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Background
The silicon tetrahydride or silanes is an inorganic colourless gas with spontaneous com-
bustion in air at room temperature [1–3]. Silane or functionalized silanes has widely 
industrial and medical applications, and works as coupling and impermeabilizing agent. 
Silane coupling agents have also been applied to bond glass and carbon fibers to polymer 
matrices, creating a strong adhesion of fibers and filler particles to the polymer matrix 
[4, 5].

In Dentistry, silane coupling agents is applied to bond filler particles to resin monomers 
of restorative composites and also to prepare all-ceramic restorations for adhesive cemen-
tation [6]. The superficial treatments of minerals and glass fillers become them more 

Abstract 

This study evaluated the effect of different ceramic primers and heat treatment of 
silane coupling agents on bond strength of resin cement to glass ceramic. Five ceramic 
primers (Clearfil Ceramic Primer/CCP, MonoBond-S, ProSil, RelyX Ceramic Primer and 
Silano) and one conventional resin cement (RelyX ARC) were tested. Lithium disilicate-
based ceramic plates were previously etched with hydrofluoric acid, except for CCP 
(n = 10). All silane agents were applied to ceramics according to the manufacturer’s 
instructions and primed ceramics plates were heated (in oven at 100 °C for 1 min) or 
not before resin cement placement. Dual-cure resin cement was mixed and inserted in 
tubes (0.75 mm diameter × 1 mm height) that were positioned over primed ceramic 
surfaces. Micro-shear testing was performed using a universal testing machine. Bond 
strength data were analyzed using two-way ANOVA and Tukey’s test (5%). Ceramic 
primer heating did not improve the bond strength of the resin cement to lithium 
disilicate. Most of ceramic primers did not indicate significant difference in bond 
strength among them; however, CCP yielded the lowest bond strength among the 
ceramic primers. In conclusion, when the silane was applied on etched surface the 
bond strength was higher and heat treatment of silane coupling agents did not affect 
the bond strength.
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compatible and dispersible in the organic polymers. It improves the strength and wear of 
dental restorative composites [4]. Considering the dental ceramic materials, silane coupling 
agents or ceramic primers also provides stable and high bond strengths between the resin 
cement and ceramic, resulting in properly clinical longevity of indirect restoration [7–9].

The organofunctional alkoxysilane is the best-known coupling agents used for silani-
zation of dental glass ceramics. This product is commercially available in two bottles or 
as a single solution, pre-hydrolyzed or no-mix ceramic primer in an alcohol or acetone 
solution. Silanes contain bifunctional monomers, which consist of a silanol group (or 
alkoxy group) that chemically reacts by covalent bonds formed through oxygen to the 
silicon atom to form a siloxane type of bond with hydroxyl groups from porcelain sur-
face. The methacrylate group, an organic portion of the molecule, co-polymerizes with 
the resin matrix of the adhesive resin or resin cement [10].

The silanization process depends on various factors: type of organofunctional alkox-
ysilane; hydrolysis reaction; the removal of organic solvents and water. Water is the main 
product of condensation reaction between silane and ceramic [11], and the removal of 
both residual water and organic solvents is essential to improve the adhesion of resin 
cement to dental ceramics [12–15]. Curiously, manufacturers have suggested just air 
blowing after silane application, which apparently seems not enough to eliminate the 
residual water and organic solvents. To optimize the adhesion between lithium dis-
ilicate-based ceramic and resin cement, this study evaluated the influence of different 
silane coupling agents and post-silanization heat treatments. The null hypothesis tested 
was that heating treatment does not influence bond strengths to ceramic, regardless of 
the type of silane coupling agent.

Methods
One-hundred sintered plates (10 mm length × 5 mm wide × 1 mm thickness) of lithium 
disilicate-based ceramics (Ivoclar Vivadent, Schaan, Leichtenstein, Germany) were used 
in this study. The ceramic plates were randomly divided into ten experimental groups 
(n = 10) according to the ceramic primer treatments (heating or none) and five com-
mercial silane coupling agents (Clearfil Ceramic Primer, Kuraray Noritake Dental Inc., 
Kurashiki, Japan; RelyX Ceramic Primer, 3M ESPE, St. Paul, MN, USA; Monobond-S, 
Ivoclar Vivadent, Schaan, Liechtenstein; ProSil, FGM Prod. Odontol. Ltda, Joinville, SC, 
Brazil and Silano, Dentsply Brasil, Petrópolis, RJ, Brazil). Table 1 shows the composition 
and lot number of each ceramic primer used.

