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Abstract

:

This study aimed to evaluate the survival rates of several external hexagon implants directly connected to zirconia crowns after thermomechanical fatigue. The deformation of the hexagons and the integrity of zirconia crowns were also evaluated. A monolithic zirconia crown (Y-TZP) and four different external hexagon dental implants (n = 10, N = 40) were mounted together and embedded in polyurethane. The specimens were subjected to thermomechanical cycling for 2.5 × 106 cycles, at 3.0 Hz frequency, at 200 N loading. The interface of the implant/zirconia crown system, zirconia crowns integrity before and after cycling, and the implant hexagon surface were evaluated under stereomicroscopy and SEM. A nanohardness analysis was performed to verify the hardness of zirconia and implants. Statistical analysis was performed using the Kaplan-Meier test, Multi-Sample Survival Tests, Logrank Test, (p = 0.05). The data did not show significant differences in the survival rates of different implant groups. However, some crowns presented fractures (16.67%) and the external hexagon region of the implants presented plastic deformations (100%). During chewing simulation, the interface between titanium implant and zirconia abutment can promote plastic deformation in the metal and surface defects in the ceramic. In addition, the types of interface defects can be affected by the external hexagon design.
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1. Introduction


The success of dental implants can be evaluated by the aesthetic and mechanical conditions. For excellent osseointegration (macro and microstructurally), shape and implant type, abutment-implant connection, gaps, thread design and surface characteristics are factors that play an important role [1,2]. The wide variety of products and the choice for restorative materials can make this list even more complex to dentists.



Another important factor is the rehabilitation with implant-supported restorations. For the prosthesis manufacturing, several types of abutments can be used providing different characteristics for the peri-implant tissue and mechanical response. Metallic abutments made of titanium alloy have been proven to be a durable treatment option and are considered the “gold standard” [3]. But, to fulfill aesthetic requirements, aesthetic abutments were developed with high strength polycrystalline ceramics, such as alumina and zirconia [4,5,6,7].



Zirconia is considered a promising material because of its strength, excellent mechanical properties and biocompatibility, resulting in strong implant abutments [8,9,10]. Zirconia abutments of various implant-abutment geometries are available for the different types of implants, such as external hexagon, internal hexagon and even conical connections, and either as one-piece (zirconia one-piece abutment) or two-piece (zirconia abutment and crown) systems [11].



The forces acting on the excursion contacts and obliquely to the implant central axis may affect the misfit between abutment/implant interface. These forces on implant prostheses cannot be avoided but can be well tolerated by selecting the correct prosthetic component. Therefore, it is suggested that the use of zirconia abutments in titanium implants can cause permanent changes and deformations of the implant hexagon [12]. This is because the action of cyclic forces is able to generate fatigue in these dental materials. During fatigue cycle, dental implants can develop internal micro cracks that increase in number and size with time. For the abutment/implant interface the fatigue cycle can lead to micro-movements resulting in abutment loosening, wear, cracks in the implant, cracks in the screw or even fracture of the dental implant [13,14]. In addition, the incidence of masticatory loads in this type of treatment can lead to fractures of the ceramic material and other components of the prosthesis [15].



The objective of the current study was to evaluate the influence of thermomechanical cycling on the fatigue strength of the zirconia crowns and the effects on the external hexagon of the implants under simulated oral conditions with temperature variations, moisture, compressive cyclic loading and sliding contact.




2. Materials and Methods


Thirty-six monolithic zirconia crowns were manufactured and screw-retained to different external hexagon implants.



