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Abstract The purpose of surface treatment (conditioning)
methods on dental ceramics is to improve the retention and
bonding between the enamel or the dentin and ceramic veneer,
with the help of resin composite luting cements. These types
of surface treatments include chemically altering the surface
of ceramics with some specific acidic etchants followed by
applying a silane coupling agent (silane). The silane currently
used in dentistry is 3-methacryloxypropyltrimethoxysilane, a
hybrid organic–inorganic trialkoxy ester monomer, which is
diluted in an acidified water-ethanol solvent system. Such
silane primers are said to be pre-hydrolyzed. Some oxide
ceramics with high crystalline content, such as alumina and
zirconia, cannot be easily etched with acid etchants. They
should be silica-coated and silanized prior to bonding. A
silane coupling agent should be applied after silica-coating to
the ceramic surface to achieve chemical bonding and the
optimal durable bond strength.

Keywords Silane coupling agent . Silane . Silica-coating .

Hydrofluoric acid . Acid etchants . Zirconia

1 Surface Treatments on Dental Ceramics

The direct bonding of ceramics to natural teeth is inadequate
for dental use because ceramics do not have a natural affinity
to teeth. Thus, to obtain sufficient adhesion, it is essential to
etch the tooth enamel with phosphoric acid and the bonding
surface of the ceramic is etched with an acid etchant so that
luting resin cement can penetrate into the pores and the

material necessarily silanized to ensure good bonding between
the ceramic veneer and luting resin cement as shown in Fig. 1
[1, 2]. When the ceramic restoration is cemented with resin
composite cement, the fracture resistance is increased [2]. In
many in vitro studies, a resin composite is used as a substitute
for enamel or dentin because of the similar biomechanical
properties between them.

2 Acid Etching in Bonding

Acid etching is the most effective procedure in enhancing and
retaining bond integrity between feldspar-based ceramic resto-
ration and resin composite cement compared with sandblasting
and grit-blasting the surface of ceramics [4]. By etching the
ceramic surface with hydrofluoric acid, HF, a porous structure
is created facilitating micromechanical retention between resin
composite and ceramic: uncured flowable resin composite
luting cement may penetrate into the porous structure [2]. A
secondary function of etching is cleansing the ceramic surface
by removing debris and unwanted oxides and thus, enhancing
wettability of the ceramic substrate [1, 4, 5]. Examples of acid
etchants include hydrofluoric acid, acidulated phosphate
fluoride, and ammonium hydrogen difluoride. It has been
claimed that etching is the most significant factor in improving
bond strengths in dentistry [6].

2.1 Hydrofluoric Acid Etching

Hydrofluoric acid creates the porous structure on the
ceramic surface by reacting with the silica matrix of the
ceramic to form volatile SiF4 [4, 7],

4 HF ‘ð Þ
HydrofluoricAcid

þ SiO2 sð Þ
SilicaMatrix

! SiF4 gð Þ
Silicon Tetrafluoride

þ 2 H2O ‘ð Þ
Water

ð1Þ
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Then, silicon tetrafluoride reacts further with the hydrofluoric
acid again to form a soluble complex ion, hexafluorosilicate,

2 HF ‘ð Þ
HydrofluoricAcid

þ SiF4 gð Þ
Silicon Tetrafluoride

! SiF6½ �2� aqð Þ
Hexafluorosilicate

þ 2 Hþ aqð Þ
Hydrogen ions

ð2Þ
The hydrogen ions in the solution react with the hexafluor-
osilicate complex ion that can be rinsed off:

SiF6½ �2 aqð Þ
Hexafluorosilicate

þ 2 Hþ aqð Þ
Hydrogen ions

! H2SiF6 ‘ð Þ
Fluorosilic acid

ð3Þ

By removing and dissolving the glassy phase matrix that
contains silica, SiO2, silicates, SiO4