Ceramic plates were etched with 10% hydrofluoric acid (FGM Prod. Odontol. 
Ltda, Joinville, SC, Brazil) for 20 s, rinsed with water for 1 min and air-dried for 30 s, 
except for Clearfil Ceramic Primer. All ceramic primers were applied according to the 
manufacturer´s instructions. After priming, half of specimens were placed in an oven 
(FV Plus Sinter 50P, EDG Equipamentos Ltda, São Carlos, SP, Brazil) at 100 °C for 1 min, 
while another half was kept at room temperature (23 °C).

Two cylindrical translucent molds (Tygon tubing, TYG-030, Saint-Gobain Perfor-
mance Plastic, Maime Lakes, FL, USA) were positioned over the primed ceramic sur-
faces and freshly mixed dual-cured resin cement (RelyX CRA, 3M ESPE, St. Paul, MN, 
USA) was placed into the molds to fill their internal volume without loading on the resin 
cement-ceramic specimen. Resin cement was light activated (550  mW/cm2) with XL 
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3000 curing unit (3M ESPE, St. Paul, MN, USA) for 40 s, as recommended by the manu-
facturer. The micro-shear test used in this study followed the methodology developed by 
Shimada et al. [16].

Ceramic plates were stored in distilled water at 37  °C for 24 h and then tube molds 
were removed with a surgical blade (#11, All Pro Surgical Blade Co., Qingdao, China) to 
expose the resin cement cylinders (0.75 mm diameter by 0.5 mm high). All resin cylin-
ders were checked under a stereo microscope (30X, EMZ-TR, Meiji Techno Co., LTD., 
Saitama, Japan) to excluded resin cylinders with defects at the bonding interface. Each 
ceramic plate was attached to the testing device with cyanoacrylate adhesive (Super 
Bonder, Loctite, Itapevi, SP, Brazil) and tested in a universal testing machine (4411, 
Instron Corp., Canton, MA, USA). A shear load was applied to the base of the resin 
cement cylinder with a thin wire (0.20 mm diameter) at a crosshead speed of 0.5 mm/
min until failure. The shear bond strengths were calculated (kgf obtained for each speci-
men/1.32 mm2) and expressed in MPa (N/m2). The bond strength value for each plate 
was presented by the mean of the two resin cement cylinders of each plate. The explora-
tory analysis of the data was performed using the PROC LAB procedure of the SAS sta-
tistical program (version 9.1, SAS Institute, Cary, NC, USA), and demonstrated that they 
fulfilled the assumptions of a parametric analysis. The results were analyzed by 2-way 
ANOVA (treatment X ceramic primers) and Tukey’s test (5% level of significance).

After testing, the debonded ceramic plates were mounted on aluminum stubs, gold/
palladium sputter coated (SCD 050, Baltec, Vaduz, Liechtenstein) and observed under 

Table 1 Composition and lot number of the materials used

Materials used Composition (lot number) Application technique

Clearfil Ceramic Primer Ethanol, 10-methacryloyloxydecyl dihy-
drogen phosphate, 3-methacryloyloxy-
propyl-trimethoxysilane (00002B)

1. Apply Clearfil Ceramic Primer
2. Dry ceramic surface by blowing mild 

oil-free air

MonoBond-S Ethanol, water, 3-methacriloiloxipropil-
trimetoxisilane (K25651)

1. Apply Monobond-S with microbrush
2. Allow the material to react for 60 s
3. Disperse with a strong stream of air

ProSil Ethanol, water, 3-methacryloyloxypropyl-
trimethoxysilane (250108)

