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Abstract

:

Debonding and detachment of artificial teeth from the denture base is frequently encountered in prosthodontic practice. This study aims to assess the effect of modifications in the ridge-lap surface of denture teeth with various combinations of mechanical and chemical surface treatments with hydrofluoric acid on bond strength with the acrylic denture base resin and to identify the failure modes (adhesive, cohesive, or mixed). Seventy acrylic resin teeth samples were randomly divided into seven groups (n = 10): a control group (unmodified) and six treatment groups, in which various combinations of mechanical and chemical surface treatments were performed. Then, these teeth were attached to a heat-cured denture base resin block at 45° angulation. The acrylized test samples were thermocycled, and the compressive bond strength was evaluated using a universal mechanical testing machine. The results suggest that roughening with diamond burs yields the highest bond strength, whereas etching/grooving and air abrasion result in the lowest bond strength. Acid etching complemented air abrasion to improve bond strength, while negative effects were noted with acid etching in other groups. Furthermore, roughening at the neck portion of the acrylic teeth can be used by the manufacturing companies as a standard to provide higher bond strength while maintaining the esthetics of the anterior teeth.
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1. Introduction


Geriatric patients often seek the replacement of missing natural teeth (partial or complete) to restore speech, function, and esthetics. A durable, strong, and biologically acceptable denture necessitates the use of a favorable and superior-quality denture base [1]. Polymethyl methacrylate (PMMA) has been widely used for manufacturing denture bases in conglomeration with artificial teeth for a variety of prostheses. In addition, the use of acrylic teeth and denture bases has emerged as a common practice in implant dentistry in either implant- or implant-tissue-supported dentures [2].



PMMA has been commonly used for the manufacturing of several prostheses owing to its advantages, such as low cost, low-water sorption and solubility, excellent translucency impersonating natural teeth (even in the thinnest sections), ability to bond chemically to the denture base, superior strength, durability, and reparability [3].



Dentures are usually subjected to considerable variations in stress during function [4]. Debonding and detachment of artificial teeth from the denture base is one of the most common and frequently encountered failures or complications in prosthodontic practice. Debonding or detachment between the denture base resin and the artificial tooth may be attributed to unwarranted stress or fatigue. Numerous studies have been conducted to evaluate the reasons associated with the failure and strengthen the bond between the two. Kawara et al. highlighted that failures occur owing to the gap and crack propagations in areas of load deliberation [5]. In addition, they consume the dentist’s time and effort as well as impose added costs and distress to the patient; approximately 26–33% of the dentures are repaired owing to debonding [6,7].



The mutual solubility or miscibility of both the polymers is critical to the development of an interwoven polymer, thus enhancing the strength of the bond between the two. The bond between both the components is influenced considerably by the physical contact of the polymerizing denture base resin with the tooth resin and the chemical reaction between the two, thereby resulting in the formation of the aforementioned interwoven polymer network. The adhesion between the two components is one of the most imperative factors for achieving desirable prosthetic performance and durability [8].



The most common reasons for detachment and debonding are the smaller ridge-lap surface area obtained for bonding; the course of stresses stumbled upon during function; incompatible surface conditions or the presence of impurities or residual wax at the interface between the teeth and the denture base; presence of deficient monomers during polymerization; and futile or wretched curing methods [9].



Implant-supported dentures and prostheses exert a higher biting force on the dentition and are associated with improved masticatory function; therefore, there is a higher chance of debonding. Additionally, the presence of attachments in the anterior region of the implant-supported dentures may result in an insufficient acrylic resin thickness in the anterior segment; this may, in turn, lead to fractures and the debonding of teeth from the base [10].



