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Abstract

Developing yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) with high strength and 

translucency could significantly widen the clinical indications of monolithic zirconia restorations. 

This study investigates the mechanical and optical properties of three Y-TZP ceramics: High-

Translucency, High-Strength and High-Surface Area. The four-point bending strengths (mean ± 

standard error) for the three Y-TZP ceramics (n = 10) were 990 ± 39, 1416 ± 33 and 1076 ± 32 

MPa for High-Translucency, High-Strength and High-Surface Area, respectively. The fracture 

toughness values (mean ± standard error) for the three zirconias (n = 10) were 3.24 ± 0.10, 3.63 ± 

0.12 and 3.21 ± 0.14 MPa m1/2 for High-Translucency, High-Strength and High-Surface Area, 

respectively. Both strength and toughness values of High-Strength zirconia were significantly 

higher than High-Surface Area and High-Translucency zirconias. Translucency parameter values 

of High-Translucency zirconia were considerably higher than High-Strength and High-Surface 

Area zirconias. However, all three zirconias became essentially opaque when their thickness 

reached 1 mm or greater. Our findings suggest that there exists a delicate balance between 

mechanical and optical properties of the current commercial Y-TZP ceramics.
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1. Introduction

In recent years, ceramics restorative materials have attracted considerable interest in dental 

applications [1-4]. Zirconia-based all-ceramics restorations exhibit excellent mechanical 

properties, good biocompatibility, and potentially, superior aesthetics [5-8]. These properties 

ensure that zirconia-based restorations present clinical performance comparable to 

porcelain-fused-to-metal [9].

Unalloyed Zirconia assumes three crystallographic forms depending on the temperature: 

monoclinic, tetragonal and cubic phases [5]. Zirconia in tetragonal form offers the best 

mechanical properties among the three forms. To obtain stable tetragonal zirconia, many 

kinds of oxides such as CaO, MgO, Y2O3 or CeO2 were used to stabilize the tetragonal 

phase in zirconia at room temperature [5, 10]. The amount of stabilizer was controlled to 

determine the phase stability, transformability and mechanical properties [11]. 3 mol% 

yttria-stabilized tetragonal zirconia polycrystal (3Y-TZP) possesses superior mechanical 

properties due to its relatively fine grain size coupled with the tetragonal to monoclinic 

phase transformation. This leads to an increase in volume of 4 – 5% [10, 12], which causes 

closure of the crack tip, inhibiting crack propagation [11]. 3Y-TZP is currently widely used 

in the fabrication of dental crowns and fixed dental prostheses [5, 11].

Fracture toughness is one of the most important properties of brittle materials; it determines 

the resistance of a material to crack propagation. The conventional methods for measuring 

fracture toughness of ceramics, such as the single-edge V-notched beam (SEVNB) [13-15] 

and chevron notch beam methods [13], rely on the introduction of a sharp, through-thickness 

crack prior to quasi-static fracture testing [16]. These methods are highly sensitive to the 

radius of the notch crack tip, especially in fine-grained ceramics. As a result, most fracture 

toughness values of Y-TZP reported in the literature were grossly overestimated. It is 

necessary to explore novel test procedures to measure the critical fracture properties of Y-

TZP ceramics.

The aesthetic appearance of Y-TZP-based restorations is achieved by veneering porcelains, 

as zirconia cores are essentially white and opaque [17]. However, the bilayer systems of 

veneered Y-TZP have several drawbacks, such as the multistep fabrication process, veneer 

chipping and delamination [6]. Monolithic Y-TZP restorations may offer remedy to these 

shortcomings [18-20]. The primary clinical deficiency of monolithic zirconia is the poor 

translucency. There have been considerable efforts to improve zirconia translucency via 

microstructural tailoring [21-24]. Only few studies have examined translucency of Y-TZP in 

relation to its mechanical properties [12, 25].

The stability of tetragonal zirconia has been a focal point for 3Y-TZP in biomechanical 

applications. External influences, such as applied stresses, moderate temperatures, and wet 

environments, are known to exacerbate the hydrothermal degradation of 3Y-TZP [5, 26, 27]. 

Various strategies, including utilizing ultra-fine starting zirconia powders with evenly 

distributed Y2O3 dopant and relatively low sintering temperatures to produce a fine-grained 

microstructure, have been employed to enhance the resistance to hydrothermal degradation 

of 3Y-TZP. In addition, heat-treatments, such as the porcelain veneering process, at 
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temperatures greater than 900 °C can cause the monoclinic-to-tetragonal ‘reverse’ phase 

transformation [28, 29]. However, the effect of the veneer firing treatment on the 

mechanical properties of Y-TZP still remains elusive.

