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Abstract. The repair of a fractured porcelain surface with a resin composite was investigated. The effects of applying an 
opaque resin to porcelain surfaces, which were silanated by a ceramic primer from a repair kit or by an experimental silane 
coupling agent, were studied. The porcelain surfaces were silanated for 10 sec and 60 min. Three types of adherents were 
evaluated: opaque resin with light irradiation (OWL), opaque resin without light irradiation (ONL), and no opaque resin 
(NAO). The shear bond strengths of the resins to the porcelain surfaces were measured before and after thermocycling. The 
maximum shear bond strength (6.7 MPa) after thermocycling was observed when the silanating period of the ceramic primer 
was 60 min. The opaque resin had no effect on the bond strength. Moreover, the bond strength obtained with the experi-
mental silane coupling agent was found to be reduced by only 2 MPa, even after thermocycling. 
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1. Introduction 

Porcelain-fused metal crowns (PFMs) and all-ceramic crowns are commonly used for prosthetics or 
esthetic restoratives in anterior and molar teeth. The porcelain for PFMs and the porcelain structure of 
all-ceramic crowns is brittle and can be easily fractured, but a resin composite can be used to effective-
ly repair the fractured porcelain [1–3].  

The bonding of a resin composite to a fractured porcelain surface is critical, and the bond strength 
can be improved by using a silane coupling agent [4]. These agents, organofunctional trialkoxysilane 
esters, co-polymerize with the C-C bonds of the resin cement monomers and bond to the porcelain by 
means of a siloxane bond. The silane coupling agent most commonly used in clinical dentistry is 3-
methacryloxypropyltrimethoxysilane (MPTS) [5,6]. Adding an acidic component to the MPTS accel-
erates the hydrolysis of the methoxy groups and thereby promotes the adsorption of the hydrolysed 
silane onto the porcelain surface.  

Repair kits for restoring fractured porcelain are commercially available [7,8] and consist of acidic 
etching primers, ceramic primers, opaque resins, and resin composites. It is highly recommended that 
an adhesive agent be applied onto the porcelain surface which has been silanated by a ceramic primer. 
The adhesive is then applied to the primed surface under the irradiation of light.  
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Previous reports [9] indicate that hydrochloric acid accelerates the hydrolysis of the MPTS in solu-
tion and thus results in the improved bond durability of the resin to the porcelain. Furthermore, adding 
1,2-bis (trimethoxysilyl) ethane (BTS) to the MPTS further increases the bond durability.  

The goal of this study was to identify the optimum method for repairing fractured porcelain with a 
resin composite. The influences of applying an opaque resin onto porcelain surfaces, which were si-
lanated by a ceramic primer from repair kits or by an experimental silane coupling agent, on the shear 
bond strength of the resin composite was investigated. The effect of the silanation time of the porce-
lain and light irradiation on the bonding performance was also studied.  

2. Materials and methods 

2.1. Materials 

Porcelain disks (5 × 5 × 2 mm3) were made from VITA VMK 95 VITAPAN® A3 (VITA Zahnfab-
rik, Bad Säckingen, Germany) according to the manufacturer’s instructions. The disks were fired in a 
Heramat C porcelain furnace (Heraeus Kulzer, South Bend, USA). 

ClearfilTM Repair Multi Purpose repair kit (Kuraray, Tokyo, Japan) consisting of Etchant Gel (40% 
phosphoric acid), Clearfil Ceramic Primer (containing 10-methacryloyloxydecyl dihydrogen phos-
phate (MDP) and silane coupler), and Clearfil Opaque (light-curing composite resin) was used. Clear-
fil MajestyTM Esthetic A3 (light-curing composite resin) was used as an adherent. 