Polyurethane cylinders were made (F16, Axson, Socorro, São Paulo, Brazil). The base and the catalyst of the polyurethane resin were mixed in equal portions and poured inside ¾ inch in diameter PVC cylinders (2 cm in height). After the polymerization reaction, ISO 14801 was followed [14,16]. The milling of the polyurethane block for implant fixation was performed using the specific and sequential milling burs, with the aid of a precision dental milling machine (BioArt Dental Equipment, São Carlos, Brazil), in order to determine a same axis for implant placement for all samples. In this study, the implants from four different manufacturers were used (Bonelike Hexagonal External Ø 4.0 × 11.5 mm [G1]; Titamax HE Smart Cortical Ø 3.75 × 13.0 mm [G2]; Brånemark System MK III Ø 3.75 × 11.5 mm [G3]; Cortical Screw Master Easy-Grip Porous RD Ø 3.75 × 11.5 mm [G4]), all of them with 4.1 mm of prosthetic platform. Then the implants were screw-retained into the center of the polyurethane cylinders. The implant platform was previously marked with a pen to standardize its position 3 mm below the surface of the resin cylinder (Table 1).



The crown design was the same for all groups, but to assure a perfect fit in each type of implant design, the database in the CAD (computer aided design) software was used (600 Zirkonzahn 600 art, Neuler, Germany) and the crowns were virtually customized at the connection. The crowns were then milled (Zirkonzahn M5, Neuler, Germany) in zirconia 25% larger in size, and sintered in a ceramic oven (Zirkonnofen 600, Zirkonzahn, Neuler, Germany) for a sintering period of 10 h (air medium), according to the following schedule: temperature elevation 8 °C/min; holding time 2 h and final temperature, 1600 °C. The crowns were retained directly on to the implant platform with a torque of 30 N/cm, which was measured with a digital torque wrench (Mitutoyu, Kawasaki City, Japan).



In a sliding fatigue machine (BioPdi Sliding, BioPdi, São Carlos, Brazil), the specimens were positioned in a fixed metal base, with distilled water at 37 °C at a 90° angle between the occlusal surface and the stainless-steel tip with 3.18 mm in diameter. The tip of the load applicator contacted the uppermost part of the zirconia component where it performed the first touch with an axial load of 50 N at 1.0 bar of pressure and slid over it with 2.0 mm of extension. 2.5 × 106 cycles were performed at 3 Hz frequency. Every 500,000 cycles the test was interrupted, the specimens inspected in a stereomicroscope for failures (Stereo Discovery.V12, Carl Zeiss, LLC, Thornwood, NY, USA), and suspended from testing in the presence of fractures. The following failures modes were considered: fracture of the screw, fracture of the crown, complete loosening of the crown and fracture of the implant. If no failure was observed, the specimens continued to undergo sliding fatigue until they failed or until the end of the test.



The zirconia crowns were analyzed under an optical microscope and through SEM (Scanning electron microscopy) to observe the initial topography and possible damage (deformation) caused to the implant during fatigue. The zirconia crown was then gold sputtered for SEM, receiving 12 nm of gold layer (Emitech SC7620 Sputter Coater). The analysis of the fractured crowns was carried out to determine critical defects and direction of crack propagation.



A nanohardness test (Berkovich tip) for implants and zirconia crowns were performed to verify the Knoop hardness of the evaluated materials. (Nano-Inducer NHT2, Anton Paar, Austria). The maximum load used for implants and zirconia crowns were 50 g, with an initial loading rate of 10 g/min, with a time of 30 s to reach the maximum load used, the tip stood still for 10 s and then started the unloading rate of 10 g/min, equivalent to 30 s.



Statistical analysis was performed using the Kaplan-Meier test and Multi-Sample Survival Test (Log-rank Test) (p = 0.05).




3. Results


All implants presented plastic deformations on the hexagon region (Figure 1). One implant type—Bonelike hexagon external Ø 4.0 × 11.5 mm Biotechnology/Biomet 3i from Brazil- showed a cervical fracture (near the prosthetic connection), which was also observed in SEM (Scanning Electron Microscopy, Inspect S50, FEI, Brno, Czech Republic).



The topography of the initial crown presented imperfections at a microscopic level that may have triggered fractures during fatigue. The fractured crowns subjected to the fatigue test demonstrated that the fractures were originated at the regions where the vertices of the hexagon of the implant were coupled (Figure 1).



