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Abstract: 
The current study was aimed to evaluate - by micro and nano-structural analysis - the interface between dental ceramic and resin materials. The degree of resin impregnation into the etched micro patterns, the nano-mechanical properties of the resin-ceramic interface and the effect of subjecting to exposure in boiling water on resin-ceramic interface were studied.  Three silica based glass ceramics were compared and contrasted: twenty samples from Computer Aided Design (CAD) blocks of each material were prepared. The specimens were finished, polished, ultrasonically cleaned, and etched with suitable acid. The specimens were randomly divided into two study groups to evaluate the effect of primer on resin cement impregnation. Each group of specimens were further divided into two subgroups to compare and contrast the difference in resin impregnation between adhesive resin and resin composite cement. The resin-ceramic interface was examined under scanning electron microscope and nano-mechanical properties were analyzed using a nano-indenter. The results were statistically analyzed using multivariate analysis of variance, a post hoc test, and regression analysis at a significance level of p<0.05. The results showed better resin impregnation of adhesive resin on primer treated specimens than resin composite cement. The specimens with the primer treatment and application of adhesive resin exhibited higher elastic moduli (46.07 GPa) and nano-hardness (2.02 GPa) even after subjecting to exposure in boiling water.
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1. INTRODUCTION
Dental ceramics are highly aesthetic restorative materials. Advances in the dental research have led to the development of high strength ceramics with significantly accurate fabrication techniques and predictable clinical results. Newer high strength glass ceramics, such as lithium disilicate, leucite reinforced, and zirconia reinforced glass ceramics are used to restore the high load bearing areas ranging from 400 to 620 MPa with great success1. Relatively high static strength and excellent aesthetic characteristics have made dental glass ceramics highly preferred materials to restore teeth with various clinical conditions using inlays, onlays, veneers, crowns, and even short and long span fixed dental prostheses. 
Although static strength of glass ceramics is in principle adequate for crowns and short span fixed dental prostheses, restorations may fail as a result of fracture. Fracture of ceramic restoration is mainly because of the presence of internal and external flaws such as internal porosities and surface scratches, respectively, and also due to dynamic loading conditions2, 3. Given this, ceramic restorations are fabricated with great care, especially the final steps of finishing, polishing, and glazing are prepared with high precision in order to eliminate surface flaws which are the main cause for crack initiation and propagation. Apart from this, the fracture sometimes originates at the adhesive resin and ceramic interface and intaglio surface of the ceramic restoration1. This kind of fractures occur due to the micro-porosities created by grit-blasting abrasion or acid etching process4. 
Acid etching is carried out to enhance bonding of resin composite luting cements. The primary mechanism of bonding dental glass ceramics is by mechanical interlocking (retention) through resin cements. The internal surface of finished ceramic restoration is etched with suitable acid. Hydrofluoric acid etching creates nano-scale pores, resulting in rough internal surface with more surface area for bonding. The morphology and dimensions of the pores are directly related to the concentration and duration of acid etching5. However, the effect of pores on the nano-mechanical properties of the ceramics has not yet been reported. The porosities created as a result of acid etching may act as points of crack initiation or, may contribute to crack propagation6, 7. Furthermore, the subsequently applied adhesive resin and resin composite luting cement are expected to penetrate the full depth of the micro-pores and only then the ideal bond strength and sealing of the micro-porosity may be achieved. Silane coupling agents, which are silicon esters, are known in the first instance to improve surface wetting of the ceramics by resin monomers and, secondly, for the oxygen atom mediated coupling between the ceramic surface and the methacrylate group mediated linking with the resin system5, 8-16. However, a silane promoted adhesive interface is prone to hydrolysis and the bonding is usually weakened considerably over time17, 18
With this background, the current study was designed to evaluate the interface between dental ceramic and resin materials for the degree of resin impregnation into the etched micro-patterns, and the nano-mechanical properties of the resin-ceramic interface. The research hypothesis were that  (1) the resin impregnation by unfilled resin system is better than the filled resin composite, and that (2) the resin tags with better penetration to the mirco-patterns are better polymerized (i.e., have higher nano-hardness) at the deepest part of the micro-patterns. Furthermore, the effect of accelerated hydrolysis by exposure with boiling water to the materials at interface was also studied.
2. MATERIALS AND METHODS
2.1. Study design