The MPTS (Shin-Etsu Chemical Industry, Tokyo, Japan) and BTS (Tokyo Chemical Industry, To-
kyo, Japan) were used to prepare the experimental silane coupling agents. Aqueous hydrochloric acid 
solution (0.1 mol/L, Wako Pure Chemical Industries, Osaka, Japan) was used as an accelerator to in-
duce the hydrolysis of the silane coupling agents. 

2.2. Methods 

2.2.1. Preparation of the porcelain adherent 
The porcelain disks were embedded in a self-curing pour type resin (Shofu, Tokyo, Japan). These 

embedded porcelain plates were used as adherents, and the plate surfaces were polished using a se-
quence of 240-, 600-, and 1,000-grit silicone carbide papers under running water. 

2.2.2. Preparation of the experimental silane coupling agent 
Solutions of two types of experimental silane coupling agents were prepared, i.e., Primer A1 con-

sisting of MPTS only, and Primer A2 consisting of a mixture of MPTS and BTS. The Primer A1 solu-
tion was made by dissolving 50 mg MPTS in 1 mL ethanol. The Primer A2 solution was made by dis-
solving 50 mg MPTS–BTS silane mixture in 1 mL ethanol. Three ratios of MPTS–BTS were evaluat-
ed: 0, 30, and 50 mol% BTS. 

The experimental Primer B solutions were prepared as follows. Aqueous hydrochloric acid (0.01, 
0.05, and 0.1 mol/L) solutions were prepared by diluting 0.1 mol/L hydrochloric acid with distilled 
and de-ionised water (pH = 6.0). The pH values of 0.01, 0.05, and 0.1 mol/L solutions were 2.31, 1.66, 
and 1.25, respectively. An experimental Primer B solution was then prepared by diluting each aqueous 
hydrochloric acid solution by 50 vol% ethanol. A series of three experimental Primer B solutions were 
prepared in this manner, and a solution with no added hydrochloric acid was also readied. 
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Fig. 1. Diagram of the method. 

2.2.3. Preparation of the adherents 
According to Figure 1, the porcelain surfaces were etched with the Etchant Gel for 5 sec, rinsed 

with water, and dried in air. A single drop of each experimental silane coupling agent (Primer A and 
Primer B) was placed in a mixing dish and mixed for 20 sec. Thereafter, 0.3 mg of the mixed silane 
coupling agent was applied to the porcelain surfaces. The surfaces were silanated for 1 min to allow 
the ethanol to evaporate at room temperature (23 ± 1°C). The silanated porcelain surfaces were then 
dried at room temperature for 2 min and subsequently air-dried for 10 sec. The etched porcelain sur-
faces were then treated with Clearfil Ceramic Primer for 10 sec (as per the manufacturer’s instruc-
tions) and 60 min for the comparison. 

A silicone ring-mould with a circular hole (internal diameter: 3.2 mm, thickness: 2 mm) was placed 
on the silanated porcelain surface. The silanated adherents were divided into two main experimental 
groups, i.e., their surfaces were conditioned using the Clearfil Ceramic Primer or an experimental 
silane coupling agent, and three subgroups as follows. 

Group 1: Opaque resin with light irradiation (OWL). The circular hole of the ring mould was filled 
with the light-curing opaque resin. The sample was then irradiated for 10 sec with visible light using a 
Curing Light XL 3000 (3M-ESPE, Grafenau, Germany). Thereafter, the mould was filled with the 
Clearfil Majesty Esthetic light-curing composite resin, and the sample was irradiated for 30 sec. 

Group 2: Opaque resin without light irradiation (ONL). The circular mould was filled with the 
opaque resin, followed immediately by the composite resin. The sample was irradiated for 30 sec only 
after the composite resin was added. 

Group 3: No opaque resin (NAO). The ring mould was filled only with the composite resin, and no 
opaque resin was added. The sample was irradiated for 30 sec. 

etchant

Clearfil ceramic 
primer 

Experimental silane coupling agent 
Primer 

Porcelain disks 

Opaque resin with light irradiation 

Opaque resin without light irradiation 

Composite resin  
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Fig. 2. Cross-sectional illustration of shear bond strength test. 