The evaluation of the interface between the implants and crowns in a stereomicroscope (40×), did not show failure in the cervical connection. Each set was analyzed at four different positions, rotating 90°, from an initial marking and so on (Figure 2).



Only partial fractures in the cervical region of the zirconia crowns, close to the implant hexagons, occurred. There were no complete fractures. Six zirconia crowns fractured at the cervical margin (Figure 3). Only one screw loosening was observed (between zero and 500,000 cycles).



The results of hardness of the materials are shown in (Table 2). No differences in hardness existed between the implant types, but the zirconia crowns were harder than titanium.



The survival rates depended on the implant configuration: G2 showed 100% of survival rate during the chewing simulation. In spite of that, the p values for all cycling intervals were greater than 0.05 (Log-rank Test), with no significant (Figure 4) differences in the survival of crowns of the four groups of implants with regard to the thermomechanical cycling (Table 3). The scores for the level of plastic deformation for each implant are summarized in Figure 5.




4. Discussion


This study followed ISO 14801 standard for the assembling of the implants and connections. As observed in the present study and others that used the same test set-up [17,18] one-piece zirconia abutments have a tendency for lower stability and fracture during fatigue cycling. Therefore, the present study demonstrated that depending on the hexagonal platform configuration earlier failures are possible. The former two implant types present internal grooves, whereas the third one present internal vertices, and all of these features serve for implant fixation during the surgical step. The G2 implant, was the only group that did not present zirconia failures, has no features in the internal region and this possibly played a role in crowns survival.



The literature reports that zirconia as biomaterial in oral rehabilitations can present an acceptable mechanical response even in full-arch implant-supported total prosthesis [19], and for screw-retained restorations the use of resin composite should be used to seal the screw access hole [20]. However, the present study suggests that for unitary restorations, the mechanical problems can occur at the cervical level, near the emergence profile at the implant platform. Cervical fractures of the zirconia crowns were observed from the 500,000 cycles until the 2.5 × 105 cycle. On the one hand, the inner cervical region of the zirconia crown in contact with the implant hexagon under loading, generated stresses, favoring the fracture on this region. The immersion in water at 37 °C certainly facilitated the development of cracks [21] as the combination of mechanical stress and moisture exposure critically increase ceramic temperature degradation [22]. This phenomenon of aging initiates a spontaneous transformation of the phase of zirconia crystals from the tetragonal phase to the monoclinic phase, weakening the material.



On the other hand, micromotion during fatigue was able to round the implant hexagon [12], which in turn led to poor fit of the abutment and facilitated fracture. In terms of implant deformation, there was also an overall rounding of the hexagons due to the difference in hardness of zirconia compared to that of titanium. G3 and G4 implants showed higher plastic deformation than those from G1 and G2, as a result of their intricate design that led to increased micromovement of the crown.



All platforms of the external hexagon implants were evaluated by one operator with a stereomicroscope and in SEM. The adaptation of the implant platforms with the abutments was evaluated and did not show significant gaps (Figure 2). This agrees with previous findings in which the marginal fit of zirconia crowns retained directly on implants was better than the fit on a titanium base [23]. The opposite was true for the results of strength, probably due to less horizontal movement when cemented on titanium bases.



The variety of implant-abutment connections and the discrepancies in the wall thickness of the abutment can therefore influence the performance of the zirconia abutments [24]. A minimum thickness of abutment walls should exist to achieve suitable fracture strength [25]. We used robust one-piece zirconia crowns (Ø: 4.16 ± 0.04 mm); but the presence of previous machining damage, along with the stresses due to a 30° inclination of the implant and crown assembly in relation to the load applicator, triggered the initiation of failures in the cervical regions of the crowns. Although the fractures were not complete, six crowns showed fractures in the cervical region. Previous investigations have already reported that the cervical region is the most prone to failure region in implant-supported ceramic restorations corroborating the results of the present study.