4-, and leucite, K2O·Al2O3·4
SiO2, crystals, a deep porous structure with pore size of
3-4 μm is created. Boundary areas of silica in the ceramic
matrix dissolve at a higher rate than those within the exposed
grain [4, 6, 8–10]. The etched depth of feldspar-based ceramic
is observed to increase with time: etching the surface for 5 min
with hydrofluoric acid resulted in depth as deep as 5–7 μm and
etching castable glass ceramic produced depth as deep as
10 μm for 5 min [4]. An increase in concentration of
hydrofluoric acid increases the roughness of the ceramic
surface [14]. Ceramics etched with a higher concentration of
hydrofluoric acid (52%) for 1.5 min dissolved more of the
glassy phase and produced uniformly crystalline patterns while
lower concentration of hydrofluoric acid (20%) dissolved more
of the crystalline phase and displayed a more amorphous
structure exhibiting relatively large porosity [6]. Hydrofluoric
acid may attack ceramics such as leucite-reinforced, glass-
infiltrated alumina, lithium disilicate, and low alumina ceramic

[7, 11]. It has been reported that resin bonded to feldspar-based
ceramics had significantly greater bond strengths than resin
bonded to alumina [12].

Etching ceramic surfaces with 9.5% hydrofluoric acid
for 1 min provides adequate roughness and etching for
4 min provides the desirable surface irregularities and
roughness containing deep channels. Unfortunately, this
study was only an observational study and no quantitative
observations were recorded [8]. On the contrary, an in vitro
study found that the optimum etching time to be 2 min
using 5% hydrofluoric acid etching as evidenced by the
highest mean shear bond strength after 24 h water storage at
37°C, viz. 44.5±7.6 MPa, for feldspar-based ceramic
bonded to resin composite. Anything greater than 3 min
decreased the bond strength. A scanning electron micro-
scope study revealed that ceramic surfaces etched between
2 min to 3 min resulted in rougher, deeper, and larger
number of pore sites, thus, more resin can penetrate into
the ceramic pores to provide micromechanical interlocking
[6, 13]. Etching for a prolonged period of time should be
avoided because etching 5% HF for 2.5 min had signifi-
cantly higher shear bond strengths than 20 min [12]. The
best advice is to follow the manufacturer’s recommenda-
tions or, also a good rule of thumb is anywhere between
1 min to 2 min if no instructions are provided.

2.2 Some Other Acidic Etchants

Acidulated phosphate fluoride, APF, contains 1.23% fluoride
ions. The fluoride ion is released from NaF and HF and the
etchant is acidified by the addition of 0.1 M H3PO4 [15, 16].
These materials are described as gels that are thixotropic
with no stable three-dimensional network [10]. Increasing
etching time for APF is reported to increase the shear bond
strength [17].

Ammonium hydrogen difluoride, NH4HF2, may be used
as a glass etchant and as an intermediate for production of
hydrofluoric acid [18]. NH4HF2 attacks the silica component
of glass:

SiO2 þ 4 NH4HF2 ! SiF4 þ 4 NH4Fþ 2 H2O ð4Þ

2.3 Hydrofluoric Acid Etching vs. Other Etching Agents

Etching feldspar-based ceramics with 23% APF for 10 min
is insufficient to generate the amount of micromechanical
interlocking in comparison with 9.5% hydrofluoric acid
etched for 4 min. A scanning electron microscope showed a
shallow and smooth homogenous surface with acidulated
phosphate fluoride in contrast to a deep, three-dimensional
lattice, and uniformly porous channels with hydrofluoric
acid [8, 17, 19]. Hydrofluoric acid treatment exhibits more

Fig. 1 An outline of a bonding system

118 Silicon (2011) 3:117–123



aggressive etching patterns and porous structures than
acidulated phosphate fluoride etching [20]. Acidulated
phosphate fluoride acts more superficially on the ceramic
surface because it contains only a low concentration of
hydrofluoric acid with few fluoride ions [8, 18, 21].

2.4 Bond Strengths with Acid Etching

In an in vitro study, feldspar-based ceramic surfaces etched
with 9.6% hydrofluoric acid for 2 min and bonded to resin
composite resulted in a statistically higher tensile bond
strength than for surfaces etched with 4% acidulated
phosphate fluoride for 2 min and 10% NH4HF2 for 1 min.
Highly irregular surface patterns produced the highest bond
strength as demonstrated by using hydrofluoric acid [19].

