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Aim
The bond strength between resin composite and ceramics is critical for the success of fractured ceramics repaired with resin composites. The aim of the present study was to investigate and compare the shear bond strength (SBS) between resin composites and lithium disilicate (LD) ceramics using three different surface treatments of the LD.
Methodology
One hundred twenty samples of lithium disilicate were fabricated, out of which 60 were layered with fluoroapatite. Three surface treatment protocols were used: Sandblasting, phosphoric acid and clearfil ceramic prime plus (PA+CFCP); Sandblasting, hydrofluoric acid and clearfil ceramic prime plus (HA+CFCP); Hydrofluoric acid with Monobond N. All specimens were repaired with resin composite, aged using 5,000 cycles of thermocycling (5 °C–55 °C), followed by SBS testing. Specimens were examined under scanning electron and digital microscopes for type of failure. Two-way, one-way ANOVA and t-tests were used for statistical analysis (P < 0.05).
Results
A two-way ANOVA revealed that both ceramic type and the interaction with surface treatment significantly influenced SBS (p < 0.05). While no significant differences in SBS were found among protocols for lithium disilicate, porcelain showed significantly higher SBS when treated with hydrofluoric acid followed by Clearfil Ceramic Primer Plus (HF + CFCP) compared to hydrofluoric acid with Monobond N (HF + MB). Failure mode analysis showed consistent patterns in lithium disilicate across treatments, while porcelain exhibited more mixed failures—indicative of stronger bonds—in the HF + CFCP group. These findings underscore the importance of tailoring surface treatments to the specific ceramic to achieve optimal bond strength and durability.
Conclusion
Clearfil Ceramic Primer Plus demonstrated shear bond strength (SBS) comparable to hydrofluoric acid-based protocols when used with lithium disilicate, even in the absence of hydrofluoric acid. Moreover, in porcelain repair, it achieved superior SBS compared to the conventional hydrofluoric acid and silane combination, highlighting its potential as a safer and more effective surface treatment option for both ceramic types.
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INTRODUCTION
For dental restorations, ceramics are growing in popularity (Shi et al., 2022). Lithium disilicate, a ceramic composed of glass particles, is one of the materials utilized (Zarone et al., 2019). According to Zarone et al. (2019), it can be used for single crowns, fixed partial dentures, anterior veneers, posterior inlays, onlays, and overlays. Because lithium disilicate lacks metallic elements in its microstructure and has a low refractive index, it offers a high translucency that resembles natural teeth and good aesthetics. When compared to zirconia or cobalt-chromium alloy, it is thought to be the most biocompatible (Forster et al., 2014).
Glass is the main component of another type of dental ceramic that mimics real teeth. Whereby triaxial porcelain compositions of feldspar, quartz, and kaolin are usually the source (Zhang and Kelly, 2017). Despite being the most artistically amazing; they are thought to be the weakest. In terms of applications, it works well with veneering metal coping and bi-layered ceramic (Warreth and Elkareimi, 2020). Because of its similar coefficient of thermal expansion to dental alloys, it helps to avoid thermal stress when cooling after firing (Zhang and Kelly, 2017). An established method for microscopically roughening the fitting surface is hydrofluoric acid (HF) etching. The cement-ceramic bond will also be strengthened by aluminum oxide sandblasting. Furthermore, silane promotes the link between the inorganic substrate (porcelain) and the organic polymers (resin cement) (El-Mowafy et al., 2018).
Lithium disilicate is bonded chemically and mechanically, with the latter resulting in defects on the internal surface (Moreno et al., 2019). The dissolution of a portion of the glassy phase during the etching process with HF reveals the material’s crystal structure and creates a layer suitable for micromechanical retention, allowing the application of a silane-containing solution (Torres et al., 2009). Silane is an efficient adhesion promoter that promotes chemical interaction between inorganic ceramic crystals and resin (Lima et al., 2024). Although dentists adopted HF because it was inexpensive and effective, it is considered harmful (Prado et al., 2018).
