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Short- and Long-Term Bond
Strength Between Resin Cement
and Glass-Ceramic Using a Silane-
Containing Universal Adhesive

F Murillo-Gémez ¢ FA Rueggeberg « MF De Goes

Clinical Relevance

Use of various “silane solutions” provides different bond strength values and patterns of
failure according to subjection to short- or long-term water storage. Use of an adhesive
layer following a separate silane application may improve long-term clinical ceramic/resin

cement bonding performance.

SUMMARY

This study aimed to evaluate the effect of
various silane-containing solutions on bond-
ing between resin cement and glass ceramic
after 24 hours and after six months of water
storage. Glass-ceramic plaques (IPS e.max
CAD) were sandblasted with aluminum oxide,
etched with 10% hydrofluoric acid (HF), and
divided into five “silane treatment” groups:
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RelyX Ceramic Primer (RCP), RelyX Ceramic
Primer and Single Bond Plus (RCP+SB),
Scotchbond Universal (SBU), Clearfil Ceramic
Primer (CP), and no solution (HF-only control).
Each group was divided into two “storage
time” subgroups: 24 hours or six months in
37°C water. Eighteen resin cement cylinders
(RelyX Ultimate) were bonded to each treat-
ment group substrate (n=18) and then subject-
ed to microshear testing. Failure mode was
analyzed using scanning electron microscopy.
Debond data were analyzed using a two-way
analysis of variance and the Tukey post hoc
test (¢=0.05) as well as Weibull distributions.
The factors “silane treatment,” “storage time,”
(p<0.0001), and their interaction were statisti-
cally significant (p<0.0010). Group means
(MPa*=SD), RCP (24 howurs: 27.2+3.1; six
months: 18.0+4.9), and HF-only control (24
hours: 21.1+3.4; six months: 15.7+5.8) showed
a reduced bond strength after six months of
water storage, while RCP + SB (24 howurs:
23.4+4.4; six months: 22.2+5.4), SBU (24 hours:
18.8+3.0; six months: 17.2+3.6), and CP (24
hours: 21.7+4.3; six months: 17.4+4.8) remained
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constant. Weibull analysis revealed that more
reliable bond strengths were obtained after six
months for SBU and RCP + SB. Evaluation by
scanning electron microscopy revealed that all
groups demonstrated hydrolytic degradation
at six months of storage, but RCP + SB and
SBU indicated less. Use of a separate applica-
tion of silane and adhesive system improved
short and long-term ceramic/resin cement
bond strength.

INTRODUCTION

In recent years, all-ceramic restorations have been
highly utilized in dentistry because of their biocom-
patibility, high mechanical properties, and optimal
esthetics." However, in order to bond inorganic
restorative materials to organic tooth tissues, sur-
face preparation and application of coupling agents?
to both dental tissues® and ceramic material are
essential.* Also, the presence of an intermediate
material, such as resin cement, can improve the
overall mechanical behavior of the restoration.>® All
of these factors need to be considered to ensure
adequate, long-lasting bonding with optimal clinical
performance.”’

Two main strategies are employed to enhance
resin cement/glass-ceramic bonding: mechanical and
chemical. Silanes provide chemical adhesion to
silica-containing ceramic substrates® and are often
coupled with the use of acid etchants on ceramic
surfaces (hydrofluoric acid [HF]) in order to dissolve
part of the glassy phase, facilitating mechanical
interlocking of the resin cement.**®® This combina-
tion of both mechanical and chemical strategies is
currently the most accepted procedure for enhancing
resin cement/glass-ceramic bonding.?*°

Silane coupling agents have been applied as
adhesion promoters in dentistry since 1977.1° These
silane primer molecules contain two different,
reactive functional groups: one end reacting with
methacrylates and the other reactive toward silica in
glassy structures. This latter group can exist as a
nonfunctional silane (containing alkoxy [-OR]
groups) that, after hydrolysis, reacts with inorganic
substrates? in order to achieve not only a linear but
also a three dimensional, cross-linked network
between ceramic and resin.'’® The alkoxy groups
of silane-coupling agents must be activated by a
hydrolysis process (SiOR—SiOH) to be able to bond
to silica in glass ceramic through OH groups,
following a condensation step in which water is
released.?

