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Abstract

Purpose: To evaluate the biaxial flexural strength of different porcelain-to-zirconia thickness 

ratios and bonding strategies of a stress-free bilayer CAD/CAM ceramic system.

Materials and Methods: A total of 60 zirconia discs (diameter: 15 mm; thickness: 0.3 or 0.5 

mm; n = 30 for each thickness) were divided into six groups (n = 10 each) according to porcelain-

to-zirconia ratio and bonding strategy: VM/Zr (control): zirconia discs veneered with a feldspathic 

ceramic (VM 9, Vita) in 0.9-mm and 0.7-mm thicknesses using a conventional hand-layering 

technique; VB/Zr-SBU: zirconia discs airborne particle–abraded with 50-μm Al2O3 particles 

followed by an MDP primer application (Single Bond Universal, 3M) and bonded to the porcelain 

with a resin cement (Panavia F 2.0, Kuraray); and VB/Zr-RC: zirconia discs airborne particle–

abraded with 30-μm silica-coated Al2O3 particles and silanized and bonded to the porcelain with 
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the same resin cement. Before cementation, the VB (Vitablocs II) discs were etched with 5% 

hydrofluoric acid (60 seconds), followed by silane application. The bilayers (thickness = 1.2 mm) 

were loaded with 750 g while light curing the resin cement. Two porcelain-to-zirconia thickness 

ratios were evaluated: 0.9: 0.3 mm and 0.7: 0.5 mm. All groups were subjected to 106 mechanical 

cycles, followed by a biaxial flexural test. Data (MPa) were subjected to two-way analysis of 

variance (ANOVA), Tukey test (5%), and Weibull analyses.

Results: Two-way ANOVA revealed that the factor porcelain-to-zirconia ratio (P = .0556) was 

not significant; however, the bonding strategy factor was statistically significant. Among the 

0.5-mm zirconia groups, the VB/Zr-SBU group presented higher flexural strength (s) than the 

VM/Zr or VB/Zr-RC groups. Similar results were also found for the 0.3-mm zirconia groups, 

in which the VB/Zr-SBU group also presented higher strength than the others, which were 

similar in comparison (Tukey). The Weibull modulus was similar among the groups; however, the 

characteristic strength was significantly different (P = .000).

Conclusion: The zirconia bonding strategy with 50-μm Al2O3 airborne-particle abrasion, 

followed by a primer application, increases the flexural strength of a stress-free bilayer 

CAD/CAM ceramic system.

Yttria-stabilized tetragonal zirconia polycrystal (3Y-TZP) is a highly crystalline material 

with outstanding mechanical properties (ie, high flexural strength, fracture toughness, and 

hardness)1 compared to other ceramics used in dentistry.2,3 These characteristics mainly 

result from the phase transformation toughening mechanisms.1,4

However, several clinical studies have reported a higher chipping prevalence with veneering 

ceramics, which vary according to clinical trials: for crowns, chipping accounts for 71% 

of the failures found in 2 years5 and 11.7% of the failures found in 12 years6; for fixed 

partial dentures, chipping of the ceramic coating accounts for 13% of the failures in 3 years7 

and 15.2% of the failures in 5 years8 for restorations in posterior areas. According to the 

literature, chipping is the most common failure in zirconia restorations.9,10 The etiology 

of chipping is still unclear; however, several factors are related to this type of failure, 

such as residual thermal stress because of the differences in the coefficient of thermal 

expansion (CTE)11 and the elastic modulus between the veneering ceramic and zirconia,12,13 

the cooling rate,13 the geometry of the bilayered restoration,14 the thickness and type of 

veneering ceramic,13,15 the processing technique of the veneering ceramic,16 the framework 

support, and sliding contact fatigue.11,17

Considering that traditional Y-TZP has low translucence,18,19 the veneering ceramic must 

be applied over the framework. This is usually done through the hand-layered stratified 

technique, in which layers of powder and liquid mixture are applied and sintered. An 

alternative is the pressed technique, in which a veneering ceramic is injected over the 

framework that is included in the investing material. The stratified technique demands 

technical skills, is more prone to the inclusion of porosities than the pressed technique, and 

generally requires multiple firings. However, the pressed technique does not increase the 

ceramic’s flexural strength.15
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Thus, several methods have been suggested to eliminate or decrease the residual stress in an 

effort to reduce the risk of chipping the veneering ceramic, such as the CAD-on technique 

and CAD/CAM rapid layer manufacturing (RLM). In the CAD-on technique, a special 

glass-ceramic is fused at the zirconia–lithium disilicate ceramic9 interface where both the 

veneer and core structures were previously milled by a CAD/CAM system, reducing the 

residual stress. Alessandretti et al20 reported that the CAD-on technique presented a low 

chipping rate compared to the conventional bilayer technique. On the other hand, with 