According to the manufacturer, clearfil ceramic primer plus (Kuraray Noritake Dental Inc., Sakazu, Kurashiki, Okayama, Japan) is another material that does not require HF and may be used with phosphoric acid. It is an adhesive primer made specifically for indirect restorative bonding. According to the manufacturer, the product is composed of ethanol, 10-Methacryloyloxydecyl dihydrogen phosphate (MDP), and 3-Methacryloxypropyl trimethoxysilane (MPTS). While the addition of MDP enables the material to attach to zirconia, MPTS creates the siloxane bond to ceramic (Moreno et al., 2019). According to Uğur et al. (2023), combining MPTS with MDP strengthens the interaction with ceramics.
The bond strength between resin composites and lithium disilicate ceramics after various surface treatments has been examined in the literature, however the results are contentious (Shoorgashti et al., 2024; AbuHaimed et al., 2022). The present study aimed to compare the effect of various surface treatments that does not necessitate the use of HF acid as an etchant in repairing silica-based ceramics on the shear bond strength (SBS) between resin composites and silica-based ceramics. The null hypothesis was that there would be no significant difference in SBS obtained between the resin composite and feldspathic ceramic/lithium disilicate materials with the three types of surface treatments.
METHODOLOGY
The materials that were used in this study are stated in Table 1 and the process summarized in Figure 1.
TABLE 1 | Materials and composition.	Material	Commercial name	Manufacturer	Composition
	Lithium disilicate	IPS e.max CAD	Ivoclar Vivadent, Schaan, Liechtenstein	SiO2, Li2O, K2O, Al2O3, P2O5, ZrO2, ZnO, MgO, coloring oxides
	Fluorapatite	IPS e.max Ceram	Ivoclar Vivadent, Schaan, Liechtenstein	SiO2-LiO2-Na2O-K2O-Al2O3-CaO-P2O5-F
	Resin composite	3M™ Filtek™ Z350 XT Universal Restorative	3M ESPE, St. Paul, MN, USA	Silane Treated Ceramic, Bisphenol A Diglycidyl Ether Dimethacrylate (BISGMA), Bisphenol A Polyethylene Glycol Diether Dimethacrylate (BISEMA-6), Diurethane Dimethacrylate (UDMA), Silane Treated Silica, Silane Treated Zirconia, Polyethylene Glycol Dimethacrylate (PEGDMA), Triethylene glycol dimethacrylate, Phenyl bis(2,4,6-trimethylbenzoyl)-phosphine oxide
	Resin adhesive	Tetric® N-Bond Universal	Ivoclar Vivadent, Schaan, Liechtenstein	HEMA, Bis-GMA, D3MA, MDP, ethanol, water, methacrylate-modified polyacrylic acid, silicon dioxide, camphor quinone, ethyl p-dimethyl aminobenzoate, 2-dimethyl aminoethyl methacrylate.
	Universal primer	CLEARFIL CERAMIC PRIMER PLUS	Kuraray Noritake Dental Inc.	3-Methacryloxypropyl trimethoxysilane, 10-Methacryloyloxydecyl dihydrogen phosphate (MDP), ethanol
	Hydrofluoric acid	Porcelain Etchant (9.5%HF)	BISCO, Inc. 1100 W. Irving Park Rd. Schaumburg, IL 60193 U.S.A	Hydrofluoric acid 10%-30%, Sodium fluoride <1%.
	Universal primer	Monobond N	Ivoclar Vivadent, Schaan, Liechtenstein	Alcohol solution of silane methacrylate, phosphoric acid methacrylate and sulphide methacrylate.