Other methods can also be used to improve
ceramic-resin bonding, such as airborne-particle
abrasion with 50-pm aluminum oxide®!* and em-
ployment of primers containing silane mixed with
phosphate acid monomers, such as 10-methacryloy-
loxydecyl dihydrogen phosphate (MDP). These phos-
phate acid monomers are used because of their
ability to chelate bond with metallic cations present
in some ceramics (mainly the polycrystalline ceram-
ics) as well as in hydroxyapatite while having the
ability to covalently bond with methacrylate groups
of resin cements.'*'® Thus, when silane and a
phosphate acid monomer are combined in a ceramic
priming agent, a “universal ceramic primer” is
created because it has the potential to chemically
bond to a high number of restorative and tooth
substrates.

Thus, these phosphate acid monomers are also
found in some enamel-dentin adhesives (self-etch or
multimode) to act as coupling agents between
composite resin and calcium present in hydroxyap-
atite of dental tissues.'® Silane is incorporated in
those adhesives, providing a class of materials called
“universal bonding solutions,” and are to be used
with enamel, dentin, ceramic, and metal substrates.
Because silane and MDP are incorporated into those
adhesive compositions, these products may also be
indicated to enhance bonding between resin cements
and glass and nonglass ceramics. Therefore, these
universal systems have a great potential for provid-
ing adhesion to a wide variety of substrates and for
simplification of many dental procedures through
use of only one product for many clinical purposes.*”

Manufacturers recommend this broad range of
“silane primers” to be employed indistinctly (wheth-
er silane is mixed with other components or not)
when performing glass-ceramic pretreatment. To
date, there is no evidence comparing the effect of
these different kinds of silane primers (particularly
the silane-containing, multimode adhesives with
conventional silane-only primers) on glass-ceramic/
resin cement bonding after short- and long-term
storage.

Thus, the purpose of this in vitro study was to
evaluate the effect of a silane-containing, universal
adhesive on the microshear bond strength between
resin cement and glass ceramic after 24 hours and
after six months of water storage. The null hypoth-
eses tested were 1) that there are no significant
differences in ceramic/resin cement bond strengths
provided by the different silane treatments employed
and 2) that there are no significant differences in
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ceramic-resin cement bond strengths after 24 hours
and after six months of water aging.

METHODS AND MATERIALS
Specimen Preparation and Group Division

One hundred and eighty sintered plaques of lithium
disilicate glass ceramic (IPS e-max lithium disilicate
CAD/CAM, A2 color, Ivoclar, Vivadent, Schaan,
Liechtenstein), measuring 3 *= 0.1 mm in length, 3
+ 0.1 mm in width, and 2 * 0.1 mm in thickness,
were prepared. Specimens were sandblasted with
aluminum oxide (50 um; Bio-Art, Sdo Carlos, Brazil)
at 2 bar pressure for five seconds on only one surface
at a working distance of 5 mm in order to standardize
ceramic surface roughness after the milling process.
Specimens were ultrasonically cleaned for five min-
utes in distilled water and air-dried. Surfaces were
then etched with HF (10% hydrofluoric acid gel,
Porcelain Conditioner Dentsply, Petropolis, Brazil)
for 20 seconds.'® A previously perforated, double-
faced adhesive tape (having circular perforations
measuring the same as the resin cement cylinders
to be built) was placed on each ceramic surface in
order to delineate the ceramic/resin cement bonding
area (one cylinder per ceramic plaque).

A variety of manufacturer-recommended silane
treatment protocols for the ceramic surfaces were
formed among five groups: 1) RelyX Ceramic Primer
(83M ESPE, St Paul, MN, USA) consisted of a single
silane primer (RCP) and was applied actively onto the
ceramic surface for 60 seconds, followed by thorough
drying using oil-free air until complete solvent
evaporation (20 seconds); 2) RelyX Ceramic Primer
was also applied actively for 60 seconds and thor-
oughly dried, and then an adhesive system (Adper
Single Bond Plus, 3M ESPE) was applied in one coat
for 15 seconds, air-dried for five seconds, and left
unpolymerized in order to be light cured together with
the resin cement (RCP+SB); 3) Scotchbond Universal
(SBU), a “silane-containing,” universal adhesive sys-
tem (3M ESPE), was actively applied for 20 seconds,
air-dried for five seconds, and also left unpolymerized;
4) Clearfil Ceramic Primer (CP), containing both
silane and MDP (Kuraray Noritake Inc, Okayama,
Japan), was applied to the ceramic surface in one coat
and air-dried until solvent evaporation (20 seconds);
and 5) a control, HF-only treatment group (HF-
control), having no silane treatment, using only the
previously HF-etched ceramic surfaces. Materials
used are described in Table 1.