Prior studies have reported a wide disparity of biting force on the anterior teeth between natural dentition and acrylic prostheses such as complete dentures, removable partial dentures, or hybrid prostheses. Debonding or detachment is frequently encountered in the anterior region and may be attributed to the smaller ridge-lap surface areas available for bonding as well as the direction of the stresses encountered during function. This highlights the importance of improving the bond strength between the acrylic teeth and the denture base [11]. Debonding is also observed when porcelain teeth are used with denture base resin, as the bond between the two is purely mechanical [12]. The failure or detachment can be classified into three types, namely, adhesive, cohesive, and a mixture of the two (i.e., mixed). Adhesive failure arises at the interface of the acrylic tooth and the denture base contact and is manifested by the absence of component (tooth and/or denture base contact) fragments on the opposing surface. Cohesive failure may be described as a complete fracture within the artificial tooth or denture base resin. Mixed failure may be characterized by the presence of a part of denture base material on the tooth surface or vice versa [13].



Modern technology has introduced numerous advances and methods to enhance the bond strength between denture bases and artificial teeth. These may include chemical treatments (surface treatment), mechanical procedures, and the combination of both in conjunction with different polymerization techniques. Mechanical procedures incorporate the use of diatoric pins, grooves, undercuts, roughening of the ridge-lap surface of teeth, and sandblasting, which is known to enhance mechanical interlocking during processing [14]. Chemical procedures incorporate the use of monomers, solvents, or adhesive bonding agents such as the Silane coupling agent (SCA) and non-polymerizable solvents such as dichloromethane, trichloromethane ethyl acetate, acetone, and dissolved PMMA applied to the contact surfaces to augment the chemical bonding. A variety of polymerization techniques have been used, including chemical, heat, light, and microwave irradiation [15].



Strength may be defined as the maximum stress that a structure can withstand without sustaining a specific amount of plastic strain (yield strength). There are several types of stresses that the denture may be subjected to during function, including tensile, shear, flexural, and compressive stresses [16,17]. Tensile strength represents the ability of an object or material to endure loads, tending to lengthen it. Flexural strength reflects the complex stresses applied to the denture during mastication and is an indicator of rigidity. Compressive strength may be defined as the resistance applied by a material or object upon application of force or load to shorten or compress it [18]. In the current study, compressive bond strength is evaluated. The relation between maxillary and mandibular anterior teeth is such that when the patient bites with anterior teeth, the forces act at an angle of 30–45° to the long axis of these teeth. Anterior teeth are under compression that comes off the long axis of the tooth. This off-axis compressive load is one of the reasons for debonding denture teeth from hybrid dentures [12,13].



The use of hydrofluoric (HF) acid for composite repair is well documented; however, the current literature lacks substantial information on the effect of hydrofluoric acid and the roughening of the cervical part of acrylic teeth on the bond strength between the acrylic denture base and the teeth. So, this study aims to assess the effect of modifications in the ridge-lap surface of denture teeth with various combinations of mechanical and chemical surface treatments with HF acid on the bond strength with the acrylic denture base resin and to identify the failure modes (adhesive, cohesive, or mixed).




2. Materials and Methods


The investigation was conducted by a single researcher. Seventy acrylic resin teeth samples (Maxillary Central Incisors, Yamahachi, Gamagori, Japan) attached to a heat-cured denture base resin block (Eco-Cryl Hot-Protechno, Vilamalla Girona, Spain) were used. The long axes of the teeth were aligned at 45° with respect to the base of the block (Figure 1). The angulation of the tooth in each block was measured using a profile projector to omit the chances of any incongruity of alignment between the teeth and the base.



To ensure standardization of the test specimens, a prototype model (size: 10 × 10 × 30 mm) was fabricated (Figure 1), followed by the duplication of the prototype model with silicone and the formation of the split mold (Figure 2).



Seven study groups were considered (ten samples each):




	
Group 1: Negative control (unmodified group; Figure 3A).



	
Group 2: Mechanical treatment was performed by preparing 2 mm grooves on the ridge-lap surfaces of the teeth with a round bur (Figure 3B).