The manufacturers’ details and the brief description of the materials used in this study are presented in Table 1. Silica (SiO2) based glass ceramics were analyzed for the degree of resin impregnation and the effect of primer on the impregnation of etched micro-porosities by adhesive resin and resin composite, using a scanning electron microscope (SEM). Nano-mechanical properties (modulus of elasticity and surface nano-hardness) of resin-ceramic interface was evaluated using nano-indentation. Furthermore, the samples were subjected to accelerated hydrolysis by exposure to boiling water and the effect at adhesive resin and ceramic interface was examined under SEM. 
2.2. Specimen preparation, organization and treatment procedure 
Twenty cuboidal specimens measuring 7.0 ± 0.25 mm x 5.0 ± 0.25 mm x 4.0 ± 0.25 mm were cut from Computer Aided Design (CAD) blocks of each material using a low speed diamond wheel saw (Model 650, Ladd research industries, Williston, USA). The cut surfaces were polished up to 4000 grit FEPA (Federation of European Producers of Abrasives) in a sequential manner with silicon carbide paper and a polishing liquid using Labpol 8-12 (Extec, Enfiled, CT, USA) to remove gross surface irregularities and scratches. The specimens were ultrasonically cleaned in distilled water for 10 min using Quantex 140 (L and R manufacturing company, Kearny, New Jersey, USA) and air dried. All the specimens were etched with IPS etching gel for 40 s in a fume hood in a well ventilated laboratory (with all relevant safety measures) to avoid any hazards. The specimens were washed with a copious amount of water for 30 s to remove excess acid, and neutralized with a neutralizing agent for 1 min, rinsed with distilled water for 30 s and dried. Finally the specimens were dehydrated by dipping in absolute ethanol and dried.
The specimens were randomly assigned to two study groups (Figure 1), in the group 1 specimens’ etched surface was treated with a primer, and in the group 2 specimens’ etched surface received no treatment in order to study the effect of primer application, on penetration of luting resin cements into the etched micro pores. The specimens of each group were further randomly divided in two sub groups depending on the type of resin applied. Adhesive resin was applied on subgroup “A” specimens’ surface and resin composite was applied on subgroup “B” specimens’ surface to evaluate the difference in terms of penetration of resin into micro pores.  After 15 s of impregnation time the resin cement was light cured for 20 s using a light curing unit (Elipar Free Light 2, 3M ESPE, Seefeld, Germany) with a wavelength of 420-540 nm and the power of 1505 mW/cm2 (MARC system, Blue Light Analytics, Halifax, Canada).
Specimens were ground perpendicular to the adhesive interface and polished up to 4000 grit FEPA, ultrasonically cleaned and air dried to examine the resin-ceramic interface.
2.3. SEM analysis
The specimens were gold sputter coated in an argon plasma gold sputter coater (Polaron E-5200, Energy Beam Sciences, Agawan, USA). The ceramic and luting resin interfaces were visually analyzed using SEM (Jeol JSM-6360LV, JEOL, Tokyo, Japan) at 1000 magnification. 
2.4. Nano-indentation
The modulus of elasticity and surface nano-hardness exactly at the resin-ceramic interface were measured using a nano-indenter (Bruker NH-2, 1041, Tucson, AZ, USA) equipped with a 3 sided Berkovich diamond indenter tip, one indentation was performed for each sample. During the nano-indentation test, the indenter tip was pressed onto the test surface at interface with preset loading and unloading values. The resin-ceramic interface of all the specimens was evaluated, and the response to the load was recorded as the load-displacement curve (P-h curve) with a high resolution displacement gauge. The test was performed at room temperature in low noise conditions, the loading and unloading rate was set at 0.01 mN/s and 0.02 mN/s, respectively, with a 5 s rest period at the maximum load of 10 mN. 
2. 5. Boiling water exposure 
The specimens were kept in water bath and the temperature of the water was gradually increased to 100⁰C and maintained for 24 h using a thermo-cycler machine (SD Mechatronik thermocycler, Huber, Peter Huber Kaltemaschinenbau, Offenburg, Germany). The resin-ceramic interface and the nano-mechanical properties were re-examined after the boiling water exposure as described above.
The results of the modulus of elasticity and surface nano-hardness of the experimental groups before and after boiling water exposure were analyzed using Statistical Package for Social Sciences version 22.0 (SPSS Inc., Chicago, IL, USA). A multivariate analysis of variance and a post hoc test was used to calculate the difference in the mean values between groups before and after accelerated hydrolysis at a significance level of p<0.05. Regression analysis was performed between the modulus of elasticity and surface nano-hardness. 
3. RESULTS
Figure 2 shows the SEM images of the resin-ceramic interface of all the groups before the specimens were subjected to boiling water exposure. The primer treated specimens with the application of adhesive resin (1A group specimens) showed better penetration of resin into the etched porosities than other group specimens. The specimens with no primer treatment and resin composite applied specimens (2B group) demonstrated visible gap between ceramic and resin composite in all of the materials.
Figure 3 shows the SEM images of the specimens from all the groups after subjecting to exposure in boiling water. All the specimens showed some degree of disintegration of resin at the resin-ceramic interface, but the degree of disintegration and gap at the interface varied from one group to the other. The adhesive resin showed the least disintegration (1A and 2A group specimens) than resin composite, furthermore primer treated specimens showed least disintegration (1A group specimens). The specimens with no primer treatment and resin composite applied specimens (2B group specimens) showed the highest resin disintegration. 
