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Abstract

:

(1) Background: to propose a new approach for crown veneers, with the use of an aesthetic porcelain coating, only in part of the zirconia infrastructure, and to analyze its biomechanical behavior to minimize chipping failures. (2) Methods: a maxillary molar was modeled using CAD software, preparing for traditional crowns and veneer crowns with various lengths. Five groups were formed: M—control group (monolithic crown of ultra-translucent zirconia); B—conventional (bilayer crown of ultra-translucent zirconia and ceramic covering); V—veneer (ultra-translucent zirconia crown with reduction only in the buccal and application of covering ceramics); V1—ultra-translucent zirconia crown with buccal reduction and 1 mm occlusal extension for covering ceramic application); V1.5—ultra-translucent zirconia crown with buccal reduction and 1.5 mm occlusal extension for application of covering ceramics. A load of 600 N was performed axially to a fossa bottom to simulate parafunction, and 300 N to the cusp tip to obtain the maximum principal stress results. (3) Results: group B showed a higher stress concentration in the occlusal region of the restorations, while the other groups absorbed the stress and dissipated it throughout the crown, presenting a higher stress concentration in the interface region with the tooth. (4) Conclusion: the highly translucent zirconia ceramic only associated with buccal covering ceramic could add aesthetic gain and rigidity to the system and could be a good option to restore maxillary molars in patients who do not have parafunction.
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1. Introduction


There is a close relationship amongst the effectiveness of facial muscles, occlusion, and mouth opening, when evaluating the masticatory loads in the natural dentition during chewing [1]. Stress distribution is different, according to the type and location of the tooth in the arch. The first molar is the area that receives the greatest effort when in function [2], making it a challenge in oral rehabilitation.



With the development of metal-free restorations, the demand for aesthetic and resistant materials has increased [3,4,5]. In addition, some flaws (delamination, chipping, catastrophic fracture) are still found, despite the diversity of indirect restorative materials currently available on the market. This is because “aesthetics” and “resistance” are antagonistic, meaning that the more components that are associated with providing resistance to the material, the less aesthetics are achieved [6]. One practical example is zirconia ceramic, which has the highest biaxial flexural strength (800–1200 MPa) [6,7,8] in relation to other materials, such as lithium disilicate (400–450 MPa), zirconia-reinforced lithium disilicate (510 MPa) [9], hybrid ceramic (174 MPa) [9], or feldspar (97–200 MPa) [9,10]. However, because it is an extremely opaque material, it is mainly used as infrastructure in restorations covered by aesthetic ceramics. Thus, bilayer crowns composed of zirconia coping and feldspar or leucite cover ceramics [10,11,12,13,14]. The different characteristics between infrastructure ceramics and cover ceramics generate residual stress, which in turn could cause delamination or chipping. An alternative to minimize these issues is the use of monolithic crowns; however, the optical aspects are not fully satisfactory when there is a greater aesthetic requirement [15].



In view of these setbacks, other types of zirconia have been developed, which have greater translucency, ranging from whitest to yellowish tones [10,16]. In terms of composition, Y2O3 generally stabilizes ZrO2 in the tetragonal phase; however, Al2O3 reduces by about 20% in relation to conventional zirconia and there is an increase in Fe2O3 to obtain more yellowish tones [10]. Thus, it is possible to maintain high flexural strength, respecting the minimum thickness of 1.5 mm for monolithic crowns, but with the benefit of presenting less opacity [15,16].



Zirconia partially coated with porcelain showed superior performance in a fatigue test when compared to traditional restoration completely coated with porcelain. On the other hand, it is not known whether the occlusal extension of porcelain could be promising from a biomechanical point of view [17]. This fact is still unclear in the literature. It is believed that the difference between the two types of ceramics may return to previous flaws in chipping or delamination.



In terms of manufacturing, CAD/CAM technology (computer-aided design/ computer-aided manufacturing) makes it possible to “machine” high-strength ceramics quickly and effectively [18]. Using CAD software makes it feasible to make crowns with diverse designs [19,20] and to associate it with more favorable biomechanical concepts, according to the complexity of each case, enabling adequate individualization for treatments.