Among the five different surface conditioning treatments
on leucite-reinforced ceramics, viz. with 9.5% hydrofluoric
acid, 50% phosphoric acid, 60% phosphoric acid, 50 μm air
borne particle abrasion, and 250 μm air borne abrasion, it
was observed that 9.5% hydrofluoric acid produced the
highest shear bond strength when luted with a resin
composite to enamel, 14.7±0.6 MPa, and bonded to dentin,
8.2±1.5 MPa. All specimens were treated with a silane
coupling agent. The mean shear bond strength was almost
50% higher than the second highest group that was treated
with a 60% phosphoric acid. The lowest mean shear bond
strength obtained was a ceramic surface treated with 50%
phosphoric acid bonded to enamel, 2.7±0.8 MPa, and
bonded to dentin, 1.5±0.1 MPa. It was observed that 9.5%
hydrofluoric acid produced the roughest surface on leucite-
reinforced ceramics by using a surfanalyzer, which mea-
sures surface roughness by calculating the average height of
irregularities from mean line within sampling mean length
[22]. Reported microtensile bond strength values for
lithium disilicate ceramics etched with 9.6% hydrofluoric
acid for 2 min had a higher bond strength, 41.7±6.7 MPa,
than those etched with 4.0% acidulated phosphate fluoride
for 2 min, 19.1±2.6 MPa [23].

2.5 Is Hydrofluoric Acid Unnecessary?

It has been claimed that etching with hydrofluoric acid is
unnecessary because of its toxicity. Hydrofluoric acid
dissolves in the epithelial lining fluid to form a weak acid
(pKa=3.8) and is toxic to the lungs and eyes. It is readily
absorbed through the skin into the blood and may cause
tissue necrosis and degeneration of bones. HF may cause
severe burns on mucosa, eyes, and skin. The HF etching
must take place in a dental lab and never intraorally. It is
suggested to use as low concentration as possible, to
neutralize hydrofluoric acid before disposing, and to keep
hydrofluoric acid containers closed at all times when not in
use [24, 25]. One study suggested that unfilled resin bonded

to ceramic with 9.5% hydrofluoric acid etching and 1.23%
acidulated phosphate fluoride etching yielded similar etch-
ing patterns with similar depth and potential for micro-
retention. There were no significant differences in mean
bond strengths between etching with hydrofluoric acid or
etching with acidulated phosphate fluoride on the ceramic
surface. However, hydrofluoric acid etching still produced a
higher overall mean bond strength compared to acidulated
phosphate fluoride etching [18].

Another in vitro study reported that a durable bond
between ceramic and resin can be obtained with grit-
blasting the ceramic surface only since the mean tensile
bond strength was similar to hydrofluoric acid etching the
ceramic surface. This result was observed before and after
water storage in combination with thermocycling [26].
Kukiattrakoon et al. found that ceramics etched with either
1.23% acidulated phosphate fluoride for 7–10 min or 9.6%
hydrofluoric acid for 4 min bonded to resin composite
didn’t produce a significant difference in shear bond
strengths between the two surface treatment approaches.
Nevertheless, hydrofluoric acid etching for 4 min still
yielded the highest shear bond strength, 17.64±
1.48 MPa, compared to acidulated phosphate fluoride
etching, 17.33±1.43 MPa [17]. It may be concluded that
there are still far more studies achieving higher bond
strengths between resin and ceramic with hydrofluoric
acid etching than without.