Accordingly, the objective of the current study was to elucidate the structure–function–

property (microstructure–translucency–mechanical properties) relation of three commercial 

Y-TZP materials with distinctive properties: High-Translucency, High-Strength, and High-

Surface Area (for resistance to hydrothermal degradation).

2. Materials and Methods

2.1 Specimens preparation

Pre-sintered tiles with dimensions of 76 × 60 × 16 mm were fabricated from three 

commercial Y-TZP powders: High-Translucency (Zpex), High-Strength (TZ-3YS-E) and 

High-Surface Area (TZ-3Y-E) (Tosoh Corporation, Tokyo, Japan). The properties of the 

three kinds of Y-TZP powders are shown in Table 1. Zirconia plates and bars were cut from 

these tiles using a low-speed diamond saw, and then ground with a silicon carbide abrasive 

paper (30 μm, Grit 600/P1200, CarbiMet, Buehler, IL, USA). The specimens were sintered 

in a box furnace (Lindberg/Blue M, Thermo Fisher Scientific Inc., MA, USA) according to 

the manufacturer's recommendations. The final sintering temperature was 1350 °C for High-

Surface Area specimens, and 1450 °C for High-Translucency and High-Strength specimens. 

The heating rate was 8 °C/min and the holding time at the final sintering temperature was 2 

h for all specimens. After sintering, the plate-shaped specimens, with their lateral surfaces 

ground and polished with 15, 9, 6, 3 and 1 μm diamond grits in sequence, were prepared for 

the evaluation of microstructure and determination of the optical and physical properties. 

The final dimension of these plates was 1.2 × 1.2 × (0.3, 0.5, 1.0, 1.5 and 2.0) mm. Bar 

specimens of 4 × 4 × 30 mm in dimension were prepared for edge chipping studies; the 

orthogonal surfaces of these bars were ground and polished down to a 3 μm diamond 

suspension finish. Bar specimens of 2 × 3 × 25 mm in dimension were prepared for the four-

point bending strength measurement; the surfaces of these bars were ground with 15 μm 

diamond grits. For reference, lithium disilicate glass-ceramics (LiDi), IPS Empress, Alfa, 

Vision and VMK porcelain plates were polished to a 1 μm diamond suspension finish for the 

determination of optical properties.

2.2 Simulated veneer firings

The effect of veneering process on the flexural strength of zirconia was also investigated. 

One group of High-Strength bars sintered at 1450 °C for 2 h was treated in a Programat CS 

furnace (Ivoclar Vivadent Inc.), using a firing schedule for veneering porcelain on zirconia 

core recommended by Vita Zahnfabrik (Bad Säckingen, Germany). Four firing cycles were 

applied, simulating the application of opaque porcelain, body porcelain, enamel porcelain, 

and glazing/staining. The maximum heat treatment temperatures for the 4 firing cycles were 

950 °C, 910 °C, 900 °C, and 900 °C, respectively. The corresponding heating rates were 60 

°C, 55 °C, 55 °C, and 80°C. The holding time at the maximum firing temperature was 1 

min. The furnace door was opened immediately at the end of the firing cycle.
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2.3 Microstructural analysis

After sintering and polishing, the Y-TZP plates were thermally etched at 1200 °C for 20 min 

with a heating rate of 30 °C/min to reveal the grain boundary networks. To prevent any 

significant grain growth during the thermal etching process, a relatively low heat treatment 

temperature (1200 °C) and fast heating rate (30 °C/min) were utilized. The morphologies of 

zirconia polycrystals were observed by scanning electron microscopy (SEM, S-3500N, 

HITACHI), operated at 20 kV. The average grain size of the three kinds of zirconia was 

determined using a linear intercept method (American Society for Testing and Materials 

E112) [30] and corrected by a shape factor 1.775 [31]. About 500 intercepts in each 

specimen were taken into account for the average grain size measurement.