Table 2 and Table 3 show the mean values of modulus of elasticity and surface nano-hardness, respectively, in different groups of the all the materials tested before and after the specimens were subjected to exposure by boiling water. Figure 4 shows a typical nano-indentation load-penetration depth curves F-Δ. Figure 5 shows the correlation between modulus of elasticity and surface nano-hardness values. The primer treated specimens with an application of adhesive resin (Group 1A) showed significantly the highest hardness of 2.02 and 0.02 GPa (E max) before and after exposure to boiling water respectively, these specimens also showed highest modulus of elasticity of 46.07 and 6.14 GPa before and after exposure to boiling water respectively. The specimens with no primer treatment and with application of resin composite (Group 2B) had significantly the lowest nano-hardness of 0.30 and 0.01 GPa (Celtra) and modulus of elasticity of 16.59 and 1.25 GPa (Mark II) before and after exposure to boiling water respectively.
4. DISCUSSION 
The bond strength of cemented ceramic restoration is influenced by several factors, such as the surface characteristics of ceramic, bonding substrate of dentin and enamel, etching, silane application, and type of resin cement used. Etching increases the surface free energy, improves wettability to resin cement, and exposes hydroxyl groups5. Application of an activated silane coupling agent improves also wettability and enables oxygen atom mediated adhesion of silane and resin cement system19, 20. The ultimate bond strength also depends on the type of cement used, ideally the cement should completely wet the etched surface and flow into the full depth of micro porosities created by acid etching procedure5, 21-24. The bonding cement should also have sufficient cohesive mechanical properties to withstand the forces which are transferred to the resin-cement interface. Given this, the current laboratory study was initiated and conducted to evaluate the degree of penetration of resin composite and adhesive resin, with the effect of a primer on degree of penetration of two cements. The study also investigated nano-mechanical properties and hydrolytic stability of resin-ceramic interface.
The ability of the luting medium, i.e., adhesive resin and resin composite luting cement, to impregnate micro pores of etched glass ceramics depends on the cement characteristics, such as surface tension, viscosity, hydrophobicity, and filler size and content25. The cement with low filler content has lower surface tension than cement with high filler content. Similarly, unfilled adhesive resins will have low surface tension than filled resin composites. Even so, resin cements with low surface tension will have low viscosity and better wettability on the substrates which allow them to flow easily into the micro pores26. In the current study the degree of resin impregnation and adaptation of the resin based material to the ceramic surface and its etched pores varied form one group to another group. The results showed higher resin impregnation in primer treated samples, which is mainly because of the ability of the primer to increase the surface wettability of cementing surface as has been found previously27. Primer is a low viscosity solution with usually ca. 99 vol% of ethanol + water, and only ca. 1 vol% of silane. When cured (reacted), silanes form a molecular level 3D polysiloxane network on the surface of ceramic. Methacrylate groups of the silane molecules will turn the ceramic surface to be more hydrophilic and thereby increasing the surface wettability by the resin monomers. The thickness of the siloxane layer on the ceramic surface is dependent on, among others, the concentration of silane in the solution. A solution of silane of 0.25% on a glass surface results in the thickness of three to eight molecular layers corresponding thickness of 10 nm28-30. 
Condensation of the silane molecules after being hydrolyzed to the hydroxyl group covered glass surface can occur to some extent at room temperature but the condensation reaction is more effective at elevated temperatures. It can be said that the better the degree of cure for the silane is, the better is the stability of the silane promoted adhesive interface31, 32. That said, the extent of the condensation reaction is responsible for the hydrolytic stability of the silane coupling agent promoted adhesive interface. In the current study, the primer consisting of 3-methacryloxytrimethoxy silane (MPS) was used without prehydrolysing the silane and this has become the common way with dental silane primers since introduction of so-called one bottle silane primers. It can be expected that the function of silanes of this kind is predominantly based on improving the surface wettability rather than creating covalent bonds between the ceramic substrate and siloxane network. It has been demonstrated that water exposure at 37oC for four years of time deteriorate effectively the silane coupling agent promoted adhesive interface33, 34. To accelerate hydrolytic deterioration of adhesive interfaces, the test materials can be exposed to boiling water. This study used exposure of the adhesive interfaces to boiling water for the time period of 24 hours31. 