This research used a sliding fatigue scheme (2.0 mm) with a force of 50 N, simulating the physiological oral conditions suggesting that, at a greater number of cycles, the number of fractured crowns could increase. In addition, the magnitude of occlusal loads is important for implant longevity and loads above the physiological, such as those of bruxism and teeth clenching, can increase implant/prosthesis stress, causing earlier mechanical complications [26]. All of these should be taken into consideration when performing a monolithic zirconia crown made directly on implants. However, it is important to consider that the biomechanical response can be modified if a fixed dental prosthesis is considered with more implants fixtures to support the framework and dissipate the chewing load [27].



The hardness of the zirconia crowns added to the effect of the sliding fatigue, and the lower hardness value of all the implants, were probably responsible for the plastic deformation in the region of the implant hexagons. The design of the external cervical hexagon of the implant may also have had an influence on deformation of such implants and fracture of zirconia crowns. To avoid the mechanical problems reported in the present study, the use of titanium base in hybrid abutments could be an alternative treatment that will keep the interface between implant and abutment only with metallic surfaces [28,29].




5. Conclusions


During chewing simulation and fatigue cycling, the zirconia/titanium interface between implant and abutment can promote plastic deformation in the metal and surface defects in the ceramic. In addition, the types of interface defects can be affected by the external hexagon design.
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Figure 1. Initial (A–D) and final conditions (E–H) of representative implants subjected to the fatigue testing. The arrows point out the plastic deformations of the hexagons. 
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Figure 2. Marginal assessment after 2.5 × 106 cycles (40×) of the interface between implants and zirconia crowns. Arrow: zirconia fracture G1 (A), G2 (B), G3 (C) and G4 (D). 
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Figure 3. Small defects from milling are seen in the internal parts of the representative crowns (A–L). The fractured crowns are seen on the left and the circles are the depicted images on the right. The defects close to the hexagons (solid arrows) and fracture marks were mainly hackles and arrest lines. 
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Figure 4. The Kaplan-Meier estimate curve for survival of zirconia crowns of four types of implants. 
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Figure 5. Scores for the level of plastic deformation and their percentages according to the number of cycles and implant types. Score A (no visible mark or plastic deformation), score B (slight Plastic deformation at one edge of the external hexagon), Score C (plastic deformation at all edges of the external hexagon). 
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Table 1. Materials used in the study 1.
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	Material
	Commercial Name
	Manufacturer





	Polyurethane resin
	F160
	Axson Brasil HighTech (Socorro, SP, Brazil)



	Grade 4 Titanium
	Bonelike
	Biotechnology 3i

(Rio Claro, SP, Brazil)



	Grade 4 Titanium
	Master
	Conexão Sistemas de Prótese (Arujá, SP, Brazil)



	Grade 4 Titanium
	Titamax Smart
	Neodent

(Curitiba, PR, Brazil)



	Grade 4 Titanium
	Branemark System MK III RP
	Nobel Biocare

(Gotenborg, Sweden)



	3-YTZP
	Prettau Zirkon
	Zirkonzahn GmbH

(Gais, Italy)







1 According to the manufacturers’ information.
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Table 2. Nanohardness 1 of zirconia and implants used in the study. Same lower case letter means no statistically significant differences between the implant types.
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	Material
	Average
	Standard Deviation





	Zirconia Crown
	1645.53
	71.77



	G1
	325.12 a
	20.60



	G2
	390.80 a
	41.25



	G3
	373.75 a
	25.65



	G4
	368.41 a
	24.44







1 According to method: Oliver and Pharr. HVIT, Vickers.
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Table 3. Overall Comparisons 1 in time variable (cycles) according to the event variable (implant type).
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Log-Rank Test




	
Implant

	
n

	
Sum

	
Mean






	
G1

	
9

	
1.5294

	
0.1699




	
G2

	
9

	
0.4706

	
0.0523




	
G3

	
9

	
−1.4706

	
−0.1634




	
G4

	
9

	
−0.5294

	
−0.0588




	
Chi-Square

	
3.45

	
3.49

	
3.29




	
DF

	
3

	
3

	
3




	
p

	
0.3275

	
0.3219

	
0.3487








1 Multi-Sample Survival Tests.
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