RLM,16 the zirconia coping and the feldspathic veneered ceramic—also previously milled 

separately—are adhesively bonded with resin cement, thereby eliminating residual stresses 

altogether. This technique also allows for resin penetration into the veneering ceramic,21 

leading to crack growth inhibition at the resin interlayer interface.16 According to the 

manufacturer, RLM reduces or eliminates chipping and failures due to the materials’ 

different CTEs. Kobayashi et al22 demonstrated that an indirect composite material’s 

bond strength to zirconia ceramics could be above the threshold for clinically acceptable 

composite-metal or ceramic bonds.

Considering that the literature regarding RLM is scarce and that this technique requires a 

very effective and durable adhesive between the zirconia and the ceramic veneer, bonding 

strategies for these materials must be evaluated to predict the clinical long-term stability/

outcome of this type of restoration. Moreover, to the best of the present authors’ knowledge, 

different porcelain-to-zirconia thickness ratios using the RLM technique have not yet 

been evaluated. Therefore, the hypotheses of this study were: (1) the porcelain-to-zirconia 

thickness ratios in the stress-free bilayer CAD/CAM ceramic groups affect their flexural 

strength; and (2) the bonding strategies of the stress-free bilayer CAD/CAM ceramic groups 

result in higher flexural strength than the conventional hand-layered technique.

MATERIALS AND METHODS

All of the materials used in the study are shown in Table 1. The flowchart of the 

experimental design of this study is shown in Fig 1.

Specimen Preparation

Presintered zirconia ceramic blocks (Zr; 14 × 15 × 20 mm) for CAD/CAM were machined 

into cylinders (15-mm diameter) using wet-finished silicon carbide sandpapers (120-, 400-, 

and 600-grit) in a polishing machine (Buehler). The 3Y-TZP cylinders were cut into discs of 

two different thicknesses (0.3 mm or 0.5 mm; n = 30 each; Fig 2) using a precision cutting 

machine (IsoMet 1000, Buehler). Next, the parallel surfaces of the ceramic discs were 

ground with silicon carbide (SiC) wet sandpapers (120-, 400-, 600-, 800-, and 1,200-grit), 

washed in water, and left to dry at 180°C for 30 minutes. The discs were subsequently 

sintered at 1,530°C for 2 hours in a high-temperature furnace (Vita Zyrcomat, Vita 

Zahnfabrik) according to the manufacturer’s instructions. All specimens were immersed in 

distilled water and cleaned in an ultrasonic bath for 2 minutes (Vitasonic, Vita Zahnfabrik).

Feldspar ceramic blocks (Vitabloc Mark II, Vita Zahnfabrik; VB) were rounded into 12-

mm–diameter cylinders using wet SiC papers (120-, 400-, 600-, 800-, and 1,200-grit) under 

water cooling. The cylinders were then cut into discs with two different thicknesses (0.9 
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mm or 0.7 mm; n = 20 each; Fig 2) using a precision cutting machine. Specimens were 

wet finished using SiC papers (120-, 400-, 600-, 800-, and 1200-grit). All discs were 

immersed in distilled water and cleaned in an ultrasonic bath for 2 minutes (Vitasonic, Vita 

Zahnfabrik).

Bonding Strategy

The bonding strategy varied according to experimental group:

• Control groups (VM/Zr): a hand-layered ceramic powder (VM 9, Vita 

Zahnfabrik) was mixed with modeling liquid and applied to the Zr disc surface 

to build up a bilayer with a final thickness of 1.2 mm. Next, 0.9 and 0.7 mm 

of VM 9 was applied onto the Zr discs with 0.3-mm and 0.5-mm thicknesses, 

respectively. The ceramic discs were sintered following the manufacturer’s 

instructions for the first and second individualized firing cycles for VM 9 

veneering ceramic at 930°C and 920°C, respectively (Table 2).