	Phosphoric acid	SUPRAETCH – R&S	R&S DENTAL PRODUCTS, Paris, France	Phosphoric acid 37%, Filling Water 63%


[image: Flowchart detailing an experiment comparing two groups of materials in shear bond strength tests. Group 1 uses 2 mm lithium disilicate, while Group 2 uses 2 mm lithium disilicate veneered with 2 mm fluorapatite. Both groups undergo three treatments: PA+CFCP, HF+CFCP, and HF/MB. After composite build-up on specimens, the shear bond strength test is conducted, followed by a determination of failure type.]FIGURE 1 | Flowchart of the specimen’s distribution and test groups. PA, phosphoric acid; CFCP, Clearfil ceramic prime plus; HF, Hydrofluoric acid; MB, Monobond N.Specimen preparation
A total of 120 lithium disilicate square shaped blocks (IPS e.max CAD, Ivoclar Vivadent, Schaan, Liechtenstein) with dimensions of 10 × 10 × 2 mm were fabricated for this study. Each specimen was subjected to wet grinding using a polishing machine (Automat A, Jean Wirtz, West Germany) for 90 s with 600-, 1,000-, and 1,200-grit silicon carbide papers under cold water irrigation. Surface preparation was carried out using a 30 μm diamond rotary cutting tool (Isomet low-speed saw, Buehler, United States) with water irrigation for 10 s, followed by air drying with an oil-free air compressor. The specimens were randomly divided into two main groups (n = 60). The first group was used as core material only, while the second group was veneered with a 2 mm layer of fluoroapatite ceramic (IPS e.max Ceram, Ivoclar Vivadent, Schaan, Liechtenstein). Each main group was further subdivided into three subgroups, resulting in six subgroups in total (n = 20 per subgroup) (Figure 1). The materials used in the study are summarized in Table 1.
Surface treatments
Surface treatments of the ceramic specimens were performed in accordance with the specific recommendations provided by the manufacturers of each repair system, as outlined in Table 2. The protocols included mechanical surface roughening using 50 μm alumina powder followed by either phosphoric acid or HF etching, depending on the repair system. For specimens treated with CLEARFIL CERAMIC PRIMER PLUS, either phosphoric or HF was applied prior to primer application. In contrast, specimens treated with Monobond N underwent HF etching followed by the application of the silane coupling agent. All primers were applied immediately after dispensing and were air-dried using mild or strong oil-free air as specified. These surface treatments aimed to optimize adhesion between the ceramic surfaces and the repair materials.
TABLE 2 | Surface preparation protocols for each repair system.	Material	Procedure
	Phosphoric acid + CLEARFIL CERAMIC PRIMER PLUS	1. Roughen the adherent surface by sandblasting with 50 μm alumina powder.
2. Apply phosphoric acid to the surface and leave for 5 s.
3. Rinse thoroughly and dry.
4. Dispense CLEARFIL CERAMIC PRIMER PLUS into a dish immediately before use.
5. Apply the primer with an applicator brush.
6. Dry the surface with mild, oil-free air.
	Hydrofluoric acid + CLEARFIL CERAMIC PRIMER PLUS	1. Roughen the adherent surface by sandblasting with 50 μm alumina powder.
2. Apply hydrofluoric acid: 20 s for lithium disilicate, 90 s for porcelain.
3. Rinse thoroughly and dry.
4. Dispense CLEARFIL CERAMIC PRIMER PLUS into a dish immediately before use. 5. Apply the primer with an applicator brush.
6. Dry the surface with mild, oil-free air.
	Hydrofluoric acid + Monobond N	1. Apply hydrofluoric acid: 20 s for lithium disilicate, 90 s for porcelain.
2. Rinse off the etchant thoroughly.
3. Apply a thin layer of Monobond N using a Microbrush.
4. Allow to react for 60 s.
5. Disperse excess using a strong stream of air.


Repair with resin composite
In a customized putty mold with a hole in the middle (3 mm in diameter, 2 mm in height) resin adhesive (Tetric® N-Bond Universal, Ivoclar Vivadent AG, Schaan, Liechtenstein) was applied to the surface using microbrush and rubbed for 20 s, then oil- and moisture-free compressed air was used until a glossy, after that it was light cured for 10 s, then the infrastructural ceramic was gradually covered with a composite resin (3M™ Filtek™ Z350 XT Universal Restorative, 3M ESPE, St. Paul, MN, United States) that was condensed on it. Each composite layer was light-polymerized for 20 s at 1 mm from surfaces using a light-emitting diode LED (Bluephase, Ivoclae vivdent Schaan, Liechtenstein) 800 mW/cm2 power polymerizing unit.
