strain
energy, most of the interfacial fracture toughness tests
require E d*=E_d,’, where E, is the elastic modulus for the
first specimen half (ceramic), d, is the depth of the ceramic
rectangular segment, E, is the elastic modulus of the
composite half, and d, is the depth of the composite
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rectangular segment 27327'.  As the microtensile test is a
uniaxial tensile test, there is no need for preparing specimens
with balanced compliance for the two materials to measure
K,. Yet, the fracture toughness in the form of the stress
intensity factor is really a pseudocritical stress-intensity
factor, i.e. apparent toughness (K,), considering the fact
that it is difficult to define a stress intensity at an interface
and one must determine an effective modulus for the two
systems>?.

Another appropriate way to assess the interfacial bond
is to analyze the energy per unit crack surface area, G, that
is required for a crack to advance in the bond plane. The
toughness relative to the strain energy release rate (G,) is
an accurate measure of the resistance of the bond to fracture
since G, represents the relative energy required to create
the new surfaces .

This review suggests that (1) microstructure and
composition are controlling factors in the development of
micromechanical retention produced by etching; (2)
roughening the ceramic surface by HF etching and silane
coating still yields the highest bond strength values for
acid-sensitive ceramics; (3) silica coating acid-resistant
ceramics is important to improve bonding to resin; (4) the
tensile bond strength and the apparent interfacial fracture
toughness of ceramic bonded to resin is affected by the
ceramic microstructure and the ceramic surface treatments;
(5) the definition of the adhesion zone is critical to classify
the modes of failure, which should be an integral component
of all failure analyses; (6) the microtensile test may be
preferable to conventional shear or flexural tests as an
indicator of composite-ceramic bond quality, since fractures
occur within the adhesion zone; (7) a careful microscopic
analysis of the fracture surfaces and a X-ray elemental map
can produce a more consistent and complete description of
the fracture process and interpretation of the modes of
failure; and (8) there is a positive correlation between the
W, the tensile bond strength (6), and the K,, that is, the
higher the mean W, value, the higher the mean 6 and K,
values.

Thus, the quality of the bond should not be assessed
based on bond strength data alone. The mode of failure
and fractographic analyses should provide important
information leading to predictions of clinical performance
limits, which is the ultimate test of any adhesive system.
Future studies should also focus on optimum surface
treatment conditions because of the poor adhesion
associated with acid-resistant ceramics.
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