	
Group 3: Grooves were created in a manner similar to those in Group 2 in addition to chemical surface treatment with (HF) acid and SCA. First, the samples were etched with 10% HF acid Acido Gel 10 (Maquira Dental Products, Maringá, Brazil) for 60 s followed by the application of SCA (Pulpdent Corporation, Watertown, MA, USA), coated in two layers on the ridge-lap surfaces and cured according to the manufacturer recommendations (Figure 3B and Figure 4).



	
Group 4: The samples were mechanically treated with 50 μm aluminum oxide particles (Protechno, Spain) using a sandblasting machine (SandStorm Prestige 80150) for 10 s at a pressure of 2.5 bar and at a distance of 10 mm between the plunger and the tooth surface. The slack was removed using an air–water spray for 10 s, followed by drying for 3 s (Figure 3C).



	
Group 5: The samples were treated with air abrasion followed by chemical treatment, as described for Group 3 (Figure 3C and Figure 4).



	
Group 6: The teeth were roughened with a flame-shaped diamond sintered bur using a low-speed handpiece with a water spray. A new diamond bur was used for each sample (Figure 3D).



	
Group 7: The teeth were roughened with a diamond bur, similar to Group 6, followed by the chemical treatment of the teeth, as performed on Group 3 (Figure 3D and Figure 4).








The acrylized test samples were then thermocycled (6000 cycles, equivalent to 30 days) in distilled water between 5 to 55 °C (Model 1100, SD Mechatronik, Bayern, Germany) [19]. A universal mechanical testing machine (Model 4301, Instron, Canton, MA, USA) was used for applying a point compressive load at 45 degrees from the long axis of each denture tooth on the palatal surface (Figure 5). The machine was run at a constant crosshead speed of 5.0 mm/min, temperature 18.00 ± 1 °C, and humidity 50 ± 1%. The size of the point compressing the palatal surface of teeth was 5 mm and was directed towards the cingulum of each tooth to be fractured. Upon failure, each specimen was removed, and the maximum load at failure was recorded in newton (N); compressive stress (in MPa) at maximum compressive load was calculated by using the formula S = Force/Area, where F is the maximum load required to cause the failure and A is the interface area of a test specimen measured in mm2. The results collected were tabulated in a Microsoft Excel spreadsheet (version 1910, 2019, Microsoft Inc., Redmond, WA, USA).



Mean compressive stress (MPa) at maximum compressive load and mean maximum load (N) were compared between all the groups using the one-way analysis of variance (ANOVA) test. The intergroup comparison of mean compressive stress at maximum compressive and mean maximum loads was completed using the posthoc Bonferroni test. The modes of failure were evaluated using loupes and were compared using the chi-square test.




3. Results


The investigation was conducted on 70 acrylic central incisors attached to heat-cured denture base resin blocks. Scheme 1A,B depicts compressive stress vs. time curves for each experimental group.



Mean compressive stress (MPa) at maximum compressive load was compared among Groups 1–7 by conducting the one-way ANOVA test. There were significant differences among Groups 1–7. The intergroup comparison was conducted using the posthoc Bonferroni test. Herein, significantly better outcomes were obtained for Group 1 (11.8 ± 2.25 MPa) than those obtained for Groups 3 (10.11+ 1.17 MPa) and 4 (10.52 + 2.49 MPa); however, the outcome was significantly worse than that of Group 6 (12.90 + 1.42 MPa). Additionally, the outcomes pertaining to Group 3 (10.11+ 1.17 MPa) were worse than those obtained for Groups 5 (12.14 + 2.18 MPa), 6 (12.90 + 1.42 MPa), and 7 (11.95 + 1.05 MPa). The compressive strength was significantly smaller in the case of Group 4 ((10.52 + 2.49 MPa) than those in Groups 5 ((12.14 + 2.18 MPa), 6 (12.90 + 1.42 MPa), and 7 ((11.95 + 1.05 MPa). The intergroup comparison among Groups 5, 6, and 7 yielded insignificant results (Table 1 and Table 2, and Scheme 2).