Shear bond strength testing
To provide conditions like the oral environment. All specimens were kept in water at 37 °C for 24 h, then thermocycled using thermocycling machine (SD Mechatrinik GmbH, Feldkirchen-Westerham, Bayern, Germany) at temperatures 5 °C–55 °C for 5,000 cycles with a 30-s dwell time. Customized mold was used to fix and seat the specimen in the shear testing jig. Mechanical testing equipment (Instron, Universal testing machine, Instron Corporation, Norwood, Massachusetts, United States) was used to measure the shear bond strengths with a crosshead speed of 0.5 mm/min. Megapascals (MPa) was used to translate the data from Newton as shown in Figure 2.
[image: A dual image of an Instron testing machine. The left panel shows the complete setup with a 5 kilonewton capacity labeled machine performing a test. The right panel offers a close-up view of the machine's gripping mechanism holding a specimen in a clamp. Various tools are positioned on the base of the machine.]FIGURE 2 | Specimens locked for shear bond strength testing in the universal instron testing machine.Failure analysis
Scanning electron microscopy was used to study the specimen’s surface. To improve conductivity, a 15 nm coating of gold was applied to the samples. After that, the specimen was analyzed with a scanning electron microscope (SEM) Phenom-WorldTM (Phenom-World B.V. Dillenburgstraat 9T, Eindhoven 5652 AM, Netherlands) working in the secondary electron mode at a voltage of 15 kV. In addition to digital stereo microscope (Hirox, KH-7700, Tokyo, Japan). According to the manner of failure, the failure may be adhesive when it occurs at the substrate-resin interface, cohesive when it occurs inside the substrate or in the resin composite, or mixed-areas of adhesive and cohesive failure as shown in Figure 3.
[image: Six microscopic images labeled A to F. Images A, B, and C display green-tinted organic material with varying textures and formations. Images D, E, and F are grayscale, showing detailed surface structures with different shapes and indentations. Each image includes a scale for reference.]FIGURE 3 | Types of failure. (A,D) showing an adhesive failure. (B,E) Showing cohesive failure. (C,F) showing mixed failure.Statistical analysis
Two-way analysis of variance (ANOVA) was used in addition to one-way ANOVA and t-test. However, the level of significance was set at alpha 0.05 for any statistical test p-value less than that considered significant. For the failure analysis chi-square was used. Collected data entered IBM SPSS ve 26 for statistical Analysis.
RESULTS
The investigation revealed statistically significant variations in SBS values among the three surface treatment protocols, highlighting the critical role of surface preparation in optimizing the bond between resin composites and lithium disilicate ceramics.
A two-way ANOVA was used to compare the effects of ceramic type and surface treatment process on SBS, as shown in Table 3. The independent factors were ceramic type and surface treatment process, and the dependent variable was the measured SBS. The analysis found that both ceramic type and the interaction between ceramic type and protocol had a statistically significant effect on SBS values (p < 0.05). Given the magnitude of the interaction effect, a one-way ANOVA was used to analyze and find specific subgroup differences across the ceramic types and surface treatments.
TABLE 3 | Two-way ANOVA (tests of between-subjects effects).	Source	Type III Sum of Squares	df	Mean Square	F	*Sig.	Partial Eta squared
	Dependent variable: Shear bond strength
	Corrected model	1105.413a	5	221.083	3.200	0.010	0.125
	Intercept	44458.042	1	44458.042	643.508	0.000	0.852
	Ceramic	336.750	1	336.750	4.874	0.029	0.042
	Protocols	381.967	2	190.983	2.764	0.067	0.047
	Ceramic * Protocols	370.884	2	185.442	2.684	0.073	0.046
	Error	7737.743	112	69.087			
	Total	53266.670	118				
	Corrected Total	8843.156	117				


*P-value was significant at P ≤ 0.05.
a R Squared = .125 (Adjusted R Squared = .086).