• VB/Zr-SBU: The VB discs (0.9-mm and 0.7-mm thickness) were etched with 

5% hydrofluoric acid (HF) for 60 seconds, washed with water jets for 60 

seconds, and air dried. Next, a thin layer of universal adhesive (ScotchBond 

Universal [SBU], 3M ESPE) was applied onto the etched surface with a 

microbrush and brushed for 20 seconds, followed by light air jets for 5 

seconds for solvent evaporation and light curing for 10 seconds (1,400 mW/cm), 

according to the manufacturer’s instructions (Fig 2). The zirconia specimen 

surfaces were then airborne particle–abraded with 50-μm aluminum oxide 

particles (Al2O3) for 30 seconds under 2.8-bar pressure, rinsed with tap water 

for 15 seconds and dried, and then a thin layer of universal adhesive (SBU) 

was also applied and light cured for 10 seconds. A thin layer of resin cement 

(Panavia F 2.0, Kuraray Noritake) was applied to both bonding surfaces, and the 

bilayers were loaded with 750 g to create a uniform layer of resin cement. Then, 

the excess resin cement was removed and light cured (Valo; 1,400 mW/cm2) 

around the assemblies (0, 90, 180, and 270 degrees) for a total of 40 seconds. 

Light curing was then performed on the top surface for 20 seconds after the 

load removal. The Zr discs with 0.3-mm and 0.5-mm thicknesses were bonded to 

VB with 0.9- and 0.7-mm thicknesses, respectively (Fig 2), to ensure the bilayer 

specimen had a final thickness of 1.2 mm.

• VB/Zr-RC: The VB discs (0.9- and 0.7-mm thickness) were also etched with 5% 

hydrofluoric acid (HF) for 60 seconds, washed with water jets for 60 seconds, 

air dried, and silanized (Monobond Plus, Ivoclar Vivadent). The zirconia surfaces 

were then airborne particle–abraded with 30-μm silica-coated Al2O3 particles 

(Rocatec, 3M) for 15 seconds under 2.8-bar pressure, followed by silane 

application (Monobond Plus). A thin layer of resin cement (Panavia F 2.0, 

Kuraray Noritake) was applied and light cured as previously described. The 

Zr discs with 0.3- and 0.5-mm thicknesses were bonded to VB with 0.9- and 

0.7-mm thicknesses, respectively, to ensure the bilayer specimen had a final 

thickness of 1.2 mm.
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Mechanical Cycling

All specimens were subjected to cyclic loading in a mechanical fatigue simulator (ER-11000 

Plus, ERIOS Equipamentos Técnicos e Científicos). The samples were placed, with the 

zirconia layer facing downward, on three supporting steel balls housed in a metallic base, 

which also presented three lateral rods to avoid specimen dislocation during fatigue testing. 

The supporting balls were 3.2 mm in diameter and spaced equidistantly from each other 

(ISO 6872).23 Load was applied at the center of the top porcelain surface through a 1.6-mm 

diameter piston. An oscillating load (between 0 and 100 N) was applied for 106 cycles at a 

frequency of 2 Hz. The testing device was placed on the base of the fatigue machine with 

a thermostat, allowing fatigue testing to be carried out in an aqueous medium at a constant 

temperature of 37°C.

Biaxial Flexural Mechanical Test and Fracture Analysis

After the fatigue cycles were completed, the specimens were subjected to a biaxial flexural 

strength (BFS) test in a universal testing machine (EMIC, DL-1000) at a speed of 1 mm/

minute and load cell of 1,000 kgf until fracture of the specimens. The set-up for biaxial 

flexural testing was made according to ISO 6872.23 In all cases, the zirconia surface was 

placed downward (under tensile stress) during the flexural test. The top surface was covered 

with a tape to avoid cone cracking. The testing was interrupted at the first sound of cracking, 

which usually corresponded to the fracture at the bottom porcelain layer.

The stress-moment relation was calculated following Hsueh’s solution for bilayers.24 The 

stress distribution along the loading axis across the layers was then calculated using Matlab 

to plot the graph (MathWorks). Stresses at the top, bottom, and interfaces were calculated 

using Hsueh’s solutions.24 The lower surface (porcelain) strength data were subjected to 

descriptive and inferential statistical analyses.