3 Silane Coupling Agents

Silane coupling agents (silanes) are synthetic organic–
inorganic hybrid compounds with direct ≡C-Si≡ bonds.
They are silicon esters that may contain trialkoxysilane
groups. They bond dissimilar materials together by forming
a branched 3D siloxane (-Si-O-Si-) film between two
materials [7, 11, 26]. Silanes are used as surface primer
agents for adhesion promotion, a process called conditioning
or priming. Conditioning can increase the critical surface
energy of a surface. A high critical surface energy on the
substrate surface and low surface tension of a liquid is
desired because liquids will spread evenly onto the surface.
Low energy contaminants such as oil and grease inhibit
wetting and prevent adhesion. In order to achieve complete
wetting, the adhesive must have low viscosity and the
surface tension must be lower than the critical surface
tension (γc) of the substrate surface [7]. For dental use, 3-
methacryloxypropyltrimethoxysilane monomers are diluted
with an acidified solvent, usually ethanol, to produce ca. 1-2%
silane primers that then wet the substrate surface and reduce
the surface tension of an etched ceramic so that resin
composite cement can penetrate easily into the pores and
adhere to the ceramic surface [2, 7, 8, 27, 28].
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Moreover, silanes can act as mediators that bond two
dissimilar materials together through a process called
silanization. They are structured to have dual function
monomers consisting of alkoxy groups that are hydrolyzed
to react with the ceramic surface and methacrylate groups
containing C=C bonds that co-polymerize with the monomers
of the resin composite matrix [11, 29]. In dentistry, silanes
are indicated for veneering, prior to cementation of the
ceramics, and before repairing ceramic/composite veneers.
Most pre-activated silane products already contain activated
silane oligomers that have been hydrolyzed but the disadvant-
age of pre-activated silane is a shorter shelf life [2, 7, 11]. For
common activated dental silane products, the shelf life of
silanes is usually 2–4 years [30].

3.1 The Chemistry Behind Silane Coupling Agents

Tetrachlorosilane (silicon tetrachloride), SiCl4, is used as a
precursor for the syntheses of functional silane monomers.
It undergoes rapid hydrolysis:

SiCI4 ‘ð Þ þ 2 H2O g or ‘ð Þ ! SiO2 sð Þ þ 4 HCI gð Þ ð5Þ
The silane coupling agent used in dentistry is 3-
methacryloxypropyltrimethoxysilane, also known as γ-
methacryloxypropyltrimethoxysilane or γ-MPS for short
form (Fig. 2). It is usually dissolved and diluted with an
ethanol-water solution, ca. 1-2% and acetic acid is used to
catalyze the reaction and pH is adjusted to 4-5 [7]. Typical
silane coupling agents have three hydrolyzable alkoxy groups
on a silicon atom [11].

The hydrophobic silane monomer (Fig. 2) has one
backbone end that contains a non-hydrolyzable methacrylate
group with a vinylic carbon-carbon double bond (-CH=CH2).
The other end consists of relatively fast hydrolyzable alkoxy
groups, usually due to kinetic reasons it is a methoxy group,
–O-CH3. After activation, the alkoxy groups become labile
intermediates that hydrolyze. The silane ester groups, –Si-O-
CH3, form hydrophilic labile silanol groups, ≡Si-OH, and a
solvent is present to maintain coupling agent solubility [7,
30]. Monomeric or oligomeric silanols may react to form
polysiloxane bonds (–Si-O-Si-)n with other surface silanols
to create a complex 3D silane film [7, 31]. Several

monolayers of silane film condense to form oligomeric
siloxanols and these siloxanols condense again to form
cross-linked structures that bond to the silica on the ceramic
surface [6, 31]. However, silane films are unstable in humid
conditions [32]. Figure 3 shows a very brief and simplified
version of the understood hydrolysis reaction.