The mean maximum compressive load (N) was compared for Groups 1–7 using the one-way ANOVA test, and the results suggested a significant difference among all the groups. N was significantly higher in Group 1 (926.83 + 176.84) than those in Groups 3 (793.72 + 91.87) and 4 (825.99 + 195.79). In addition, N was significantly higher in Group 2 (921.47 + 174.13) than those in Groups 3 (793.72 + 91.87) and 4 (825.99 + 195.79), but significantly smaller than that in Group 6 (1013.44 + 111.26); N was significantly smaller in the case of Group 3 (793.72 + 91.87) than those in Groups 5 (953.68 + 171.18), 6 (1013.44 + 111.26), and 7 (938.48 + 82.22). Further, N was significantly smaller in the case of Group 4 (825.99 + 195.79) than those in Groups 5 (953.68 + 171.18), 6 (1013.44 + 111.26), and 7 (938.48 + 82.22), and no significant difference was found for intergroup comparisons of the mean maximum load between Groups 5, 6, and 7 (Table 3 and Table 4, and Scheme 3).



The modes of failure were compared between Groups 1–7 using the chi-square test, and the results are shown in Scheme 4. In addition, the mean compressive load at failure is shown in Scheme 2. Adhesive failure (i.e., clean failure) occurred significantly more frequently at the tooth/denture base interface (clean) in Groups 3 (70%) and 7 (40%). Significantly more cohesive tooth failure was observed in Groups 1 (70%), 2 (50%), 5 (60%), 6 (100%), and 7 (50%). Mixed areas of simultaneous adhesive and cohesive failures appeared significantly more often in Groups 4 (80%) and 5 (40%) (Scheme 4, Figure 6).




4. Discussion


This study has analyzed the effects of modifications in the ridge-lap surface of denture teeth with various combinations of mechanical and chemical surface treatments on bond strength with the acrylic denture base resin. The samples in the study were subjected to thermal cycling, which represents mechanical fatigue in a moist oral condition. A significant difference in mean compressive bond strength was observed when the seven groups were compared.



The chemical or mechanical surface treatment on the denture tooth surface preceding bonding yielded mixed results on bond strength. Our study revealed significant differences in all the groups regarding mean compressive stress at maximum compressive load. The results of this study showed that the maximum compressive load and stress were generated in Group 6, wherein the teeth were roughened with a flame-shaped diamond sintered bur using a low-speed handpiece. Roughening tends to augment bond strength as it increases the surface area of the denture teeth available for interaction with the polymerizing denture base resin and facilitates better penetration of the acrylic resin by generating surface irregularities [20]. Our results are in agreement with those reported by Bragaglia et al. [21] in terms of comparing the bond strength between the denture base and teeth, subjected to six surface treatments. This study concluded that roughening the tooth base with an abrasive stone provided the greatest bond strength [10].



Group 5 displayed smaller compressive stress and loads than Group 6, wherein the teeth were treated with air abrasion followed by chemical treatment with HF acid and SCA. Air abrasion increases the surface area of the ridge-lap part of the denture teeth, increasing the roughening on the surface through the formation of irregularities and undercuts, creating micromechanical retention pits for the repair resin, and thus improving the bond strength [22]. Similar results were highlighted by Qaw et al. [23] and Al Zaher et al. [2], who emphasized that the application of bonding agents to the ridge-lap surface after alumina air abrasion improved bond strength. Studies conducted by Bahrani and Khaledi [24] and Fletcher et al. [25] also reported a considerable improvement in bond strength when SCA was applied as a surface conditioner.