The SBS values for repaired ceramics using different surface treatment protocols are summarized in Table 4 and illustrated in Figure 4. For lithium disilicate, three surface treatment protocols were evaluated: phosphoric acid followed by Clearfil Ceramic Primer Plus (PA + CFCP), HF followed by Clearfil Ceramic Primer Plus (HF + CFCP), and HF followed by Monobond N (HF + MB). The mean SBS values for LDS were 17.36 ± 10.30 MPa for PA + CFCP, 22.90 ± 9.56 MPa for HF + CFCP, and 23.09 ± 8.93 MPa for HF + MB. The same protocols were also applied to porcelain specimens, yielding mean SBS values of 17.53 ± 7.61 MPa for PA + CFCP, 20.75 ± 6.04 MPa for HF + CFCP, and 14.92 ± 6.27 MPa for HF + MB. Each group consisted of 20 specimens, except for the HF + CFCP group in the porcelain category, which included 18 specimens due to sample loss. Statistical analysis indicated no significant differences in SBS among the protocols within the lithium disilicate group. However, a significant difference was observed among the surface treatment protocols in the porcelain group (p < 0.05). Post hoc analysis using Tukey’s Multiple Comparison Test revealed a statistically significant difference between the HF + CFCP and HF + MB protocols in the porcelain group, with HF + CFCP demonstrating superior bond strength.
TABLE 4 | One way ANOVA and post hoc test.	Ceramic	Protocol	N	Mean	Std. Deviation	*P-value	95% confidence interval for mean	MCT (Tukey)
	Lower bound	Upper bound
	LDS	PA + CFCP	20	17.357	10.299	0.110	12.537	22.177	a
	HF + CFCP	20	22.897	9.564	18.421	27.373	a
	HF+ MB	20	23.093	8.931	18.914	27.273	a
	Porcelain	PA + CFCP	20	17.533	7.613	0.032	13.970	21.096	ab
	HF + CFCP	18	20.753	6.037	17.751	23.756	b
	HF+ MB	20	14.918	6.274	11.981	17.854	a


*P-value was significant at P ≤ 0.05.
LDS protocols: all are (a) no significant difference.
Porcelain protocols: (a) vs (b) significant difference. The (ab) means not significantly different from either group.
[image: Line graph showing estimated marginal means of shear bond strength for LDS and Porcelain ceramics. Three protocols are compared: sandblasting with phosphoric acid and Clearfil primer (blue line), sandblasting with hydrofluoric acid and Clearfil primer (green line), and hydrofluoric acid with Monobond N (beige line). The green line is the highest for both ceramics, while the beige line decreases sharply from LDS to Porcelain.]FIGURE 4 | Means of shear bond strength of the subgroups.In addition to bond strength values, Table 5 also presents the distribution of failure modes observed for each surface treatment protocol, along with the results of the Pearson Chi-Square tests. Failure modes were classified into three categories: adhesive, cohesive, and mixed. For lithium disilicate, the Chi-Square analysis revealed no statistically significant differences in the distribution of failure types among the three protocols (χ2 = 1.495, df = 4, p = 0.828), indicating that the nature of bond failure was relatively consistent regardless of the surface treatment used. In contrast, porcelain specimens demonstrated a significant difference in failure mode distribution across the protocols (χ2 = 11.452, df = 4, p = 0.022). This suggests that surface treatment had a measurable impact not only on bond strength but also on the type of failure observed. Specifically, the HF + CFCP group in the porcelain specimens showed a higher incidence of mixed failures, which typically reflect stronger, more reliable bonding, while the HF + MB group showed a greater proportion of adhesive failures, consistent with its lower bond strength. These findings further support the conclusion that the effectiveness of bonding protocols may differ based on ceramic type and should be carefully selected to optimize both bond strength and failure mode performance.
TABLE 5 | Type of failure and chi-square test.	Ceramic	Type of failure	Total	Pearson chi-square
	Adhesive	Cohesive	Mixed	Value	df	*P-value
	LDS	Protocols	PA + CFCP	Count	15	1	4	20	1.495a	4	0.828
	% within Protocols	75.0%	5.0%	20.0%	100.0%
	HF + CFCP	Count	13	1	5	19
	% within Protocols	68.4%	5.3%	26.3%	100.0%
	HF+ MB	Count	14	0	6	20
	% within Protocols	70.0%	0.0%	30.0%	100.0%
	Porcelain	Protocols	PA + CFCP	Count	2	11	7	20	11.452b	4	0.022
	% within Protocols	10.0%	55.0%	35.0%	100.0%
	HF + CFCP	Count	1	11	6	18
	% within Protocols	5.6%	61.1%	33.3%	100.0%
	HF+ MB	Count	9	8	3	20
	% within Protocols	45.0%	40.0%	15.0%	100.0%


*P-value was significant at P ≤ 0.05.
a 4 cells (44.4%) have expected count less than 5. The minimum expected count is .64.
b 4 cells (44.4%) have expected count less than 5. The minimum expected count is 3.72.