In the case of masticatory functioning, the upper molars are quite apparent when the patient’s smile is more extensive. The buccal face is not directly subjected to stress during habitual chewing; thus, favoring the use of the covering ceramic, which is responsible for optimizing the optical characteristics. The objective of this study was to propose new models for crown veneers with zirconia infrastructure and evaluate the biomechanical behavior with finite element analysis. The null hypothesis was that the stress dissipation would not be altered with the extension of the aesthetic restorative material to the occlusal material in habitual chewing and parafunction simulations.




2. Materials and Methods


The first molar upper models were prepared in five different groups of crowns. The crowns were prepared with 5.5 mm of height and 12° of occlusal convergence in the axial walls (Figure 1). Control group (M: monolithic crown of ultra-translucent zirconia); conventional (B: bilayer crown of ultra-translucent zirconia and ceramic covering); veneer (V: ultra-translucent zirconia crown with reduction of 1.5 mm only in the buccal and application of covering ceramics); veneer 1 (V1: ultra-translucent zirconia crown with buccal reduction and 1 mm occlusal extension for covering ceramic application); Veneer 1.5 (V1.5: ultra-translucent zirconia crown with buccal reduction and 1.5 mm occlusal extension for application of covering ceramics).



The models acquired from the database of Biomaterials and Bioengineering Laboratory (Institute of Science and Technology São Paulo State University) were exported to CAE Software (Computer Aided Engineering-Ansys version 15.0) in step format. The generated mesh was controlled with 50% contact relevance, obtaining 159,061 nodes and 91,759 tetrahedral elements. In the calculations, sufficient accuracy of the results was guaranteed by the large numbers of elements and the corresponding degrees of freedom (dofs) at the nodes. The contemporary alternative could have been an adaptive approach, where the error could be controlled element-wise and the number of dofs could be optimized. See [21,22] for the general rules of this approach and [23,24] for its exemplary application in mechanics.



In our analysis, the solids were considered isotropic, linearly elastic, and homogeneous. The fixation occurred at the cylinder base. For the structural static analysis, 600 N stress loading was performed axially to a fossa bottom representing habitual chewing, touching only the zirconia ceramic, while 300 N stress onto the cusp tips represented an exaggerated masticatory action suggestive of parafunction, touching both the zirconia ceramic and porcelain [25]. The mechanical properties required for analysis are shown in Table 1. During the mathematical simulation, the interface replicating the layer of dental preparations contacting the crown was reduced. The maximum principal stress results were then solicited for tensile strength.




3. Results


Stress Concentration


Figure 2 and Table 2 show the stress concentration results in the crowns and in the restoration interface with the tooth after application of the usual load and during parafunction.



The maximum principal stress was higher in all groups in which the parafunction was simulated compared to the groups with usual load applications. Group B had a higher stress concentration in the occlusal region of the restorations, while the other groups absorbed the stress and dissipated it throughout the crown, presenting a higher stress concentration in the interface region with the tooth, with similar peaks among V, V1, and V1.5, but with less intensity for M.



The same behavior in the interface region occurred during parafunctional chewing, in which group B also presented less stress concentration. However, the stress distribution on the occlusal surface was similar in all groups.



The occlusal extension of the covering ceramic did not change the stress distribution pattern in V, V1, and V1.5. The covering ceramic had adequate stiffness for habitual chewing on maxillary molars, and the three crown models modified by veneers could be used.



Figure 3 and Table 3 show the stress results only in the aesthetic aspect of groups V, V1, and V1.5 in the buccal view and at the interface with high translucency zirconia.



In the habitual chewing simulation, it is observed that the stress distribution is homogeneous in the three groups on both the buccal surface and at the interface, but the representative images of parafunctional chewing show that the greater facet extension (V1.5) provided lower stress peak. The load incidence on the buccal face stresses this region, so that the ceramic covering absorbs the stress and dissipates little energy to the interface.



It can be seen in Figure 4 that the stress distribution is similar when the restoration is subjected to loads during the usual masticatory function, but the extension of the ceramic covering, limited to the buccal area, contributed to greater homogeneity of the stress distribution. On the other hand, the stress concentration during the parafunction in restorations with occlusal extension was higher and more concentrated.



In Figure 4, the Gaussian curves were fit in the histogram of the stress frequencies, depending on the occlusal condition and type of restoration. The negative and positive numbers regard compressive and tensile stresses, respectively.