Thirty-six resin cement cylinders (RelyX Ultimate,
3M ESPE) (1+0.1 mm in diameter and 1+0.1 mm in
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height) were built up on treated ceramic surfaces for
each group (one specimen was bonded to only a
single ceramic plaque) with the aid of a silicon mold
containing a single circled compartment per plaque.
Resin cement was injected onto the mold using the
manufacturers’ auto-mixing tip, without separating
the tip from the dispensed mass, until filling the
compartment completely. A half-millimeter-thick
glass slide was then placed over the top of the mold,
and each cylinder was exposed for 40 seconds
(Optilight Max, Gnatus, Brazil; light output: 600
mW/cm?). The ceramic-plaque/resin-cement assem-
blies were removed from the molds after five
minutes, water rinsed, and dried. All groups were
randomly divided into two subgroups (n=18) for
testing the effect of water storage duration at 37°C:
1) 24 hours and 2) six months.

Microshear Bond Strength Test and Statistical
Analysis

After each storage time, specimens were dried and
attached to a holding device using cyanoacrylate
cement (420 Super Bonder Instant Adhesive, Loctite,
Henkel Corp, Westlake, OH, USA) and placed on the
platen of a universal testing machine (Instron 4411,
Instron Corp, Canton, MA, USA) to perform micro-
shear bond testing (uSBS), following methodology
developed by Shimada and others.'® An uplifting
shear load was applied to the extreme base of each
resin cement cylinder at a crosshead speed of 0.5
mm/min through the aid of a thin wire (0.20-mm
diameter) placed strictly parallel to and in contact
with the adhesion area on the substrate. Using the
cross-sectional area of each specimen, the resulting
bond strength was calculated and expressed in MPa,
after which a group mean was computed (n=18). All
data were statistically analyzed (Minitab version
17.2.1, Minitab Inc, State College, PA, USA). A two-
way analysis of variance (silane treatment vs storage
time) was performed followed by the Tukey pairwise
post hoc test at a preset alpha of 0.05 to evaluate
bond strength values. Pretesting bond failures were
not considered in the statistical analysis. In addition,
Weibull distribution plots were also generated.
Failure mode prevalence was statistically analyzed
using the chi-square test (¢=0.05) to assess the effect
of silane treatment on failure mode within each
storage time.

Failure Pattern Analysis

Visual analysis of the fractured surfaces was
performed using scanning electron microscopy.
Specimens were mounted on aluminum stubs,
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Table 1:  Materials Used and Their Compositions

ceramic, A2

Liechtenstein/N76665

ZI’Oz, ZnO, A|203, MgO,
coloring oxides

Material Type of Material Manufacturer/Lot Composition? Application Steps
Number
IPS e.max CAD Lithium disilicate glass Ivoclar, Vivadent, Schaan, SiO2, Li20, K20, P20s,

RelyX Ceramic Primer
(RCP)

Ceramic primer (silane)

3M ESPE St Paul, MN,
USA/N406850

MPS, ethanol, water

Apply actively for 60 s,
then thoroughly air-dry

Adper Single Bond Plus
(SB)

Total-etch adhesive
system

3M ESPE/N334650BR

Bis-GMA, HEMA,
dimethacrylates,
ethanol,water,
photoinitiators, a
methacrylate functional
copolymer of polyacrylic
and polyitaconic acids and
silica nanofiller

Apply actively for 15 s in
one layer and air-dry for 5
s and do not polymerize
separately

Scotchbond Universal
(SBU)

Multimode adhesive
system

3M ESPE/504115

MDP, dimethacrylate
resins, HEMA, Vitrebond
TM Copolymer, filler,
ethanol, water, initiators,
silane

Apply actively for 20 s and
air-dry for 5 s and do not
polymerize separately

Clearfil Ceramic Primer
(CP)

Ceramic primer

Kuraray Noritake Dental
Inc, Okayama, Japan/
00023D

MPS, MDP, ethanol

Apply on the entire
surface, then thoroughly
air-dry

RelyX Ultimate

Resin cement, A2

3M ESPE/505370

Base paste: methacrylate
monomers, radiopaque
silanated fillers, initiator,
stabilizer, rheological
additives

Apply the resin cement
with an automixing tip
(provided by manufacturer)
without separating it from
the dispensed mass until

filling the compartment
Catalyst paste:
methacrylate monomers,
radiopaque alkaline (basic)
fillers, initiator, stabilizer,
pigments, rheological
additives, fluorescence
dye, dark cure activator for
Scotchbond Universal

MPS, methacryloxypropyltrimethoxysilane (pre-hydrolyzed silane).