Degradation of the interface between ceramic and resin based material is not only related to the silane coupling agents, but also to the possible hydrolysis of the resin based material. The hydrolytic stability of polymers based on dimethacrylates in the bis-phenol-A-glycidyl dimethacrylate – triethylene glycol dimethacrylate (bis-GMA-TEGDMA) monomer system is basically adequate due to their molecular structure where the glycidyl group in the bis-GMA molecule protects the molecule from hydrolytic degradation although degradation to some extent has been also reported35. In fact, the study of this issue by Koin et al. has even more relevance to the present work. They studied hydrolytic stability of particulate filler resin composites where the focus was at the silane promoted adhesive interface of fillers and resin matrix. They also concluded that although the overlay of siloxane and the bis-GMA-TEGDMA system on the filler particle could potentially degrade at the ester groups adjacent to the aromatic rings or the ester group of the silane coupling agent, no such degradation products were found. This supports the findings of the present study that the bis-GMA-TEGDMA based flowable resin remained integrated to the ceramic surface the best after the accelerated hydrolysis test in boiling water. On the other hand, the monomer system of resin composite Variolink N™ is based on urethane dimethacrylate (UDMA) monomers. It is known the UDMA based resin composites are also prone for degradation and release of uncured monomers. However, is has been also stated that UDMA molecules are used in dental composites in several forms which may differ in terms of curing rate and degradation properties36, 37.
The quantity and size of filler particles in the resin composites have a strong influence on the viscosity. The size of the micro irregularities (pores) on the surface of etched glass ceramics is 0.37 to 0.84 µm5 and it is in theory possible that filler particles close to the opening of the porosity and resin phase may penetrate into the pore. If this was be the case, there would be air bubble containing microenvironments under the resin composite layer and the molecular oxygen can inhibit the free radical polymerization of the resin composite cement38-41. An inadequately polymerized resin system is more prone to degradation and leaching. This could relate to the finding of this study and hence the study hypothesis was accepted, resin composite exhibited higher gap formation than adhesive resin after being hydrolyzed by exposing the specimen to boiling water.
With regard to the nano-mechanical indentation findings of this study, it needs to be emphasized that the reduction of the mechanical properties are well in line with the aspects discussed above. However, from the methodological perspective it needs to be pointed out that an exact positioning of the indentation tip under the light microscope of the nano-indentation device was challenging. Having said this, further studies should be made to confirm the reduction of nano-mechanical properties of the resin based materials of different kinds by the boiling water exposure test. It would be also vital to differentiate what proportion of the reduced nano-mechanical properties are due to degradation of siloxane network by silane coupling agent or due to degradation of resin system itself. 
5. CONCLUSIONS  
· A combination of primer treatment and application of adhesive resin showed better resin impregnation into the etched micropores. 
· Primer treated specimens with adhesive resin showed least cement disintegration on subjecting to exposure to boiling water.
· Primer treated specimens with application of adhesive resin showed statistically significant high nano-hardness and modulus of elasticity.
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Figure Captions
Fig. 1. Flow chart of groups and the surface treatments.
Fig. 2. SEM photomicrographs of the ceramic and resin (A- adhesive resin, B-resin composite, C-ceramic, R-resin) interface with and without primer treatment (1-with primer treatment, 2-without primer treatment) before exposure to boiling water (original magnification: 1000x, bar=10µm).
Fig. 3. SEM Photomicrographs of the ceramic and resin (A- adhesive resin, B-resin composite, C-ceramic, R-resin) interface with and without primer treatment (1-with primer treatment, 2-without primer treatment) after exposure to boiling water (original magnification: 1000x, bar=10µm).
Fig. 4. Load-penetration depth curve (F-Δ) of the nano-indentation. 
Fig. 5. Regression line and correlation between the surface nano-hardness and elastic modulus at the interface.
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Fig. 1. Flow chart of groups and the surface treatments.
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Fig. 2. SEM photomicrographs of the ceramic and resin (A- adhesive resin, B-resin composite, C-ceramic, R-resin) interface with and without primer treatment (1-with primer treatment, 2-without primer treatment) before exposure to boiling water (original magnification: 1000x, bar=10µm).
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Fig. 3. SEM photomicrographs of the ceramic and resin (A- adhesive resin, B-resin composite, C-ceramic, R-resin) interface with and without primer treatment (1-with primer treatment, 2-without primer treatment) after exposure to boiling water (original magnification: 1000x, bar=10µm).
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Fig. 4. Load-penetration depth curve (F-Δ) of the nano-indentation. 
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Fig. 5. Regression line and correlation between the surface nano-hardness and elastic modulus at the interface.