2.2.4. Measurements of the bond strengths of adherents before and after thermocycling 
The prepared samples were stored in water at 37°C for 1 day before the testing. The bonded speci-

mens were divided into two groups: before and after thermocycling. Thermocycling for 5,000 or 
10,000 cycles was carried out between 5 and 55°C in a water bath. The dwell time in the water bath 
was 60 sec, and the transfer time was 7 sec. The shear bond strengths of the composite resin to the si-
lanated porcelain surfaces were measured at a crosshead speed of 1 mm/min using a universal testing 
machine (TG-5KN, Minebea, Nagano, Japan). A cross-sectional view of the shear bond strength test is 
illustrated in Figure 2. Sixteen specimens were tested for each experimental group.  

The average shear bond strength and its standard deviation (SD) were calculated for each group, 
with and without thermocycling. The results were analysed using two-way analysis of variance 
(ANOVA) and Scheffé’s multiple comparison test. Statistical significance was set at 0.05. 

2.2.5. Determination of the type of fracture mode 
The fracture mode during failure under shear stress was classified as one of three fracture types: in-

terfacial failure at the resin–porcelain interface, mixed failure consisting of interfacial failure and co-
hesive failure of the porcelain, and cohesive failure of the porcelain [10]. 

The fracture mode was further analyzed by the complex chi-square (�2) test to determine significant 
differences between the three types of failures. Statistical significance was set at 0.05 [11]. 

3. Results  

Table 1 shows the mean shear bond strength of the composite resin to the porcelain surfaces, which 
were silanated using the Clearfil Ceramic Primer for 10 sec or 60 min. Data are shown for specimens 
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before and after thermocycling. Prior to thermocycling, the initial bond strengths ranged from 10.0 to 
11.6 MPa. No significant differences were observed in the initial mean bond strengths between 10 sec 
and 60 min of silanating. Cohesive failure of the porcelain surfaces was observed in all the specimens. 
Thermocycling caused dramatic decreases in the mean bond strengths of all the specimens, and there 
were significant differences among all the groups.  

For the 10-sec thermocycled groups, the bond strengths of the OWL and ONL groups were signifi-
cantly lower than that of the NAO group. The failure mode for both groups was interfacial failure of 
the resin–porcelain interfaces. The failure mode for the NAO samples was mixed failure.  

For the 60-min treated groups, the maximum bond strength of 6.7 MPa was obtained for the ONL 
samples, and the failure mode changed from interfacial to the mixed mode. Significant differences of 
the bond strengths between the ONL and OWL samples were observed, while no significant differ-
ences were observed between the ONL and NAO groups. It could be seen that a longer silanation peri-
od improved (with a significant difference) the bond durability of the resin to the porcelain surfaces 
only for the OWL and ONL groups, i.e., from 2.7 to 4.1 MPa and from 1.8 to 6.7 MPa, respectively.  

Table 2 shows the effects of thermocycling when different amounts of hydrochloric acid were used 
in the experimental Primer B. The experimental Primer A1 was applied as a solution and the adherent 
group of opaque resin with light irradiation (OWL) was used to study the shear bond strength. 

Before thermocycling, the addition of hydrochloric acid tended to increase the mean bond strength. 
Specifically, using 0.01 or 0.05 mol/L aqueous hydrochloric acid led to an increase in the mean bond 
strengths from 6.0 to 19.0 MPa and 6.0 to 19.5 MPa, respectively. However, a higher concentration of 
hydrochloric acid (0.1 mol/L) reduced the mean bond strength to 15.7 MPa. Thermocycling was found 
to decrease the mean bond strength of the samples with any hydrochloric acid added. The greatest de-
crease was observed in the sample containing 0.01 mol/L hydrochloric acid, where the mean bond 
strength dropped from 19.0 to 12.7 MPa. In contrast, the addition of 0.05 mol/L hydrochloric acid re-
sulted in the mean bond strength of 14.6 MPa after thermocycling. 