Abbreviations: Bis-GMA, bisphenol A-diglycidy! ether dimethacrylate; HEMA, 2-hydroxyethyl methacrylate; MDP, 10-methacryloyloxydecy! dihydrogen phosphate;

2 Product composition according to materials safety data sheets provided by the manufacturers.

sputter coated with gold/palladium (SCD 050, Balz-
ers, Schaan, Liechtenstein), and then examined
using scanning electron microscopy (SEM) (JSM
5600 LV, JEOL, Tokyo, Japan) operating at 15 kV
and a working distance of 15 mm. Images of
representative areas of the fractured surfaces were
obtained at different magnifications for fracture
pattern morphology evaluation. Fracture classifica-
tion was assigned using the following criteria: AD-
CC, adhesive failure between ceramic and resin
cement; AD-AC, adhesive fracture between the
adhesive system layer (when employed) and the
resin cement; C-AS, cohesive failure in adhesive
system (when employed); C-CE, cohesive failure
within the ceramic; C-RC, cohesive failure in resin
cement; and MIX, a mixture of different kinds of
fractures within the same specimen.

RESULTS

The statistical report indicated data were normally
distributed (Anderson-Darling test, p=0.251), and
homoscedasticity was proven (Bartlett test,
p=0.080), both at a preset alpha of 0.05, indicating
appropriate use of parametric methods for data
analysis. The two-way analysis of variance revealed
that the factors “Storage Time” and “Silane Treat-
ment” both significantly influenced pSBS values
(p<0.0001). Likewise, the interaction between the
two factors was also significant (p=0.0010). Descrip-
tive statistics for the pSBS results and statistical
grouping of data sets for each experimental group
are provided in Table 2. Regarding groups stored for
24 hours, the conventional silane (RCP) group
presented higher bond strength values than all other
experimental groups, except for the group where a
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Table 2: Microshear Bond Strength Values (MPa, mean=SD) Among the Test Groups Stored for Either 24 Hours or Six Months
in 37°C Water
Ceramic Silane Storage Time NP Number of Micsoshear Bond Decrease in Bond Strength Statistical Grouping
Treatment?® (37°C Water) Pretest failures  Strength (MPa)® With Storage Time (MPa [%)]) Within Storage Time®
RCP 24 h 18 0 27.2 (=3.1) 9.2 (34%) A
6 mo 18 1 18.0 (+=4.9) ab
RCP + SB 24 h 18 0 23.4 (x4.4) 1.2 (5%) AB
6 mo 18 0 222 (£5.4)" a
SBU 24 h 18 0 18.8 (+3.0)* 1.6 (9%) B
6 mo 18 2 17.2 (+3.6)* b
CP 24 h 18 0 21.7 (=4.3)* 4.3 (20%) B
6 mo 18 0 17.4 (+4.8)* b
HF-control 24 h 18 0 21.1 (=3.4) 5.4 (26%) B
6 mo 18 1 15.7 (+5.8) b
2 RCP, RelyX Ceramic Primer; RCP + SB, RelyX Ceramic Primer and Adper Single Bond 2; SBU, Single Bond Universal; CP, Clearfil Ceramic Primer; HF/control, no
silane, 10% hydrofluoric acid only.
b Sample size.
¢ Debond strength values with an asterisk between 24 hours and six months for each treatment are not significantly different.
9 For statistical grouping, groups identified by similar uppercase letters (24-hour values) or lowercase letters (six-months values) are not significantly different (p<0.05).

conventional silane followed by an adhesive system
layer was applied (RCP+SB), which also showed no
statistical difference with the other groups (Table 2).
Moreover, after six months of water storage, the
RCP + SB and RCP groups obtained the highest
results (respectively), but RCP was not statistically
different from the other groups (CP, SBU, and HF-
control) (Table 2). Only the RCP and the HF-control
groups demonstrated a significant decrease in bond
strength values between 24 hours and six months of
water storage, while groups RCP + SB and SBU
presented more stable and uniform data distribu-
tions for this comparison (Table 2).