DISCUSSION
Given the critical role of bond integrity in the success of ceramic repair, this study aimed to evaluate the effect of different surface treatment protocols on the SBS between resin composites and silica-based ceramics, specifically lithium disilicate and porcelain. A particular focus was placed on exploring alternatives to HF, which, despite its effectiveness, presents notable handling and safety concerns in clinical practice. According to the manufacturer, Clearfil Ceramic Primer Plus may be used in conjunction with phosphoric acid as a safer substitute for HF, provided that sandblasting is performed to enhance surface roughness. To investigate this, three surface treatment protocols were compared: (1) phosphoric acid combined with Clearfil Ceramic Primer Plus (PA + CFCP), (2) HF combined with Clearfil Ceramic Primer Plus (HF + CFCP), and (3) HF combined with Monobond N (HF + MB). Notably, the HF + MB group was treated without sandblasting to assess its potential as a simplified and time-efficient clinical alternative. The selection of fluoroapetite and lithium disilicate as test substrates reflects their widespread use in modern restorative dentistry, making the findings clinically relevant for guiding evidence-based repair strategies.
The findings of this study underscore the critical role of surface treatment techniques in influencing the SBS between resin composites and ceramic substrates, particularly in fluoroapatite-based ceramics. While the different surface treatment protocols applied to lithium disilicate did not show statistically significant differences, all three methods yielded relatively high SBS values. This suggests that lithium disilicate may be more tolerant or uniformly responsive to a range of bonding protocols. In contrast, fluoroapatite ceramics demonstrated greater variability in bonding performance depending on the surface treatment used. Notably, the HF + MB protocol resulted in significantly lower bond strength compared to HF + CFCP, highlighting the importance of primer selection in optimizing adhesion. This difference may be attributed to variations in the chemical composition and silane coupling efficiency between Monobond N and Clearfil Ceramic Primer Plus. The superior performance of the HF + CFCP protocol in the fluoroapatite group aligns with previous research emphasizing the necessity of appropriate silane application after etching to enhance bond durability (Dimitriadi et al., 2020). Overall, these findings emphasize the importance of tailoring surface treatment strategies to the specific ceramic material to achieve consistent and long-lasting adhesion in clinical practice.
Maawadh et al. (2020) highlight that replacing fractured ceramic restorations can be both challenging and costly, in addition to being an aggressive approach. An alternative solution involves the use of resin composites for ceramic repair, which are more cost-effective and offer easier handling (Ueda et al., 2021). Although the conventional method—combining HF with silane—is widely used, it presents several drawbacks, including toxicity and limited suitability for intraoral application (Prado et al., 2018). HF works by dissolving the glassy phase of the ceramic, thereby enhancing micromechanical retention and improving bond strength (Campos et al., 2016). Interestingly, the study observed that applying Clearfil Ceramic Primer Plus after sandblasting resulted in comparable outcomes regardless of whether phosphoric acid or HF was used. This may be attributed to the initial sandblasting process, which creates surface roughness, followed by acid etching that further enhances surface reactivity.
The analysis of failure modes offers valuable additional insight into the performance and reliability of the bonding protocols evaluated in this study. Failure types were classified as adhesive, cohesive, or mixed, allowing for a qualitative assessment of bond integrity alongside quantitative SBS measurements. For lithium disilicate, no significant differences in failure mode distribution were observed among the treatment groups, indicating that all protocols provided a similar level of bonding reliability. This consistency may be attributed to the inherently favorable bonding characteristics of lithium disilicate ceramics, which are generally responsive to a wide range of surface treatments.
In contrast, the porcelain (fluoroapatite) group demonstrated significant variation in failure mode distribution depending on the surface treatment applied, suggesting a greater sensitivity to protocol selection. Notably, the HF + Clearfil Ceramic Primer Plus (HF + CFCP) protocol resulted in a higher proportion of mixed failures—typically considered indicative of stronger, more stable bonds. In comparison, the HF + Monobond N (HF + MB) group showed a predominance of adhesive failures, which correlated with its lower SBS values and suggest a weaker bond. These findings underscore the critical role that the interaction between ceramic type and surface treatment protocol plays in determining both bond strength and failure behavior. Clinically, they highlight the importance of selecting a surface treatment approach that is specifically tailored to the ceramic substrate in order to achieve durable and predictable restoration outcomes.