Table 3 shows the effects of different MPTS–BTS mixture ratios, which were used to prepare the 
experimental Primer A2 before and after thermocycling. The BTS concentrations were 0, 30, and 50 

Table 1 

Mean shear bond strength of the composite resin to the porcelain surface, which was silanated with the Clearfil Ceramic 
Primer for 10 sec and 60 min 

Experi-
mental 
Group 

Time 
Mean Shear Bond Strength (MPa) Type of Fracture Mode [1/2/3] 
Before Thermo-
cycling After Thermocycling Before 

Thermocycling 
After 
Thermocycling 

OWL 
10 s 

11.6 (3.4)1
a 2.7 (1.9)2

a [0/0/16]1
a [15/1/0]2

a 
ONL 10.9 (2.7) 1

a 1.8 (0.4)2
a [0/0/16]1

a [16/0/0]2
a 

NAO 10.6 (2.3)1
a 5.3 (1.4)2

b [0/0/16]1
a [10/5/1]2

b 
OWL 60 min 11.2 (3.0)1

a 4.1 (0.8)2
a [0/0/16]1

a [14/2/0]2
a 

ONL  10.6 (2.7)1
a 6.7 (1.0)2

b [0/0/16]1
a [9/6/1]2

b 
NAO 10.0 (3.3)1

a 5.1 (1.2)2
ab [0/0/16]1

a [10/6/0]2
b 

Note: ( ): standard deviation. For each horizontal row of mean shear bond strengths: values with different numbered su-
perscripts are statistically different (P < 0.05). For each vertical column of mean shear bond strengths: values with differ-
ent lettered subscripts are statistically different (P < 0.05). Two-way ANOVA (Scheffé) was used. The sample size for 
each experimental group was 16. [1/2/3]: 1: Interfacial failure at the resin–porcelain interface; 2: Mixed failure consisting 
of interfacial failure and cohesive failure of the porcelain; 3: Cohesive failure of the porcelain. For each horizontal row in 
the type of fracture mode: values with different numbered superscripts are statistically different (P < 0.05). For each ver-
tical column in the type of fracture mode: values with different lettered subscripts are statistically different (P < 0.05). 
The complex chi-square  (χ2) test was used. The sample size for each experimental group was 16. 
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mol%. The concentration of hydrochloric acid in the experimental Primer B remained at 0.05 mol/L. 
The OWL adherent group was used to investigate the shear bond strength.  

Before thermocycling, the mean bond strength ranged from 16.9 to 19.8 MPa (showing no signifi-
cant difference). All of the specimens exhibited cohesive failure. However, after thermocycling, a sig-
nificant reduction in the mean bond strength of approximately 5 MPa was observed with the use of 
MPTS. In contrast, the addition of BTS to the MPTS reduced the strength reduction. For example, 
when 30 mol% BTS was added to the primer, the mean bond strength decreased by less than 2 MPa. 

Table 4 shows the mean shear bond strength of the composite resin to the porcelain surfaces, which 
were silanated by the experimental silane coupling agent before and after thermocycling. Prior to 
thermocycling, the initial bond strengths ranged from 18.5 to 19.8 MPa (no significant differences) 
when the porcelain surface was conditioned by the experimental silane coupling agent. All the speci-
mens failed cohesively. The mean bond strength did not decrease significantly after thermocycling, 
and all the specimens failed cohesively. 