The optimal thickness for strong bonding between silane
and silica on the ceramic surface is estimated to be 10–20 nm
[7, 33]. Heat treatment on a silanized feldspar ceramic at
60°C for 60 s eliminates contaminants (such as water and
alcohol) that decrease bonding sites on the ceramic surface
and improve the shear bond strength between the resin and
ceramic. The condensation reaction on the silane-silica
interphase may proceed towards its completion and allow
the formation of silane-silica covalent bonds [3, 11, 31]. A
minimum drying (i.e. reaction) time of 3 min has been
suggested for the application of a silane coupling agent to
the ceramic surface in dentistry [34], however, it might be
even only 1 min, as suggested in vitro [35]. According to an
in vitro study, storing pre-activated silane solution, viz. 2.5%
3-methacryloxypropyltrimethoxysilane with grade solvents
of 2.5% acetic acid (catalyst) and 95% ethanol for various
periods of time (15 min, 2 h, 1 month, 6 months, and 1 year)
showed no significant difference in the tensile bond strength
of leucite-reinforced ceramic bonded to resin with a silane
coupling agent [34]. A clear silane solution indicates
usability while a milky or cloudy silane solution means that
some chemistry with other elements has occurred and it is
wise to dispose the solution [36]. Silane solutions can
deteriorate over time and precipitate out of the solution to
form a polymer without coupling properties [7, 13, 30].

3.2 Bond Strengths After Silanization

By silanizing the ceramic surface only, bond strength between
the ceramic and the resin can improve [37, 38]. It was found
in vitro that applying 3-methacryloxypropyltrimethoxysilane
onto the ceramic surface bonded to resin composite resulted
in significantly higher mean tensile bond strength values
than by surface etching. Silanizing treatment only produced
mean tensile bond values of 11.4±3.5 MPa for leucite-
based ceramics and 9.8±2.7 MPa for alumina-reinforced
ceramics. However, there was no control in the study to
compare how much the bond strength improved without
any treatments [19].

4 Hydrofluoric Acid Etching Followed by Silanization

There is a general, though not unanimous, agreement that
hydrofluoric acid etching followed by silanization with 3-
methacryloxypropyltrimethoxysilane generates higher bond
strengths than either treatment alone. Silanization is under-

CH2

O Si
O

CH3

O

O

CH3

CH3

CH3

O

Fig. 2 3-methacryloxypropyltrimethoxysilane (γ-methacryloxypro-
pyltrimethoxysilane)
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stood to create hydrogen bonding and covalent bonding
between the resin and the ceramic while etching provides
the mechanical interlocking [6, 8, 11, 34, 39, 40].

4.1 Bond Strengths with Etching and Silanization
Treatments Without Any Storage Conditions

A combination of both etching and silanization treatments
on feldspar-based ceramic bonded with resin composite
yielded a shear bond strength of 18.6±1.8 MPa, in
comparison to a shear bond strength of 15.6±0.9 MPa for
hydrofluoric acid etching as a treatment alone. Albeit, the
bond strength difference was not statistically significant and
the concentration of hydrofluoric acid used in the study was
not mentioned [6]. Also observed was a significant
improvement in the bond strength for resin composite bonded
to leucite-based ceramics that was etched with 20% hydro-
fluoric acid and silanized. Shear bond strengths improved
from 5.31±3.29 MPa (no treatments) to 24.62±5.70 MPa
(etching plus silanization) [37]. It was found that etching
with 9.6% hydrofluoric acid and silanizing bonded to resin
composite achieved shear bond strength as high as 19.72±
7.73 MPa. Even sandblasting in combination with silanizing
(16.20±3.01 MPa) did not reach bond strengths as high as
using hydrofluoric acid etchingwith silanization [41]. Another
in vitro study reported that silanization together with 9.5%
hydrofluoric acid etching on the surface of feldspar-based
ceramic bonded to composite improved bond strength
dramatically (46.9±6.6 MPa) but was not statistically
significant compared to silanization only (38.7±8.1 MPa) [42].

4.2 Bond Strengths with Etching and Silanization
Treatments with Water Storage

It was observed in vitro that 9.6% hydrofluoric acid etching
feldspar-based ceramic and silanizing bonded to resin
composite produced mean shear bond strength of 11.97±
0.47 MPa after 24 h water storage at 37°C. By adding a
third surface treatment, viz. 50 μm air particle abrasion, in
addition to acid etching and silanization, the bond strength
increased minimally to 12.34 MPa [43].