4. Discussion


The present study aimed to propose new applicability for the concept of crown veneers through ceramic materials currently available on the market, and to analyze the biomechanical behavior of these models. The null hypothesis was rejected, as there was a difference in the stress distribution according to the occlusal extension in the groups simulating habitual chewing.



Clinical studies show that conventional crowns that suffer from the fatigue process have cohesive porcelain flaws, resulting in chipping and delamination [27,28,29,30,31,32]; however, modifying the anatomy of the crowns is one way to improve porcelain support and minimize failures over time [17,31,32].



Starting from the concept that the first molar is the area that receives the greatest effort when solicited during functioning [2], with the upper one being approximately 400 to 600 N [33], according to age, gender, and race [34], it is believed that the greatest challenge in oral rehabilitation is exactly in these teeth, as they demand resistance and a certain aesthetic, according to the smile extent. The occlusal anatomy of a restoration is also an important aspect for the occlusion principles to contribute to the stomatognathic system functioning [19,35]. One can consider the occlusal extension of the coverage ceramic as a limiting aspect of the modified crowns proposed in this study, because, depending on the size of the porcelain extension to the occlusal surface, the zirconia/porcelain interface can be located exactly at the contact point with the antagonist. When following principles of prosthetic preparations, it is recommended that this interface region be spared in terms of direct stress application. It is conceptually more favorable that the region that suffers greater stress during habitual chewing is located on zirconia ceramic instead of porcelain or interface, because zirconia presents greater rigidity and is able to absorb greater stress, minimizing the stress values for porcelain.



The three extension proposals do not reach the triploid region of direct load application in habitual chewing in order to avoid stress at the interface between the two ceramics (when thinking about a patient with Angel class I). In this respect, Figure 3 shows that the porcelain extension did not, in fact, interfere in the locations of stress peaks, but in the distribution homogeneity of these stresses during habitual chewing (Figure 4). However, groups V and V1 showed similar behaviors during the parafunction simulation, but different from V1.5, in which the greater extension of the aesthetic facet to the occlusal region generated less stress concentration in the porcelain. The image shows that the stress is distributed over the entire length of the aesthetic facet, so the greater volume of the material can avoid stress in the middle and cervical thirds of the restoration.



From the occlusal perspective, groups V, V1, and V1.5 show very similar behaviors to group M. The stress distribution in this region is homogeneously distributed, corroborating the findings of Ramos (2015) [17] on fatigue analysis. This characteristic possibly prevents chipping, which is an aspect that the literature points to as a favorable point for monolithic crowns [29,36]. However, the stress concentration becomes greater in the inner region of the crown. The failure type that could occur is a catastrophic fracture [15]. Thus, with the results of this study, it is suggested that crowns modified with aesthetic facets do not suffer catastrophic failures when subjected to habitual chewing; however, they may have this type of failure when in parafunction.



Although the study by finite element analysis does not simulate the cumulative effect of the fatigue process, it is possible to recognize the regions with the highest stress concentrations through colorimetric graphs of stress isolines, where the first failures may occur. It is observed that group B presents a higher stress concentration at the load application site in the occlusal region compared to group M, corroborating with Ramos (2015) [17], who proved the same origin of bilayer crown failures through scanning electron microscopy images after a fatigue test, which could be justified by the fact that the greater quantity of porcelain generates greater residual stress between it and the infrastructure [12,37,38,39]. These findings drive the idealization of new anatomical modifications of crowns, which minimize the use of porcelain.



The combination of zirconia and ceramic covering in groups V, V1, and V1.5 in this study demonstrated that there would be no chipping problems during the usual chewing, regardless of the porcelain extension to the occlusal region, since the load application occurs directly onto zirconia and not to the interface. Although translucent zirconia (210 GPa Ivoclar Vivadent) presents an inferior elastic modulus to traditional zirconia (Lava Plus: 299.6 GPa) [40], it is still considered high in relation to other types of ceramics, which enables stress absorption and prevents its transmission to the covering ceramic. This favorable stress distribution behavior cannot be extrapolated for parafunction cases, as they receive loads with greater intensity and frequency, exactly at the interface between the two ceramics, generating failures, regardless of the porcelain extension to the occlusal region.