Next, the stress-moment relation for the experimental groups was calculated according to 

Hsueh’s solutions25:

σi =
Ei(z − z∗)M

(1 − ϑi) (1 + ϑ) D∗ (i = 1ton)

In the formula, i is the layer number, z* is the position of the neutral plane, M is the 

bending moment per unit length, D* is the flexural rigidity, and υ is the Poisson ratio of the 

multilayer.

The stress distribution was then calculated based on the above equation using the elastic 

modulus and Poisson ratio for each material.26,27

The specimens were further evaluated in a stereomicroscope (Discovery z-20, Zeiss) and 

using scanning electron microscopy (SEM, Inspect S 50, FEI) operating at 20 to 25 kV, 5.0 

spot, for observation of the interfaces. The failure analysis (SEM) of surface treatments was 

performed through qualitative descriptive analysis.
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Statistical Analyses

The sample power was calculated through the website www.openepi.com, considering a 

95% CI. The data obtained (MPa) from BFS were submitted to the analysis of variance 

(ANOVA) statistical model after considering the distribution of residuals (Levene test) using 

the Minitab software program (version 17, 2013). Two-way ANOVA and post hoc Tukey test 

(both α = 5%) analyzed the BFS for each zirconia ratio using the Statistix program (version 

8.0, 2003, Analytical Software).

Weibull modulus (m) and characteristic strength (σ0) were obtained by a Weibull analysis 

for flexural strength, which indicates the material’s microstructural homogeneity considering 

strength variation. The characteristic strength is the strength at a failure probability of 

approximately 63.3%. Weibull modulus and characteristic strength with a 95% CI were 

calculated by the ln{ln [1/(1 − F(σc)]} vs. lnσc diagram (according to ENV 843-5):

lnln 1
1 − F (σc) = mlnσc − mlnσ0

The P values of Weibull modulus (m) and characteristic strength (σ0) were calculated 

using chi-square test. The statistical analysis was performed in the Minitab software with a 

significance level set at 5%.

RESULTS

The sample power calculation was 100%. Levene test revealed no statistically significant 

difference among the SD values (P > .05). These results relate that the data followed a 

normal distribution (P = .096).

Two-way ANOVA revealed that the porcelain-to-zirconia ratio (P = .0556) and bonding 

strategy x porcelain-to-zirconia ratio interaction (P = .3533) were not significant. However, 

the bonding strategy factor was statistically significant (P = .0000) (Table 3). When only 

the factor bonding strategy was considered, the Al2O3 followed by SBU application (649.55 

MPa)A promoted statistically higher flexural strength than the silica-coated Al2O3 (493.29 

MPa)B and no treatment (421.30 MPa)B groups, which were similar when compared to each 

other (Tukey test).

ANOVA (one-way) showed that when the 0.5-mm zirconia groups were compared, VB/Zr-

SBU (636.55 ± 98.02α) presented higher strength than VM/Zr (489.25 ± 66.45γ) and 

VB/Zr-RC (344.05 ± 98.02β), which were also different (P = .000; Tukey). Similar results 

were also found in the 0.3-mm zirconia groups, where VB/Zr-SBU (698.4 ± 194.85α) also 

presented higher strength than the other groups (VM/Zr: 497.33 ± 143.15β and VB/Zr-RC: 

471.48 ± 151.82β), which were similar when compared to each other (P = .0087; Tukey) 

(Table 4).

Weibull distributions are graphically presented in Fig 3. The Weibull modulus was similar 

among the groups (P > .05); however, the characteristic strength (P = .000) was significantly 
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higher for the VB/Zr-SBU group (0.3-mm Zr = 767.5a MPa; 0.5-mm Zr = 675.3a MPa) than 

the VB/Zr-RC (373.5c MPa) and VB/Zr (515.8b MPa) groups with 0.5-mm Zr.

The failure analyses showed that porcelain cracking without delamination or debonding 

from the zirconia was the most common failure mode. When zirconia fractured during the 

test, the complete fracture of some discs was observed in the interface. Figure 4 shows the 

specimen interfaces under SEM.

DISCUSSION

Flexural strength is a method standardized by ISO 6872/1523 to assess the mechanical 

strength of dental ceramics28 using different tests: 3-29 and 4-bending test,30 and BFS.31 

BFS is considered a reliable test and has been used by several studies in the literature.31,32 

Its main advantages are applying force in a concentric point of the sample, multiaxial stress 

distribution,33 eliminating possible flaws in the sample edges,33,34 and resulting in a more 

uniform analysis of the material35,36 to better predict the clinical performance of the ceramic 

material.34 Thus, this test was selected in the present study.