Table 2 

Effects of different concentrations of aqueous hydrochloric acid used with experimental Primer B on the shear bond 
strength before and after thermocycling 

Concentra-
tion of HCl 
(mol/L) 

     Mean Shear Bond Strength (MPa)     Type of Fracture Mode [1/2/3] 
Before 
Thermocycling 

After 
Thermocycling 

Before 
Thermocycling 

After 
Thermocycling 

0 6.0 (1.8)1
a 1.2 (1.5)2

a [10/6/0]1
a [16/0/0]2

a 
0.01 19.0 (4.2)1

b 12.7 (3.2)2
b,c [0/0/16]1

b [0/1/15]1
b 

0.05 19.5 (3.7)1
b 14.6 (3.0)2

b [0/0/16]1
b [0/0/16]1

b 
0.1 15.7 (3.6)1

c 10.6 (3.5)2
c [0/0/16]1

b [0/2/14]1
b 

 
Table 3 

Effects of the amount of BTS added to the MPTS used in the experimental Primer A2 on the shear bond strength before 
and after thermocycling 

Amount 
of BTS 
(mol %) 

 Mean Shear Bond Strength (MPa)     Type of Fracture Mode [1/2/3] 
Before 
Thermocycling 

After 
Thermocycling 

Before 
Thermocycling 

After 
Thermocycling 

0 19.5 (3.7)1
a 14.6 (3.0)2

a,c [0/0/16]1
a [0/0/16]1

a 
30 19.8 (4.1)1

a 16.5 (4.0)1
b [0/0/16]1

a [0/0/16]1
a 

50 16.9 (3.5)1
a 13.0 (3.8)2

c [0/0/16]1
a [0/1/15]1

a 
 

Table 4  

Mean shear bond strength of the composite resin and the porcelain surface, which had been silanated by the experimental 
silane coupling agent 

Experimental Group 
Mean Shear Bond Strength (MPa)     Type of Fracture Mode [1/2/3] 
Before  
Thermocycling 

After  
Thermocycling

Before  
Thermocycling 

After  
Thermocycling

OWL 19.8 (4.1)1
a 16.5 (4.0)1

a [0/0/16]1
a [0/0/16]1

a 
ONL 18.7 (3.9)1

a 17.8 (3.8) 1
a [0/0/16]1

a [0/0/16]1
a 

NAO 18.5 (3.5)1
a 16.2 (4.7)1

a [0/0/16]1
a [0/0/16]1

a 
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4. Discussion 

Manufacturers suggest silanating porcelain surfaces to enhance the bonding of the composite resins 
to the porcelain surfaces for the repair of fractured porcelain, and then light irradiation should be used 
to polymerize the opaque resin. MPTS is commonly used as the silane coupling agent, and an organic 
acid is used as the accelerator [12–14]. 

In this study, an experimental silane coupling agent was used. It was a mixture of MPTS and BTS. 
Hydrochloric acid was used as an accelerator for the hydrolysis of the methoxy portions of the func-
tional silicone group. The effects of the opaque resin, irradiating with visible light, and extending the 
silanating period on the bond strength were all investigated. 

Before thermocycling, there were no statistical differences in the mean bond strengths between the 
experimental groups (Table 1). This is because the porcelain failed cohesively in all specimens.  

After thermocycling, the mean bond strength dramatically decreased and the fracture mode changed 
from cohesive failure of the porcelain to interfacial or mixed failure. The significant diminution in the 
bond strength can be attributed to a reduced chemisorption of the hydrolysed silane species. This hin-
drance occurs because the carbonyl portion in the methacryloxy ester group of the methacrylate mon-
omers forms a hydrogen bond with the silanol groups on the porcelain surface [15–17]. Compared 
with the OWL, the statistically higher bond strengths of the ONL are caused by the differences in the 
thermal expansion between the porcelain and the opaque resin.. 