In the current study, when compared to the control group, the compressive bond strengths of Groups 6 and 5 were significantly higher. This may be because the free surface energy of the newly exposed acrylic will be different from that of untreated acrylic [25]. Chemical surface treatments with HF acids, along with SCA, increase bond strength by the formation of covalent bonds between the functional groups of denture resin, the hydrolyzable groups of SCA, and acrylic teeth [26,27]. This is accompanied by the penetration of SCA in the micropores, thus facilitating the interlocking of the material within the irregularities formed by alumina-blasting.



The compressive bond strength and load reflected by Group 2 were smaller than those exhibited by Group 1, wherein 2-mm grooves were incorporated on the ridge-lap surfaces of the teeth with a round bur. Our results disagreed with those reported in recent studies, which have shown an improvement in strength with the incorporation of grooves owing to improvements in physical retention [28]. This was followed by Group 4, wherein only the teeth were treated with 50 μm aluminum oxide particles based on a sandblasting machine [29,30]. The minimum compressive strength and load were obtained for Group 3, wherein grooves were treated initially and then followed by chemical treatment with hydrofluoric acid and SCA.



The compressive strength of Groups 2 and 3 was significantly less compared to the control group. This is in partial agreement with the results of the study by Büyükyilmaz et al. [31], who reported that the advantage of the horizontal groove is unclear for increasing bond strength. Barpal et al. [32] reported adhesive failures in most tested specimens in which mechanical retention in the form of diatoric or grooves was tried. It can be assumed that rough surfaces of retention grooves may trap wax residues, tinfoil substitutes, oils, or other contaminants and may decrease the bond strength adversely [33,34]. Additionally, acrylic resin might not flow completely into deep grooves and may lead to a poor bond between teeth and the resin.



The results of this study cannot be compared directly with other studies due to the difference in the composition of acrylic teeth, the chemical used, and the denture base resin, which may affect bonding strength to varying degrees. In the current study, we used highly crosslinked teeth that had nano-silica filler particles to increase fracture strength and wear resistance. These fillers and crosslinking agents have been shown to decrease the chemical bond between teeth and denture base resin compared to non-crosslinked teeth [35,36]. The use of different products may explain the inconsistent results compared to other studies comparing the effect of chemical and mechanical surface treatments on teeth–resin bond strength [37].



Comparison of the modes of failures indicated that adhesive failure at the tooth/denture base interface (clean failure) was predominant among Groups 2, 3, and 7. Cohesive failure was predominant among Groups 1, 2, 5, 6, and 7. Mixed failures occurred more frequently in the cases of Groups 4 and 5. According to the British Standard (BS EN ISO 22112: 2017) [38], satisfactory bond strength is attained when the failure is cohesive. When discussing the serviceability of the prosthesis, cohesive failures can be considered more favorable compared to adhesive failures [2]. Using acrylic teeth or denture bases with high crosslinking and more filler particles can avert such cohesive failures, thus prolonging the life of the prosthesis. In the current study, the majority of specimens demonstrated cohesive modes of failure, whereas a relatively smaller number of specimens exhibited mixed or adhesive failures. These findings are in concordance with the results presented by another study [9,38].



It is well accepted that in-vivo performance differs from that in an in-vitro setting. Hence, the proposed method’s relevance to increasing the bond strength between the denture base and acrylic resin by roughening with diamond burs and surface treatment with hydrofluoric acid and air abrasion should be studied in actual clinical situations.




5. Conclusions


This study aimed to assess the effect of modifications in the ridge-lap surface of denture teeth with various combinations of mechanical and chemical surface treatments on the bond strength with the acrylic denture base resin. Within the limitations of the study, the following conclusions can be drawn:




	
Roughening the ridge-lap surface of denture teeth with diamond burs yielded the highest bond strength (12.9 MPa) compared with all other groups. The failure mode in this group was cohesive (100%) in terms of fracture of the acrylic tooth, which explains the improved bond strength between the tooth and the acrylic resin. These results are in agreement with those reported by Bragaglia et al. [21]. The surface irregularities produced increased the surface area for interaction with the polymerizing denture base resin and facilitated better acrylic resin penetration [20,21].