The results show that the porcelain extension to the occlusal region up to 1.5 mm is safe for creating veneer-type restorations, associating high translucency zirconia and porcelain, but the smaller the extension to the occlusal region, the greater stress homogeneity distributed by the aesthetic facet. Despite the unfavorable results for the simulated parafunction groups, they all presented similar stress distribution at the modified crown interface with the tooth, demonstrating that a fracture of the dental remnant is not a problem for these cases, but catastrophic failure of the ceramic, when in parafunction, could be. Another aspect to consider is the residual stress due to the thermal differences between zirconia and porcelain, which could not be estimated in our analysis. It is known that the stresses in restorations coated entirely with porcelain resulted in thermal gradients throughout the porcelain length and could contribute to an early fracture. On the other hand, with porcelain only in the buccal region, the distribution of these stresses could be altered and future studies need to be conducted in this sense.



In view of the findings in the literature, and with the present finding, it is believed that zirconia partially coated with porcelain up to 1.5 mm towards the central fossa, is able to provide better aesthetic conditions and resistance to restoration.




5. Conclusions


Through finite element analysis, it is possible to conclude that:




	(1)

	
Crowns with veneer modifications exhibit similar biomechanical behavior to monolithic crowns and could be used in patients without parafunction.




	(2)

	
The highly translucent zirconia ceramic only associated with buccal covering ceramic is a rigid system.
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Figure 1. A. Three-dimensional models of the upper molar peripheral preparation. B. Conventional crown group; M. monolithic crown group. V1. Zirconia crown group with buccal reduction and 1 mm occlusal extension. V1.5. Zirconia crown with buccal reduction and 1.5 mm occlusal extension; a. 3D model with volumetric solids. 
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Figure 2. Distribution of the maximum principal stress in each group with habitual loading and simulating function with loading in the central fossa. 
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Figure 3. Distribution of the maximum principal stress in the occlusal, middle, and cervical thirds of the aesthetic facets, with buccal view and their interfaces in each group, with usual loading and simulated chewing. 
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Figure 4. Representative graph of stress peaks in modified restorations during habitual function (left) and parafunction (right). The stress peaks at veneer and veneer with 1.5 extension is similar during habitual function, but for parafunction the stress peaks are higher for modification veneers. 
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Table 1. Elastic modulus and Poisson ratio of the restorative system components.
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	Material
	Elastic Modulus (GPa)
	Poisson
	References





	Enamel
	84
	0.30
	[25]



	Dentin
	18.6
	0.23
	[25]



	Periodontal ligament
	0.069
	0.45
	[26]



	Polyurethane
	3.6
	0.3
	[26]



	IPS e.max Ceram

(lithium disilicate ceramic)
	65
	0.23
	Ivoclar Vivadent AG Schaan (Liechtenstein, German)



	IPS e.max ZirCAD MT

(zirconia ceramic)
	210
	0.29
	Ivoclar Vivadent AG Schaan (Liechtenstein, German)










[image: Table] 





Table 2. Maximum principal stress (MPa) in each group with habitual loading and simulating function with loading in the central fossa.






Table 2. Maximum principal stress (MPa) in each group with habitual loading and simulating function with loading in the central fossa.





	Groups
	Habitual
	Function





	Group M—Occlusal
	43.68
	113.04



	Group M—Internal
	25.01
	19.84



	Group B—Occlusal
	87.66
	370.03



	Group B—Internal
	6.67
	7.40



	Group V—Occlusal
	54.84
	2000.00



	Group V—Internal
	26.66
	25.11



	Group V1—Occlusal
	51.14
	1032.00



	Group V1—Internal
	26.01
	25.84



	Group V1.5—Occlusal
	50.14
	865



	Group V1.5—Internal
	27.02
	26.14
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Table 3. Maximum principal stress (MPa) in modification crowns groups with habitual loading and simulating function with loading in the central fossa.






Table 3. Maximum principal stress (MPa) in modification crowns groups with habitual loading and simulating function with loading in the central fossa.





	Groups
	Habitual
	Function





	Group V—Occlusal
	4.19
	747.00



	Group V—Internal
	3.80
	530.00



	Group V1—Occlusal
	5.35
	1031.00



	Group V1—Internal
	3.38
	59.00



	Group V 1.5—Occlusal
	5.79
	865.00



	Group V1.5—Internal
	3.40
	26.47
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