Etching feldspar-based ceramics with concentrated
hydrofluoric acid and then bonded to enamel resulted in a
mean shear bond strength of 27.6 MPa. Thermo-cycling,

ie. artificial aging of specimens transferring specimens
between water baths of 5±2°C and 55±2°C for a number of
cycles, 500 times decreased the bond strength to 21.4 MPa.
A combination of both etching and silanizing resulted in
mean shear bond strengths of 33.8 MPa and thermo-cycling
500 times didn’t reduce the bond strength significantly to
29.9 MPa. The higher shear bond strength compared to
other studies was attributed to the resin composite cement
with a higher filler content that provided strength. Higher
filler content reduces water sorption. It has been concluded
that both etching and silanizing are crucial to achieving
high bond strengths [44]. It has been reported that both
hydrofluoric acid etching and silanization on lithium
disilicate ceramics bonded to resin composites had signifi-
cantly higher bond strengths than either treatments alone in
vitro as shown in Table 1 [23].

However, etched and silanized leucite-reinforced ceramics
bonded to resin composite did not improve the bond strength
as much as silanizing treatment only as shown in Table 2
[23]. A bond strength of 49.7±11.9 MPa was obtained
compared to 27.2±4.8 MPa [23] but the standard deviation
was quite high for the study. However, the difference
between the two studies was in [40] the ceramic surface
was air abraded with 30 μm Al2O3 in addition to 9%
hydrofluoric acid etching and the specimens were, interest-
ingly, not subjected to water storage [23, 40]. Some other
studies have found that etching with 8% hydrofluoric acid
and silanization was not as effective as air abrading the
ceramic surface with 50 μm Al2O3 followed by 8%
hydrofluoric acid etching and silanizing. In fact, the
researchers found a significant decrease in bond strength
with etching and silanization only after thermo-cycling as
shown in Table 3 [45]. Another in vitro experiment on the
bond between resin-to-ceramic using leucite-reinforced

Table 1 Lithium disilicate ceramics bonded to resin composite
water stored at 37°C for 30 days. Silanization with 3-
methacryloxypropyltrimethoxysilane

Treatments Bond Strength/MPa

9.6% HF etched, silanized 56.1±4.1

Silanized only 30.1±5.3

9.6% HF etched only 41.7±6.7

SiO
CH2

CH3

O

O

O

O

CH3

CH3

CH3

CH2
O Si

OH
OH

OH

CH3

O

+3H2O

-3CH3OH

Fig. 3 A simplified version of the hydrolysis of γ- methacryloxypropyltrimethoxysilane
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ceramics found that treating the ceramic surface with 6%
hydrofluoric acid etching and silanization resulted in similar
bond strength as 30 μm silica-coating and silanization,
10.19±3.1MPa and 10.17±3.1MPa, respectively. Specimens
were subjected to 7 day de-ionized water storage at 37°C [46].

4.3 Some Conclusions

Hydrofluoric acid etching and silanization can achieve the
optimal bond strength in comparison to other etchants if the
ceramic etched is feldspar-based but a few other studies
demonstrated that other methods can also attain comparable
bond strengths. Feldspar-based ceramics have a larger
glassy phase that enables more etching that creates more
porous structures and creates more micromechanical inter-
locking by the penetration of resin composite cement.
Silanization can produce covalent bonding between the
ceramic surface and the resin cement. However, too high
concentration of hydrofluoric acid used for etching may
have adverse consequences on the bond strength.

5 Tribochemical Silica-Coating

Dental ceramics with high crystalline content such as
alumina and zirconia should be silica-coated prior to
silanization because they do not contain a glassy phase
for etching [47–49]. The tribochemical silica-coating
method conditions the surface by depositing alumina
particles coated with silica onto the substrate surface. The
particles hit the surface causing a momentary local temper-
ature as high as 1200°C. The fresh silica layer fuses

onto the substrate surface. Finally, a silane coupling agent
(3-methacryloxypropyltrimethoxysilane) is applied to the
surface to create hydrogen and covalent bonds between the
substrate layer and the resin composite. The patented
systems that are commercially available are Rocatec®
system meant for dental laboratories [30, 50] and CoJet®
for dentist’s office [6, 49, 51].