	
Grooving/etching and air abrasion alone resulted in the lowest bond strength (10.1 MPa and 10.5 MPa, respectively). The failure mode in Group 3 was predominantly adhesive (70%) in nature, while mixed areas of adhesive and cohesive failures (80%) were predominant in Group 4.



	
Acid etching complemented air abrasion to improve bond strength (12.1 MPa). The failure mode in this group was a combination of cohesive (60%) and mixed failures (40%). The results are in agreement with those reported by Bahrani and Khaledi [24], who suggested that etching eliminates debris, increases surface area, and amends surface topography, thus leading to an increase in bond strength.



	
Roughening at the neck portion of the acrylic teeth may be adopted by the manufacturing companies as a standard to provide higher bond strengths while maintaining the esthetics of the anterior teeth.








Future studies in actual clinical situations by using dentures used by patients should be carried out to research the additional effects of the buffering action of saliva, temperature change, and by-products from food ingredients on compressive bond strength.
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Figure 1. Acrylic tooth attached to the block with the long axes aligned at 45° with respect to the base of the block. 
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Figure 2. Duplication of the prototype model with silicone and the formation of the split mold. 
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Figure 3. Mechanical treatments performed on teeth: (A) No treatment, (B) grooves, (C) treatment with 50 μm aluminum oxide particles, and (D) roughening with a flame-shaped diamond sintered bur. 
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Figure 4. Chemical surface treatment of teeth with (A) hydrofluoric acid and (B) Silane coupling agent. 
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Figure 5. Specimen subjected to testing in a universal testing machine. 






Figure 5. Specimen subjected to testing in a universal testing machine.



[image: Coatings 11 01527 g005]







[image: Coatings 11 01527 sch001 550] 





Scheme 1. (A). Compressive stress vs. time curve for Groups 1 to 4. (B). Compressive stress vs. time curve for Groups 5 to 7. 
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Scheme 2. Intergroup comparison of mean compressive stress (MPa) at maximum compressive load. 
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Scheme 3. Mean compressive load at failure (N) (Groups 1–7). 
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Scheme 4. Types of failure modes (Groups 1–7). 
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Figure 6. Types of failure modes: (A) adhesive, (B) cohesive in tooth, (C) cohesive in tooth and denture base, (D) mixed: adhesive and cohesive. 






Figure 6. Types of failure modes: (A) adhesive, (B) cohesive in tooth, (C) cohesive in tooth and denture base, (D) mixed: adhesive and cohesive.



[image: Coatings 11 01527 g006]







[image: Table] 





Table 1. One-way ANOVA for mean compressive stress (MPa) at maximum compressive load.
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Group