Tables
Table 1. Materials used in the study. 
	Product
	Lot No.
	Description
	Manufacturer

	E-max
	T10332
	Lithium disilicate glass ceramic
	Ivoclar Vivadent, Schaan, Liechtenstein.

	Mark II
	43660
	Feldspathic ceramic
	VITA Zahnfabrik, Bad Sackingen, Germany.

	Celtra
	18017131
	Zirconia-reinforced (10% by weight) lithium silicate ceramic
	DeguDent, Hanau, Germany.

	IPS Ceramic etching gel
	T02687
	5% hydrofluoric acid
	Ivoclar Vivadent, Schaan, Liechtenstein.

	IPS Ceramic neutralizing powder
	T02687
	Neutralizing agent 
	Ivoclar Vivadent, Schaan, Liechtenstein.

	Monobond Plus
	T07775
	Universal primer
	Ivoclar Vivadent, Schaan, Liechtenstein.

	Stick Resin
	121219I
	Unfilled adhesive resin
	Stick Tech Ltd, Finland

	Variolink N
	T18364
	filled resin composite 
	Ivoclar Vivadent, Schaan, Liechtenstein.








Table 2. Comparison of mean modulus of elasticity among different experimental groups (before and after refer to the boiling water exposure). 
	Materials
	Mean elastic modulus GPa (Mean ± SD)

	
	Group 1A
	Group 1B
	Group 2A
	Group 2B
	P-value

	
	Before
	After
	Before
	After
	Before
	After
	Before
	After
	

	E-max
	46.07 ± .30
	6.14 ± .05
	24.05 ± .32
	3.95 ± .08
	37.06 ± .38
	6.06 ± .04
	18.05 ± .38
	1.49 ± .05
	<0.001

	Mark II
	37.21 ± .44
	5.85 ± .03
	21.21 ± .23
	3.78 ± .05
	28.42 ± .30
	5.74 ± .04
	16.59 ± .31
	1.25 ± .03
	<0.001

	Celtra
	45.75 ± .10
	6.33 ± .12
	24.08 ± .47
	4.32 ± .03
	36.66 ± .26
	6.23 ± .03
	17.61 ± .28
	1.51 ± .01
	<0.001






Table 3. Comparison of mean surface nano-hardness among different experimental groups (before and after refer to the boiling water exposure). 
	Materials
	Mean Nano-hardness GPa (Mean ± SD)

	
	Group 1A
	Group 1B
	Group 2A
	Group 2B
	P-value

	
	Before
	After
	Before
	After
	Before
	After
	Before
	After
	

	E-max
	2.02 ± .04
	0.02 ± .00
	0.80 ± .00
	0.01 ± .00
	1.41 ± .00
	0.02 ± .00
	0.35 ± .03
	0.01 ± .00
	<0.001

	Mark II
	1.78 ± .01
	0.02 ± .00
	0.65 ± .01
	0.01 ± .00
	1.27 ± .02
	0.02 ± .00
	0.33 ± .03
	0.01 ± .00
	<0.001

	Celtra
	1.96 ± .01
	0.02 ± .00
	0.72 ± .03
	0.01 ± .00
	1.49 ± .07
	0.02 ± .00
	0.30 ± .01
	0.01 ± .00
	<0.001
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