1. Apply ProSil with microbrush
2. Allow the material to react for 60 s
3. Dry ceramic surface by blowing mild 

oil-free air

RelyX Ceramic Primer Ethanol, water, 3-methacryloxypropyl-
trimethoxysilane (7YF)

1. Apply RelyX Ceramic Primer to the inter-
nal (etched) surfaces

2. Gently blow oil-free air across the 
surface or allow the solvent to evaporate 
completely

Silano Ethanol, glacial acetic acid, silane (769868) 1. Place one drop of Silane Primer and 
Silane Activator into the mixing well

2. Mix thoroughly for 10–15 min
3. Leave the mixture for 5 min
4. Apply Silane mixture and air-dry by 

blowing
5. Apply the second layer and air-dry by 

blowing

RelyX CRA BisGMA, TEGDMA, dimethacrylate 
polymer, amine, photoinitiator system, 
benzoyl peroxide, pigments, zirconia/
silica fillers (67.5% by weight and 1.5 μm 
average particle size) (GEHG)

1. Dispense paste A and B of cement onto a 
mixing pad and mix for 10 s

2. Light cured for 40 s
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high vacuum by scanning electron microscopy (SEM) (VP-435, Leo, Cambridge, United 
Kingdom). Failure patterns were classified as: (1) cohesive failure within resin cement 
and (2) mixed fracture, which involved adhesive failure and cohesive fracture within 
resin cement. Photomicrographs of representative areas of the fractured surfaces were 
taken at 100× magnification.

Results
Two-way ANOVA indicated that the factor “ceramic primer” (p  <  0.00001) significantly 
affected the bond strength results. The “treatment” factor (p = 0.1459) and the interaction 
factor (p = 0.3676) were not significant. Table 2 displays a summary of the statistics for the 
different experimental groups. The heat treatment of ceramic primer did not increase the 
bond strength of resin cement to lithium disilicate-based ceramic (p  <  0.05). The Clearfil 
Ceramic Primer presented the lowest bond strength among silane coupling agents (p > 0.05).

Representative images of failure modes are shown in Figs. 1 and 2. Few mixed frac-
tures were observed for some ceramic primers (Fig. 1), while no adhesive failures along 
the ceramic surface were observed for ceramic primers regardless on the heat treatment. 
Cohesive failure within resin cement was the most predominant pattern for all groups 
(Fig. 2). Overall, heat treatment did not influence the failure pattern.

Table 2 Summary statistics [mean (sd)] of microshear bond strength (MPa) among experi-
mental groups (n = 10)

Values of groups having similar letters were not significantly different (p = 0.05). (uppercase letters = rows; lowercase 
letters = column)

Silane coupling agent Treatment

Heating None

Clearfil Ceramic Primer 37.4 ± 8.0 Ab 31.8 ± 7.3 Ab

MonoBond-S 48.7 ± 5.5 Aa 48.4 ± 3.9 Aa

ProSil 43.1 ± 7.4 Aa 44.9 ± 6.9 Aa

RelyX Ceramic Primer 46.8 ± 4.2 Aa 43.6 ± 5.1 Aa

Silano 45.2 ± 3.3 Aa 43.6 ± 6.9 Aa

Fig. 1 Mixed fracture involving cohesive failure of resin cement and adhesive failure obtained for non-heated 
Clearfil Ceramic Primer (RC resin cement, CE ceramic) (magnification ×100)
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Discussion
The post-silanization heat treatment tested in this study did not increase the bond 
strength. However, studies showed an increase in bond strength using heated air from 
air dryer. It seems to be more efficient technique to remove the water from condensation 
reaction and the other organic solvents present in the composition of silane coupling 
agents [12, 17–20]. Thus, the null hypothesis that oven heating treatment does not influ-
ence bond strengths to ceramic, regardless of the type of silane coupling agent used was 
accepted.

Although some authors have suggested the use of heated air-dryer, no standard tech-
nique has been preconized regarding temperature, air flux, type of heated air and dis-
tance from the air-dryer, as well as other methods. Sadoun and Asmussen [17] used air 
dryer at 95 °C for 2 min, while Roulet et al. [18] tested a gun of heated air at 100 °C for 
1 min. Shen et al. [19] suggested stream of warm air for 2 min at 45 °C, while Abduljab-
bar et al. [12] and Hooshmand et al. [20] used an oven at 100 °C for 5 and 2 min, respec-
tively, and both types of heating treatment enhance the bond strength.