One of the main factors contributing to material fracture is fatigue, which is defined as a 

subcritical crack where there is a growth of pre-existing defects in the ceramic material36 

triggered by intermittent loading below the resistance to fracture of the material in an 

aqueous environment.37 This type of failure is simulated in vitro through mechanical 

cycling tests and has been used to predict the clinical behavior of restorations,38 thereby 

simulating masticatory forces.39 It is estimated that the mechanical cycling of 1,200,000 

cycles represents 5 clinical years.39-41 Mechanical cycling in an aqueous environment 

leads to stress corrosion in glass and oxide ceramics by water molecules42 causing crack 

growth and decreased flexural strength of ceramic materials compared to testing in a dry 

environment.43,44 Studies report that water degradation accelerates crack growth in dental 

ceramics, which leads to premature failure of ceramic restorations.45,46

In addition to the slow crack growth, 3Y-TZP can present an accelerated tetragonal 

to monoclinic phase transformation when submitted to different scenarios, such as 

high temperature,47 contact with water,48,49 or low temperature,50 leading to superficial 

microcracks. This phenomenon is called hydrothermal aging. It was observed that zirconia 

underwent a degradation process when aged in the mouth for a period of 1 year and that the 

increase in the monoclinic phase percentage was similar to a zirconia aged in an autoclave.49 

Some studies have also varied the mechanical cycling frequency in addition to different 

types of aging, and it has been observed that aging causes a decrease in the flexural strength 

of ceramics.42 In some cases, the ceramic’s fracture resistance can increase following fewer 

loading cycles (20,000 cycles), depending on the ceramic composition and the processing 

method,51 or can remain unchanged following cyclic loading up to 100,000 cycles.52 Thus, 

106 cycles were performed for the present study, as this is considered by the literature to be 

sufficient for the mechanical degradation results to be reliable.53

The first hypothesis that the porcelain-to-zirconia ratios of the stress-free bilayer CAD/CAM 

ceramic groups affect their flexural strength was rejected. A minimum thickness of 0.3 to 
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0.5 mm27 is generally required for zirconia frameworks, depending on the region and the 

CAD/CAM system used. One of the advantages of the reduced thickness (0.3 mm) is the 

conservation of the dental structure27 and the ceramic’s improved translucency. On the other 

hand, the higher thickness of the covering ceramic54 associated with rapid cooling55 are 

important factors that predispose the veneering ceramic to fracture, also called chipping.56 

Ceramic veneer thicknesses > 1 mm reduce the flexural strength of bilayers.15 The greater 

the proportion of veneering ceramic on the zirconia structure, the lower its resistance to 

fracture.56 Some studies report that zirconia with a smaller thickness will present a better 

resistance to the propagation of defects near the porcelain-zirconia interface54; thus, the 

maximum stress location can change from the surface to the interface, depending on the 

veneer–core thickness ratio.25 The interface between ceramics and zirconia is sensitive to 

heat transfer between the materials,57 and the porcelain fractures when thick porcelain layers 

are used due to less thermal diffusion.57 However, changes in the firing cycles of VM 9 

ceramics and different zirconia thicknesses (0.5, 1.0, and 5.0 mm) significantly influenced 

their mechanical strengths.58

The second hypothesis, that the bonding strategies of the stress-free bilayer CAD/CAM 

ceramic groups result in higher flexural strength than the conventional hand-layered 

technique, was partially accepted. Airborne particle abrasion with silica-coated Al2O3 

showed lower biaxial flexural strength in both porcelain-to-zirconia ratio groups; however, 

the VB-SBU group presented a higher flexural strength. These results are probably related 

to the surface treatment rather than the framework thickness, so the surface treatment 

factor affects the resistance to biaxial flexure.26 In fact, the type of surface treatment of 

zirconia before covering it with cemented ceramics significantly improves the strength 

of bilayered restorations,59 as was the result found in the group treated with Al203 

and SBU. Flexural strength increased when zirconia was airborne particle–abraded with 

Al203 or aluminum coated with silica after sintering, without the need for heat treatment 

after airborne particle abrasion.60 Although 50-μm particle abrasion significantly increased 

biaxial flexural strength compared to sintered bilayered zirconia samples, 120-μm particle 

abrasion decreased flexural strength and showed a higher monoclinic phase percentage.61 

In evaluating different surface treatments for adhesion to zirconia, it was observed that the 

hydrothermal aging for 5 years and the mechanical cycling increased the monoclinic phase 

and the samples blasted with 50-μm aluminum oxide presented greater flexural resistance 

than samples treated with silica-coated Al203 of 30 μm and the untreated group.62 However, 

Souza et al34 demonstrated that different types of particles and pressures in blasting did not 

influence the material’s flexural strength.