The results of this investigation indicate that the use of Clearfil Ceramic Primer Plus in combination with either hydrofluoric or phosphoric acid and sandblasting yields SBS values for lithium disilicate that are comparable to those achieved with the HF + Monobond N protocol. In the case of porcelain, however, protocols involving Clearfil Ceramic Primer Plus demonstrated superior outcomes compared to the HF + Monobond N method. With regard to failure modes, adhesive failure was the most common type observed in the lithium disilicate group, with no statistically significant differences among the protocols. In contrast, the porcelain group showed significant variation in failure modes depending on the treatment protocol. Cohesive failure was most frequently observed in the sandblasting groups, aligning with the findings of Moravej-Salehi et al. (2016), who also reported a predominance of cohesive failures following sandblasting.
Uğur et al. (2023) concluded that bond strength is enhanced when methacryloyloxydecyl dihydrogen phosphate (MDP) and methacryloyloxypropyl trimethoxysilane (MPTS) are combined. Similarly, Carrilho et al. (2019) reported that 10-MDP adhesives can result in strong and durable bonding. Given its effectiveness with porcelain and its comparable performance to the Monobond N + HF combination in lithium disilicate, these findings support the broader use of Clearfil Ceramic Primer Plus with various etching agents. Sandblasting, as noted by Zarone et al. (2019), is an effective technique for generating surface micro-irregularities in lithium disilicate, which enhances micromechanical retention. Additionally, sandblasting can enhance bonding to porcelain, according to Moravej-Salehi et al. (2016). These findings imply that sandblasting, especially in procedures utilizing Clearfil Ceramic Primer Plus, significantly strengthens bonds. Similar outcomes were found in the study conducted by Bessa et al. (2025). According to their findings, surface treatment had a nearly significant effect on the SBS, although cleaning technique and age had a substantial impact. MEP showed to be a practical, less hazardous substitute for HF + silane, and higher SBS values were obtained by air-particle abrasion with Al2O3 and the application of Ivoclean. Bond strength was adversely affected by thermocycling, especially in those that received HF treatment.
This study was conducted under controlled laboratory conditions, which, while essential for standardization and reproducibility, may not fully replicate the complex environment of the oral cavity. Therefore, one limitation is the lack of in vivo validation, which would provide a more realistic assessment of the clinical performance and long-term durability of the tested bonding protocols. Future in vivo studies are recommended to evaluate how factors such as saliva, temperature fluctuations, occlusal forces, and oral microbiota influence bond strength and restoration longevity. Another limitation is that the study did not account for the potential formation of microcracks induced by the sandblasting process. These microcracks could compromise the structural integrity and long-term durability of ceramic restorations after repair. Investigating the extent and clinical significance of sandblasting-induced damage in future research would provide valuable insights into optimizing surface treatment techniques without adversely affecting ceramic strength. Additionally, incorporating sandblasting into the HF + Monobond N (HF + MB) group could offer further clarity. It would be beneficial to examine whether the introduction of mechanical surface roughening in this group enhances bond performance, as seen in other protocols. This modification could help determine whether the lower bond strength observed with HF + MB was due to the absence of sandblasting or other material-specific factors.
CONCLUSION
Within the limitations of this study, it can be concluded that:
	• Clearfil Ceramic Primer Plus offers a promising alternative to traditional hydrofluoric acid-based surface treatments. When used over lithium disilicate ceramics for repair with composite resin, it demonstrated shear bond strength comparable to that achieved with hydrofluoric acid etching, suggesting it may serve as a safer and effective substitute.
	• Furthermore, in the case of fluoroapatite/porcelain, Clearfil Ceramic Primer Plus produced superior shear bond strength with composite resin as compared to the conventional hydrofluoric acid and silane protocol, indicating its potential as a more reliable and efficient surface treatment option for both ceramic types.
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