Weibull distributions are graphically presented in
Figure 1, and associated parameters are summa-
rized in Table 3. The analysis showed, in general,
that after 24 hours of aging, all groups were more
reliable (higher Weibull modulus) and presented
higher characteristic bond strengths (higher scale
value) than after six months of storage (Table 3).
Accordingly, the Weibull distributions after 24 hours
of storage appear more vertical (higher slope, m),
and bond strengths appeared more toward the
higher end of strength values (on the right side of
Figure 1) than were plots of similar bonding
conditions but stored for only six months. The
highest modulus and characteristic strength values
were recorded for RCP/24 hours (10.8 and 28.5,
respectively), and the lowest were seen using the
HF-control/six months (3.1 and 17.6, respectively)
(Table 3). Groups CP and SBU presented the least
variation among Weibull moduli, and groups RCP +

SB and SBU demonstrated the least variation in
characteristic strength between the two aging
conditions (Table 3; Figure 1). Conversely, groups
RCP and HF-control demonstrated the most change
in Weibull parameters between the two storage
durations (Table 3; Figure 1).

The chi-square test revealed that failure mode is
affected by silane treatment for both storage condi-
tions (p<0.0001). The failure analysis results (Figure
2) correlated with the bond-strength data, and all
fractures occurred within the adhesion zone: no
ceramic fractures were noted. Groups that were not
treated with an adhesive system (RCP, CP, and HF-
control) presented mainly cohesive failures within the
resin cement (C-RC) after 24 hours of water storage
(Figures 2, 3a, 6a, and 7a). Moreover, 24-hour groups
that were pretreated with an adhesive system
(RCP+SB and SBU) presented mainly adhesive
failures between the adhesive layer and the resin
cement layer (AD-AC), showing an entire adhesive
system layer adhering to the ceramic substrate.
However, both layers morphology showed some
differences between them (RCP+SB and SBU). The
adhesive system layer from the RCP + SB group was
seen to be uniform with the presence of some filler
particles that were remnants from the resin cement
layer (Figure 4a). Conversely, the SBU adhesive layer
presented a very irregular pattern, showing some
degree of discontinuity in the adhesive layer, with
areas that apparently were not in contact with the
resin cement and some that were before failure
occurred (Figure 5a). After six months of storage,
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Figure 1. Weibull distributions of microshear bond strength data related to water storage time at 37°C: (a) 24 hours and (b) six months. RCP, RelyX

Ceramic Primer; RCP + SB, RelyX Ceramic Primer and Adper Single Bond 2; SBU, Single Bond Universal; CP, Clearfil Ceramic Primer; HF/control,
no silane, 10% hydrofluoric acid treatment only. Lines drawn represent the Weibull curve shape.

Table 3:  Weibull Modulus (m) and Weibull Characteristic Strength (c,) Values Among the Test Groups Stored for Either 24 Hours
or Six Months in 37°C Water
Ceramic Storage  N° Number of Weibull Weibull Change in Characteristic Characteristic Change in
Silane Time Pretest Modulus Modulus (95%  Weibull Modulus Strength Strength Characteristic
Treatment® (37°C Water) Failures (m)° Confidence (and % With Storage) (oo) (MPa)® (95% Strength With
Interval)? Confidence Storage
Interval)f (MPa [%])
RCP 24 h 18 0 10.8 7.4-15.6 6.7 (61.8) 28.5 27.2-29.8 8.7 (30.7)
6 mo 18 1 4.1 2.9-5.9 19.7 17.5-22.3
RCP + SB 24 h 18 0 7.0 4.9-10.2* 2.2 (31.4) 24.9 23.3-26.7* 0.7 (2.7)
6 mo 18 0 4.8 3.3-7.0* 24.3 22.0-26.9*
SBU 24 h 18 0 6.4 4.6-8.9* 1.25 (19.5) 20.1 18.6-21.7* 1.5 (7,4)
6 mo 18 2 5.1 3.6-7.4* 18.6 16.8-20.6*
CP 24 h 18 0 5.1 3.7-7.1* 0.75 (14.7) 23.5 21.4-25.9* 4.3 (18.3)
6 mo 18 0 4.3 3.0-6.4* 19.2 17.2-21.5*
HF-control 24 h 18 0 75 5.2-10.8 4.37 (58.1) 225 21.1-24.0 4.8 (21.6)
6 mo 18 1 3.1 2.1-4.6 17.6 15.0-20.7
2 RCP, RelyX Ceramic Primer; RCP + SB, RelyX Ceramic Primer and Adper Single Bond 2; SBU, Single Bond Universal; CP, Clearfil Ceramic Primer; HF/control, no
silane, 10% hydrofluoric acid only.
b Sample size.
¢ Determines how vertical the data distribution line is and infers how reliable the bond strength is. The higher the Weibull shape number (modulus, m), the more vertical
the graph and the more reliable the treatment.
9 Confidence intervals with an asterisk for each treatment are not significantly different, as they overlap.
¢ Determines the characteristic bond strength at a 63.2% failure probability. The higher the characteristic strength, the higher the bonding effectiveness.
" Confidence intervals with an asterisk for each treatment are not significantly different, as they overlap.
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Figure 2. Characterization of bond
failure analysis from SEM images.
RCP, RelyX Ceramic Primer; RCP +
SB, RelyX Ceramic Primer and Adper
Single Bond 2; SBU, Single Bond
Universal; CP, Clearfil Ceramic Prim-
er; HF/control, no silane, 10% hydro-
fluoric acid only.