	
N

	
Mean

	
SD

	
Std. Error

	
95% Confidence Interval for Mean

	
Minimum

	
Maximum

	
F-Value

	
p-Value




	
Lower Bound

	
Upper Bound






	
Group 1

	
10

	
11.80

	
2.25

	
0.71

	
10.19

	
13.41

	
7.55

	
15.20

	
2.560

	
0.028 *




	
Group 2

	
10

	
11.73

	
2.22

	
0.70

	
10.15

	
13.32

	
8.53

	
14.85




	
Group 3

	
10

	
10.11

	
1.17

	
0.37

	
9.27

	
10.94

	
8.48

	
12.81




	
Group 4

	
10

	
10.52

	
2.49

	
0.79

	
8.73

	
12.30

	
6.52

	
15.06




	
Group 5

	
10

	
12.14

	
2.18

	
0.69

	
10.58

	
13.70

	
7.16

	
14.30




	
Group 6

	
10

	
12.90

	
1.42

	
0.45

	
11.89

	
13.92

	
10.17

	
15.32




	
Group 7

	
10

	
11.95

	
1.05

	
0.33

	
11.20

	
12.70

	
10.62

	
13.71




	
Total

	
70

	
11.59

	
2.03

	
0.24

	
11.11

	
12.08

	
6.52

	
15.32








SD: standard deviation, * Significant difference (p < 0.05). Group 1: unmodified group; Group 2: mechanical treatment by preparing 2 mm grooves with a round bur; Group 3: Group 2 + chemical surface treatment with HF acid and SCA; Group 4: Mechanical treatment with 50 μm aluminum oxide particles; Group 5: Group 4 + chemical surface treatment with HF acid and SCA; Group 6: mechanical roughening with a flame-shaped diamond bur; Group 7: Group 6 + chemical surface treatment with HF acid and SCA.
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Table 2. Intergroup comparison of mean compressive stress (MPa) at maximum compressive load conducted using the posthoc Bonferroni test.
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Group

	
Group 1

	
Group 2

	
Group 3

	
Group 4

	
Group 5

	
Group 6

	
Group 7




	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE






	
Group 1

	
X

	
0.07/1.000/0.852

	
1.69/0.045 */0.852

	
1.28/0.048 */0.852

	
−0.34/1.000/0.852

	
−1.10/1.000/0.852

	
−0.15/1.000 0.852




	
Group 2

	
0.07/1.000/0.852

	
X

	
1.63/0.047 */0.852

	
1.22/0.048 */0.852

	
−0.41/1.000/0.852

	
−1.17/0.049 */0.852

	
−0.22/1.000/0.852




	
Group 3

	
1.69/0.045 */0.852

	
1.63/0.047 */0.852

	
X

	
−0.41/1.000/0.852

	
−2.04/0.042 */0.852

	
−2.80/0.035 */0.852

	
−1.84/0.045 */0.852




	
Group 4

	
1.28/0.048 */0.852

	
1.22/0.048 */0.852

	
−0.41/1.000/0.852

	
X

	
−1.63/0.047 */0.852

	
−2.39/0.034 */0.852

	
−1.43/0.048 */0.852




	
Group 5

	
−0.34/1.000/0.852

	
−0.41/1.000/0.852

	
−2.04/0.042 */0.852

	
−1.63/0.047 */0.852

	
X

	
−0.76/1.000/0.852

	
0.19/1.000/0.852




	
Group 6

	
−1.10/1.000/0.852

	
−1.17/0.049 */0.852

	
−2.80/0.035 */0.852

	
−2.39/0.034 */0.852

	
−0.76/1.000/0.852

	
X

	
0.95/1.000/0.852




	
Group 7

	
−0.15/1.000/0.852

	
−0.22/1.000/0.852

	
−1.84/0.045 */0.852

	
−1.43/0.048 */0.852

	
0.19/1.000/0.852

	
0.95/1.000/0.852

	
X








MD: mean difference, SE: standard error. * Significant difference (p < 0.05). Group 1: unmodified group; Group 2: mechanical treatment by preparing 2 mm grooves with a round bur; Group 3: Group 2 + chemical surface treatment with HF acid and SCA; Group 4: mechanical treatment with 50 μm aluminum oxide particles; Group 5: Group 4 + chemical surface treatment with HF acid and SCA; Group 6: mechanical roughening with a flame-shaped diamond bur; Group 7: Group 6 + chemical surface treatment with HF acid and SCA.
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Table 3. One-way ANOVA for mean maximum load (N).
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Group