Most of studies have shown that heating silane improve the bond strength of resin 
cements to ceramics. De Carvalho et  al. [21] heated a pre-hydrolyzed silane contain-
ing MDP (Clearfil Ceramic Primer) in an oven at 100 °C for 2 min or applied hot air at 
50 °C for 1 min. The results of that study indicated that both treatments were effective in 
increasing the bond strength values between the feldspathic ceramic and resin cement. 
Corazza et  al. [15], used five strategies to treat the ceramic surface, which involved a 
control group (only etching with hydrofluoric acid 10% and silanization at room tem-
perature) and experimental groups involving oven drying of silane at 77 °C and hot water 
rinsing. Oven drying improved the bond strength between the resin cement and felds-
pathic ceramic, but hot water rinsing reduced the bond strength. Another investigation 
that performed the silane heating in an oven at 100 °C for 2 min instead of hydrofluoric 
acid etching showed that heated silane alone did not increase the bond strength [14]. 
When compared with the current study, it seems that both the heat treatment and the 
ceramic type may influence the bond strength results.

Fig. 2 Cohesive failure within resin cement (RC) obtained for heated Clearfil Ceramic Primer (magnification 
×100)
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As used herein, lithium disilicate-based ceramics plates were placed in an oven for 
1 min at 100 °C. The results showed no significant difference regarding the groups that 
were kept at room temperature (23 °C). The placement of plates inside the oven did not 
allow air flux in the direction of ceramic plates, the gun of heated air or heated air flux 
may be the best option to allow air flux, because they permit the movement the air that 
removes water and organic solvents better than static air. Thus, the lack of heated air-
drying movement may explain the differences found between post-silanization heat 
strategies.

Although silanes used in this study were applied differently, few statistical differences 
were found among silanes. These materials present similar compositions and are pre-
hydrolyzed primers, except Silano (Dentsply Brasil). The lowest bond strength was found 
for a pre-hydrolyzed silane containing phosphate monomer-based MDP. Its manufac-
turer does not recommend hydrofluoric acid etching, because MDP monomer should be 
able bond to ceramic without acid etching treatment by very strong bonds to SiO2 based 
ceramics and metal oxides [21]. Without the microporosities promoted by acid etching, 
the silane containing phosphate monomer-based MDP yielded approximately 19% (for 
heat treatment) and 29% (no heating) lower bond strength than those silanes applied to 
acid etched ceramic.

The acid etching may be important to improve bond strength results of Clear-
fil Ceramic Primer to glass ceramics, not because creates a highly porous surface, but 
also highly receptive to the silane by forming reactive hydroxyl groups on the ceramic 
surface. Studies have shown that the combination between silane and acidic functional 
monomers accelerate the hydrolyze reaction of alkoxy groups in silanol, increasing the 
reactivity of silanes [16–22].

The failure pattern demonstrated predominance of cohesive failure within resin 
cement for all silanes tested regardless of the heating treatment. Because the failure pat-
tern was similar among groups, these results help to explain the bond strength data, 
which detected little differences among silanes. A study in which premature failures 
were considered, furnace heat treatment delivered the second best results after the con-
trol group, being considerably better than hot air application and not using acid etch-
ing [23]. The harmful aspects of insufficiently solvent evaporation on the bond strength 
were the objectives of this short-term study. It is known in the literature that long-term 
degradation process reduces bond strength of resin cement to glass ceramics, conse-
quently increasing the adhesive failure [24, 25]. Therefore, the long-term evaluations will 
the target of future studies in this research line, because the aging of specimens might 
find different results with significant statistically difference among groups.

Conclusions
The heat treatment of silane did not improve the bond strength of resin cement to 
lithium disilicate-based ceramic, however, further studies must evaluate the effects of 
post-silanization heat treatments of silanized ceramics on long-term to consider this 
treatment as essential strategy to obtain longevity of indirect restoration.
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