increased prevalences of adhesive failures between
the resin cement or adhesive system and ceramic
(AD-CC) and mixed failure patterns (MIX) were
detected in the CP and HF-control groups, with more
frequency of AD-CC failures for both (Figures 2, 6b,

and 7b). In the case of RCP, a higher prevalence of
AD-CC and MIX failure patterns was observed after
six months of water storage, but a slightly higher
prevalence of the C-RC type of failure was noted as a
more irregular pattern than was observed after 24

Fig 3
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Figure 3. Representative SEM mi-
crographs of the more prevalent
failure patterns observed in group
RCP: (a) after 24 hours of water
storage, where a C-RC failure can
be seen along with the presence of
resin cement filler particles (arrow),
and (b) after six months of water
storage, also showing a C-RC failure
presenting an irregular/worn pattern
within the surface (circle) in addition
to showing fewer filler particles, as
shown in Figure 3a.

Figure 4. Representative SEM mi-
crographs of the more prevalent
failure patterns observed in group
RCP + SB: (a) after 24 hours of
water storage, where an AD-AC
failure is seen showing a regular
adhesive layer with a few resin
cement filler particles embedded with-
in (arrow), and (b) after six months of
water storage, also showing an AD-
AC failure presenting an irregular/
worn pattern within the surface (circle)
but this time showing almost no filler
particles embedded on the adhesive
layer.
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Figure 5. Representative SEM mi-
crographs of the more prevalent
failure patterns observed in group
SBU: (a) after 24 hours of water
storage, where an AD-AC failure is
seen showing a discontinuous and
irregular adhesive layer formed by
some areas of apparent deficient
contact with the resin cement (circle)
and some other areas that seem to
have contacted the resin cement at
the moment when failure occurred
(arrow), and (b) after six months of
water storage, showing a C-AS failure
but very close to the ceramic surface,
where a mixture of regions is noted,
some with a thin layer of adhesive
covering the ceramic surface (circle)
and other areas with ceramic crystals
exposed (arrow).

Figure 6. Representative SEM mi-
crographs of the more prevalent
failure patterns observed in group
CP: (a) after 24 hours of water
storage, where a C-RC failure is seen
showing a continuous resin cement
layer with some filler particles embed-
ded (arrows), and (b) after six months
of water storage, showing an AD-CC
failure, with the ceramic surface and
crystals exposed (circle) as well as
some depressions caused by the
airborne particle abrasion (arrow),
producing an irregular pattern.

Figure 7. Representative SEM mi-
crographs of the more prevalent
failure patterns observed in the HF-
only group (control): (a) after 24 hours
of water storage, where a C-RC
failure is seen, showing a continuous
resin cement layer with some filler
particles embedded (arrows), and (b)
after six months of water storage,
showing an AD-CC failure, where a
regular layer formed by ceramic (lith-
ium disilicate) crystals is noted. In this
case, no depressions from airborne
particle abrasion are seen, as in
Figure 6b; instead, a completely
uniform crystal surface is evident.

hours of aging (Figures 2 and 3a,b). For the RCP + SB
group, failure pattern prevalence was very similar
after 24 hours or six months of aging, with more
prevalence of other failure types after six months of
storage but still demonstrating the AD-AC failure
pattern most frequently (Figure 2). Furthermore, the
adhesive layer morphology after six months was more
irregular, and no resin cement remnant remained
embedded in the adhesive layer, different from the
pattern noted at 24 hours of storage (Figure 4a,b).
More variation among failure patterns were noted for
SBU after six months (Figure 2), being predominantly
cohesive failure of the adhesive system (C-AS). This
pattern was demonstrated by a thin, discontinuous

adhesive layer, very close to the ceramic surface,
where even some regions of underlying ceramic could
be observed (Figure 5b). This observation indicates
that, apparently, only a small portion of the adhesive
layer remained attached to the ceramic surface for
this bonding condition.