	
N

	
Mean

	
SD

	
Sd. Error

	
95% Confidence Interval for Mean

	
Minimum

	
Maximum

	
F-Value

	
p-Value




	
Lower Bound

	
Upper Bound






	
Group 1

	
10

	
926.83

	
176.84

	
55.92

	
800.32

	
1053.33

	
592.63

	
1194.11

	
2.560

	
0.028 *




	
Group 2

	
10

	
921.47

	
174.13

	
55.06

	
796.91

	
1046.04

	
669.95

	
1166.37




	
Group 3

	
10

	
793.72

	
91.87

	
29.05

	
728.00

	
859.44

	
665.93

	
1005.82




	
Group 4

	
10

	
825.99

	
195.79

	
61.92

	
685.93

	
966.06

	
512.43

	
1182.52




	
Group 5

	
10

	
953.68

	
171.18

	
54.13

	
831.23

	
1076.13

	
562.25

	
1123.51




	
Group 6

	
10

	
1013.44

	
111.26

	
35.18

	
933.85

	
1093.02

	
798.75

	
1203.03




	
Group 7

	
10

	
938.48

	
82.22

	
26.00

	
879.66

	
997.29

	
833.97

	
1076.78




	
Total

	
70

	
910.52

	
159.50

	
19.06

	
872.48

	
948.55

	
512.43

	
1203.03








SD: standard deviation, * Significant difference (p < 0.05). Group 1: unmodified group; Group 2: mechanical treatment by preparing 2 mm grooves with a round bur; Group 3: Group 2 + chemical surface treatment with HF acid and SCA; Group 4: mechanical treatment with 50 μm aluminum oxide particles; Group 5: Group 4 + chemical surface treatment with HF acid and SCA; Group 6: mechanical roughening with a flame-shaped diamond bur; Group 7: Group 6 + chemical surface treatment with HF acid and SCA.
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Table 4. Intergroup comparison of mean maximum compressive load (N) assessed using the posthoc Bonferroni test.
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Group

	
Group 1

	
Group 2

	
Group 3

	
Group 4

	
Group 5

	
Group 6

	
Group 7




	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE

	
MD/p-Value/SE






	
Group 1

	
X

	
5.35/1.000/66.93

	
133.1/0.045 */66.93

	
100.8/0.048 */66.93

	
−26.85/1.000/66.93

	
−86.61/1.000/66.93

	
11.65/1.000/66.93




	
Group 2

	
5.35/1.000/66.93

	
X

	
127.7/0.047 */66.93

	
95.4/0.048 */66.93

	
32.2/1.000/66.93

	
91.9/0.049 */66.93

	
−17.0/1.000/66.93




	
Group 3

	
133.1/0.045 */66.93

	
127.7/0.047 */66.93

	
X

	
−32.2/1.000/66.93

	
−159.9/0.042 */66.93

	
91.9/0.049 */66.93

	
−144.7/0.045 */ 66.93




	
Group 4

	
100.8/0.048 */66.93

	
95.4/0.048 */66.93

	
−32.2/1.000/66.93

	
X

	
127.69/0.047 */66.93

	
−187.44/0.034 */66.93

	
−112.48/0.048 */66.93




	
Group 5

	
−26.85/1.000/66.93

	
−32.2/1.000/66.93

	
−159.9/0.042 */66.93

	
−127.69/0.047 */66.93

	
X

	
−59.76/1.000/66.93

	
15.20/1.000/66.93




	
Group 6

	
−86.61/1.000/66.93

	
−91.9/0.049 */66.93

	
−219.7/0.035 */66.93

	
−187.44/0.034 */66.93

	
−59.76/1.000/66.93

	
X

	
74.96/1.000/66.93




	
Group 7

	
−11.65/1.000/66.93

	
−17.0/1.000/66.93

	
−144.7/0.045 */66.93

	
−112.48/0.048 */66.93

	
15.20/1.000/66.93

	
74.96/1.000/66.93

	
X








MD: mean difference, SE: standard error. * Significant difference (p < 0.05). Group 1: unmodified group; Group 2: mechanical treatment by preparing 2 mm grooves with a round bur; Group 3: Group 2 + chemical surface treatment with HF acid and SCA; Group 4: mechanical treatment with 50 μm aluminum oxide particles; Group 5: Group 4 + chemical surface treatment with HF acid and SCA; Group 6: mechanical roughening with a flame-shaped diamond bur; Group 7: Group 6 + chemical surface treatment with HF acid and SCA.
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