With the exception of the NOA group, extending the silanation period with the ceramic primer from 
10 sec to 60 min improved the bond durability. It takes more than 14 days for the deposited silane to 
completely saturate and chemisorb onto the silica surface. The increase in the bond strength after 60-
min silanation is due to the improved cohesiveness of the adsorbed silane layer at the resin–porcelain 
interface. The stronger cohesiveness can be attributed to an increase in the amount of chemisorbed 
hydrolysed silane species. The methoxy portion of the silicone functional group in the MPTS continu-
ously hydrolyses during the 60 min of silanation. Most of the silane species on the porcelain surface 
are unhydrolysed after only 10 sec of silanation, and thermocycling reduces the bond strength. This 
reduction in the bond strength is attributed to the unhydrolysed silane species deposited onto the 
porcelain surface dispersing and permeating into the applied opaque resin. 

Table 2 shows that the addition of hydrochloric acid to the silane solution tended to improve the 
bond strength. The increases in the mean bond strength, from 6 to approximately 19 MPa, were ob-
served when 0.01 or 0.05 mol/L hydrochloric acid was used. The improvement stemmed from three 
sources: 1) the proton, produced by the dissociation of the hydrochloric acid, accelerating the hydroly-
sis of the methoxy portion in the silicone-functional group in the MPTS, 2) the hydrolysed silane spe-
cies of the MPTS forming a silane bilayer consisting of a chemisorbed and a physisorbed silane layer 
on the porcelain surface, and 3) the physisorbed silane species of the MPTS forming a hydrogen bond 
with the chemisorbed silane species of MPTS, thereby enhancing the bonding of the resin cement at 
the resin–ceramic interface. Conversely, a further increase in the hydrochloric acid concentration from 
0.05 to 0.1 mol/L resulted in a decreased mean bond strength. This decrease can be attributed to the 
production of a high-molecular-weight silane species derived through a condensation reaction between 
the silanol groups of the hydrolysed MPTS monomer.  

Adding BTS to the MPTS decreased the magnitude of the reduction in the mean bond strength, even 
when thermocycling was applied. Specifically, when 30 mol% BTS in the MPTS was used, the reduc-
tion in the mean bond strength was less than approximately 2 MPa. The BTS improved the bond dura-
bility by improving the distribution of thermal stresses, which developed at the resin–ceramic interface 
during the thermocycling process.  
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Table 4 shows that the addition of hydrochloric acid to the silane solution increased the mean bond 
strength. Cohesive failure of the porcelain was observed with and without thermocycling. There are 
several reasons for this significant improvement. Firstly, the proton produced by the dissociation of the 
hydrochloric acid accelerates the hydrolysis of the methoxy functional group in the MPTS [16,17]. 
The hydrolysed silane species of the MPTS also forms a bilayer consisting of a chemisorbed and a 
physisorbed silane layer on the porcelain surface [19]. Secondly, the physisorbed silane species of the 
MPTS, which forms a hydrogen bond with the chemisorbed silane species of the MPTS, enhances the 
bonding of the resin cement at the resin–porcelain interface [18–21]. The BTS increased the bond du-
rability by distributing the thermal stresses, which developed at the resin–porcelain interface during 
thermocycling. The addition of BTS to the MPTS enabled a flexible silane bilayer to form on the 
porcelain surface and decreased the crosslinked density of the vinyl group of the methacryloxy portion 
in the MPTS species adsorbed onto the porcelain surface. The BTS molecule has two silicon function-
al groups that interact with the MPTS to form a flexible silane bilayer and does not have a vinyl func-
tional group that would promote radical co-polymerisation with the resin.  

5. Conclusion 

The use of an opaque resin did not affect the bond strength of the resin to the porcelain. Prolonging 
the silanation period of the ceramic primer from 10 sec to 60 min increased the bond strength of the 
resin to the porcelain surface. The 10-sec time suggested by the manufacturer was too short for signif-
icant chemisorption of the MPTS to occur onto the porcelain surface.  

The highest bond durability of the resin to a porcelain surface was obtained when the experimental 
silane coupling agent was used instead of the ceramic primer from the repair kits. The optimal combi-
nation was 30 mol% BTS in an MPTS–BTS mixture with 0.05 mol/L aqueous hydrochloric acid. 
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