DISCUSSION

The results of this in vitro study show that the
various silane treatments employed significantly
influenced the ceramic/resin cement bond strength
results, and thus the first null hypothesis was
rejected. Because water aging also affected the
bonding performance of resin cement to the glass
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ceramic, the second null hypothesis was also reject-
ed. Thus, it can be said that variations in chemical
formulations of commercial silane primers have a
significant effect on their effectiveness as ceramic/
resin cement bonding promoters. Because a signifi-
cant interaction between factors (material and
storage time) was detected, the specific effectiveness
of bond strength was found to be product and
treatment specific. In general, RCP and RCP + SB
obtained the best results, while SBU and CP did not
improve ceramic/resin cement bonding when com-
pared to the use of only HF (Table 2).

The lower bond strengths obtained by SBU and
CP, compared with the conventional silane (RCP)
after 24 hours of storage, are in accordance with
previous work.?%2! Kalavacharla and others® found
that SBU required initial application of a separate
silane layer to improve adhesion between resin
composite and lithium disilicate ceramic after 24
hours of water storage and thermocycling (10,000
cycles). Conversely, Kim and others®! concluded that
two universal adhesives did improve glass-ceramic/
resin cement bonding when compared with a
negative control group (only 9.5% HF alone); how-
ever, a separate application of silane followed by an
adhesive showed better results. Those findings are
similar with the data obtained in the present work
after 24 hours of storage. One possible explanation is
that, as SBU (pH 2.7) and CP (pH 3) are more acidic
than the conventional silane (RCP, pH 4.6),% the
silane contained in both SBU and CP may have been
continuously hydrolyzed and reacting during storage
and consequently been inactivated to some degree
before being used. Additional influences may have
affected the performance of SBU and CP, such as the
addition of ingredients other than silane (mainly in
the universal adhesive), resulting in less silane
quantity per area of bonded substrate?? in contact
with the ceramic surface in contrast to the primer
containing silane only. Intimate contact between
silane and the ceramic surface is fundamental
because with one silane coat, three oligomer layers
are formed on the surface?® and only the first layer is
capable of forming chemical adhesion to the glass;
the outermost layers may be detrimental.?*

Also, elimination of solvents and other by-products
formed during the silane condensation reaction may
be hindered through the development of a dense
polysiloxane polymer network.?’ A previous study
showed that increased time to evaporate solvent in
universal adhesives is needed (from the manufac-
turer-recommended 5 seconds to a longer time of 25
seconds) to improve its performance.?®
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The above assumption appears to be confirmed
from evidence presented in the SEM images. In the
SBU 24-hour group, some discontinuity areas (prob-
ably due to deficient solvent elimination) were
observed, pointing to an incomplete, intimate contact
with resin cement at the moment of polymerization
(Figure 5a). Failure to form these bonds leads to
stress concentration areas and a lowering of adhe-
sive/resin cement adhesion, which may be consistent
with the greater prevalence of AD-AC failure type
obtained for this group (Figure 2). A similar pattern
was previously reported for the same materials:
RelyX Ultimate with Scotchbond Universal using
feldspathic-ceramic?’ and CAD/CAM composite
blocks (LAVA Ultimate, 3M ESPE).?® In those
papers, the authors infer that the observed voids
are possibly the consequence of water in-flow from
wet dentin tubules, probably due to undercured
areas in the adhesive system/resin-cement assembly
when the materials were not cured separately
(adhesive and resin cement).?”?® In the present
work, dentin was not used, and it is more appropri-
ate to consider that water or humidity arose from the
silane/ceramic condensation reaction or the incom-
pletely eliminated solvent. Moreover, for the groups
RCP, CP, and HF, mostly cohesive failure within the
resin cement (C-RC) was noted after 24 hours of
storage (Figures 2, 3a, 6a, and 7a). This failure type
is associated with higher bond strength values in
accordance with previous work.!8:25-29:30