Additionally, the RC and SBU experimental groups received a bonding agent containing 

MDP, which has a strong bond to zirconium oxides. Moreover, the vinyl group can react 

with monomers in resin materials, further improving adhesion.63 Therefore, it is believed 

that blasting with 50-μm Al2O3 created a favorable roughness and uneven surfaces while 

the surface compressive stresses (due to phase transformation and work hardening) increased 

the flexural strength; however, the MDP-containing primer also contributed to the increased 

strength. In addition, the mechanical cycling in water under the conditions of the present 

study was not harmful to the adhesive interfaces.

Sato et al. Page 8

Int J Prosthodont. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In a similar study, Costa et al16 observed lower BFS resistance for the conventional bilayer 

group (± 0.7-mm ceramic/± 0.27-mm Y-TZP) compared to the group with RLM (± 0.7-mm 

ceramic/± 0.27-mm Y-TZP), as the cementation of the ceramic restorations excludes the 

heating/cooling stresses caused by the RLM technique. The adhesive cement in anatomically 

correct samples can play a role in the stress distribution and the rupture of adhesive bonds. 

Another factor that can influence bilayer ceramic restorations’ flexural strength is the 

manufacture of the veneering ceramic. Juntavee and Serirojanakul64 evaluated the flexural 

strength of different overlay ceramic production techniques, in which the best result found 

was the ceramic milled in CAD/CAM. The other groups were pressed ceramics through 

the lost wax, where greater porosity was observed in its surface, which negatively impacts 

flexural strength, acting as a stress concentration point. In another study evaluating the BFS 

of two types of zirconia bilayer crowns (heat-pressed and sintered veneering ceramic), no 

statistical difference was found between the groups. However, heat pressing had fewer flaws 

and porosity than hand veneering, as it is a more controlled procedure compared to the 

sintered process, which is more sensitive and subject to variability.65

The absence of a control group without mechanical cycling and the application and 

cementation of other ceramic materials are limitations of this study. However, delamination 

did not occur in the cemented layers, which can be explained by the strong bond between 

porcelain and resin cement and the sufficient amount of bonding material between them and 

zirconia. Therefore, the porcelain-zirconia interfaces–whether cemented or not–still deserve 

investigation, including other adhesive and cementation techniques, as well as clinical 

research that evaluates long-term behavior, as it is fundamental to establish the ideal surface 

treatment for these materials.

CONCLUSIONS

Based on the results, it can be concluded that the zirconia bonding strategy with airborne-

particle abrasion using 50-μm Al2O3 followed by a primer application increases the flexural 

strength of the bilayer CAD/CAM ceramic system regardless of the porcelain-to-zirconia 

thickness ratio. Thus, a stress-free bilayer CAD/CAM ceramic system with a feldspathic 

ceramic veneer bonded to a zirconia framework seems to be a viable alternative to 

conventional hand-veneered zirconia restorations.
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Fig 1. 
Flowchart of the study design.
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Fig 2. 
Experimental groups: 3Y-TZP of 0.3- or 0.5-mm thickness, feldspar ceramic block of 0.9- or 

0.7-mm thickness, and ceramic veneer applied on the 3Y-TZP discs.
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Fig 3. 
Weibull plot for biaxial flexural strength data of all groups.
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Fig 4. 
SEM analysis of the interfaces from each group (x2,000 magnification). (a) VM 9/Zr (0.9: 

0.3). (b) VM 9/Zr (0.7: 0.5). (c) VB/Zr-SBU (0.9: 0.3). (d) VB/Zr-SBU (0.7: 0.5). (e) VB/

Zr-RC (0.9: 0.3). (f) VB/Zr-RC (0.7: 0.5).
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