Once resin bonded to alumina ceramics are silica-coated
and silanized, shear bond strengths as high as 21.54±
1.4 MPa can be obtained after 5000 times thermocycling
between +5°C and+55°C. Etching or sandblasting only
resulted in shear bond strengths of 5.5±0.7 MPa and 12.9±
2.0 MPa, respectively [52]. A study on assessing the bond
strength between alumina-reinforced feldspar ceramic and
resin composite concluded that alumina-reinforced ceramics
should be silica-coated and silanized to achieve a durable
bond strength after thermo-cycling. Etching alumina-
reinforced ceramics with 9.5% hydrofluoric acid followed
by silanization can result in higher bond strength than 30 μm
silica-coated alumina-reinforced ceramic followed by silani-
zation initially. However, after dry and long term water
storage at 37°C for 150 days followed by 12000 cycles in
thermocycling, silica-coating with silanization can sustain a
significantly higher bond strength than hydrofluoric acid
with silanization as shown in Table 4 [29].

Before bonding resin to zirconia ceramics, zirconia must
be treated by either air abrading the surface with alumina
particles or silica-coated before silanization to achieve
adequate bond strengths. Zirconia with no surface treat-
ments and silanized resulted in low bond strength of 7.6±
3.0 MPa. However, after 30 μm alumina air abrasion
followed by silanization, bond strength as high as 18.6±
5.9 MPa was obtained [53].

6 Current Research in Dentistry Regarding
Resin Ceramic Bonding

We may confidently claim that surface treatments are vital to
achieving durable bonding and high bond strength between

Table 2 Leucite-reinforced ceramics bonded to resin composite
water stored at 37°C for 30 days. Silanization with 3-
methacryloxypropyltrimethoxysilane

Treatments Bond Strength/MPa

9.6% HF etched, silanized 20.6±3.0

Silanized only 27.2±4.8

9.6% HF etched only 9.9±1.2

Table 3 Shear bond strengths with and without air particle abrasion.
Silanization with 3-methacryloxypropyltrimethoxysilane

Storage Bond strength when
etched and silanized/
MPa

Bond strength, when
air abraded, etched,
and silanized/MPa

24 h 22.7±4.9 20.9±4.5

24 h+2500 cycles
of thermo-cycling

9.6±1.9 17.4±2.0

Table 4 Alumina-reinforced ceramics bonded to resin composite
before and after long term water storage. Silanization with 3-
methacryloxypropyltrimethoxysilane

Treatments Bond Strength—
no storage/MPa

Bond strength after dry
storage at 37°C for 150
days, and thermo-cycling
12000 times/MPa

9.5% HF etched,
silanized

19.8±3.8 12.1±2.6

30 μm silica-coated,
silanized

12.4±4.7 14.5±3.1
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resin and ceramic. Ceramics with the presence of a glassy phase
should be acid etched and then silanized. High crystalline
content ceramics should be silica-coated followed by silaniza-
tion. Perhaps surprisingly, many reported in vitro studies do not
test out different storage media other than the conventional
storage conditions such as water storage or thermocycling.
Some recent studies based on experimental silane coupling
agents, such as 3-acryloxypropyltrimethoxysilane and 3-
isocyanatotriethoxysilane, suggest significantly improved bond
strengths [30, 49, 50, 54–56] than those obtained with 3-
methacryloxypropyltrimethoxysilane. In general, future in vitro
studies should consider the use of artificial saliva or food
beverages as a storagemedia [57]. Also, far too many scientific
reports use only 3-methacryloxypropyltrimethoxysilane
[6, 11, 30].

When comparing bond strengths among different studies,
one should be very cautious because dissimilar ceramic types,
varied concentration of acid etchant, selection of bond test
method, different number of specimens, and distinctive
storage methods and periods are used. Also, the absolute
numerical bond strength values may be misleading; the
comparison should be made to the control group behavior. A
challenge remains: researchers should come up with a stand-
ardized method to make the various studies more comparable.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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