After six months of water aging, a different
scenario was observed. RCP and the HF-control
showed a significant drop in bond strength compared
to their 24-hour values (Table 2). Conversely, groups
RCP + SB (highest mean), SBU, and CP still
provided more consistent bond strength values
between 24 hours and six months of water storage,
with RCP + SB demonstrating the least effect of
water storage (only 5%) (Table 2). Consistently,
failure pattern prevalence of the RCP + SB group
remained almost the same between 24 hours and six
months (Figure 2). In the case of SBU, water
degradation may have reduced the cohesive strength
of the adhesive layer, indicating that the fracture
may have occurred very close to the adhesive/
ceramic interface (Figure 5). Even though SBU bond
strength also decreased with water storage, it could
be assumed that the presence of its hydrophobic
monomers prevented, to some degree, a fully adhe-
sive failure between ceramic and the adhesive, as
happened with the CP and HF-control groups.

The better performance exhibited by RCP + SB
and SBU against water aging may be due to the
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presence of hydrophobic monomers and MDP, which
may better resist hydrolytic degradation because of
their chemical nature. On the other hand, groups
using a conventional silane (RCP) and HF-only
treatment alone (HF-control) show no such protec-
tion against hydrolytic degradation: a 34% and a
26% decrease in bond strength with storage time,
respectively. Such findings are supported by SEM
failure analysis where those groups exhibited in-
creased adhesive failure-type prevalence (AD-CC)
and some other signs of hydrolytic effects, such as
less resin cement particle presence (Figures 2 and 3)
or even exposed lithium disilicate crystals (Figures 2
and 7).

Weibull analysis also showed a decrease in the
reliability and characteristic bond strength for the
RCP and HF-control groups after six months of water
storage; for RCP + SB, SBU, and CP, no such
decrease was detected (Figure 1; Table 3). These
results indicate that, although all groups exhibited
higher Weibull parameters at 24 hours of water
storage than after six months, groups RCP + SB and
SBU were less affected by water aging (Figure 1;
Table 3). This finding may support the theory that a
mostly hydrophobic adhesive system, used in con-
junction with a silane coupling agent, may better
resist hydrolytic degradation of the siloxane network.
Weibull analysis is a useful tool in associating bond
strength with probability of failure. Previous studies
used this type of analysis to evaluate dental materials
strength,®! ceramic/resin cement bond strength,3%33
and zirconia/resin cement bonding.** Using this
evaluation method, the present work demonstrated
that RCP + SB and SBU provided the most reliable
treatments in the long term (Figure 1; Table 3).

In terms of bond strength, RCP + SB performed
better than SBU (Tables 2 and 3; Figure 1). This
finding could be explained by the fact that when
applying the silane and the adhesive separately, the
full ceramic surface is first contacted by silane
molecules, possibly causing a higher chemical inter-
action between silane and the ceramic. Consequent-
ly, evaporation of solvent and condensation reaction
by-products may be more efficient using the separate
silane application than when silane is mixed with
other components, as also suggested by others.?!
This result suggests that an adhesive layer (prefer-
ably hydrophobic), placed subsequent to silane
application, may be useful in delaying hydrolytic
degradation of the siloxane network formed at the
ceramic/resin cement interface in addition to other
benefits, such as increasing resin cement wettabili-
ty,3*37 serving as a shock-absorbing layer,>® and

increasing bond stability®® and bond strength be-
tween the glass ceramic and resin cement.*°

The selection of products and treatments used in
this investigation demonstrated different results
related to water storage duration. Consequently,
use of a silane coupling agent, together with a mostly
hydrophobic adhesive system (applied separately),
may be recommended for glass-ceramic pretreat-
ment. Future investigations should evaluate the
ceramic/resin cement bonding stability (mechanical
and chemical analysis) produced by silane-contain-
ing universal adhesives and ceramic primers for
longer time periods and among a more diverse group
of ceramic substrates.

CONCLUSIONS

Within the limitations of this in vitro study, the
following conclusions may be drawn:

1) Placement of conventional silane followed by an
adhesive system application improved ceramic/
resin cement bond strength after both short- and
long-term water aging.

2) Application of separate silane and adhesive
components and a silane-containing, universal
adhesive demonstrated the least decrease in
microshear bond strength after long-term water
storage.

3) The conventional silane and the HF—only controls
showed reduced bond strength from 24 hours to
six months of water storage, while silane, fol-
lowed by adhesive application, the universal
adhesive, and the universal ceramic primer, did
not change during that time period.
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