2.4 X-ray diffraction analysis

The crystalline phases of the polished plates and ground bars were characterized by X-ray 

diffraction analysis (XRD) using a PANalytical X'Pert powder diffractometer operated at 45 

kV and 40 mA, with a scan rate of 0.2°/min. The volume fraction of the monoclinic phase, 

Xm, was calculated according to the formula of Toraya et al. [32], in which the influence of 

yttria doping on the lattice parameters was corrected by factor 1.311. It was difficult to 

separate the tetragonal and cubic (111) peaks; the sum of the It(004) and It(220) tetragonal 

peaks and the Ic(400) cubic peak were used to estimate the proportions of these two phases 

by the formula of Mochales et al. [33].

2.5 Physical and mechanical characterization

The density of sintered zirconia plates was determined by Archimedes' principle, using the 

formula of Enoiu et al. [34].

Flexural strength of the bars was measured using a four-point bending fixture (20 mm outer 

span, 10 mm inner span) attached to a universal testing machine (Instron 5566, Norwood, 

MA). Load was applied at a rate of 1 mm/min. Flexural strength was calculated by the 

formula of Fischer et al. [35].

Hardness of Y-TZP plates was measured on polished surfaces (1 μm diamond grits) using a 

Vickers hardness tester at a peak load of 10 N with a holding time of 15 s.

Fracture toughness was measured by the edge chipping method. The edge chipping test was 

performed using a Vickers (136°) diamond indenter mounted in the crosshead of a universal 

testing machine (Instron 5566). Bar specimens were glued onto an X-Y table; load was 

applied on the specimen edge at a rate of 0.1 mm/min. For each specimen, at least 20 chips 

were made at various distances from the specimen edge. To assist positioning the Vickers 

indenter, a magnifier camera (USB 400× digital microscope) was attached to the indenter 

holder. Edge distance was defined as the center point of load application to the specimen 

edge and was measured from stereomicroscopy (Leica) images using Adobe Photoshop 

CS5. The maximum load to cause the fracture versus edge distance data were plotted and a 

power law trend was calculated by the following equation [36]:
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(1)

where Kc is the ceramic toughness; PF is the critical load; β = 9.3 is a dimensionless 

constant; h is the edge distance.

In an edge chipping test using a Vickers indenter, median cracks initiate from the plastically 

deformed zone directly beneath the tip of the indenter and on the plans containing the 

diagonals of the indentation impression. Previous study on fine-grained Y-TZP and dental 

porcelains has revealed that, when the edge distance was relatively “large”, chipping 

fracture was not abrupt, rather the crack extended steadily downward with increasing load 

prior to instability [36, 37]. Thus, edge chipping can be considered a special case of stable 

extension of indentation induced median cracks, in which the stable fracture phase provides 

crucial information on the resistance to crack propagation (fracture toughness) of brittle 

materials [36].

2.6 Optical characterization

The transmittance of the three kinds of Y-TZP plates with different thicknesses was 

measured with an ultraviolet-visible spectrophotometer (Lambda 950 UV/VIS Spectrometer, 

PerkinElmer, Inc, MA, USA) in the wavelength range 350 – 800 nm.

The CIE L*, a* and b* parameters of the Y-TZP plates referring to the brightness, redness to 

greenness and yellowness to blueness coordinates were measured with a dental colorimeter 

(SpectroShade™ Micro, MHT Optic Research AG, Switzerland). The translucency 

parameter (TP) values of each specimen on black and white backgrounds were calculated 

[38].

2.7 Statistical analysis

The data of three kinds of zirconia groups were analyzed with the one-way analysis of 

variance (ANOVA) and multiple comparisons were performed using the Tukey test. The 

bending strength of High-Strength bars with and without the simulated veneer firing 

treatment was evaluated by the Student's t-test. A significance level of 5% was selected for 

all tests.

3. Results

3.1 Microstructural analysis

The SEM images of the three polished and thermally etched Y-TZP plates are shown in 

Figure 1. The grain boundaries in these specimens were clearly visible, and the grain size 

was not uniform. After sampling a large number of grains, it became apparent that the grain 

size of High-Surface Area zirconia was smaller than that of High-Strength and High-

Translucency zirconias. The measured average grain sizes of High-Translucency, High-

Strength and High-Surface Area were 0.67, 0.84 and 0.47 μm, respectively. Furthermore, it 

was found that many large grains (d > 1 μm) were well distributed in High-Strength 

specimens.
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3.2 X-ray diffraction analysis

The XRD patterns of the three polished Y-TZP plates are shown in Figure 2a. Typical Y-

TZP ceramic peaks were observed in the 2θ range from 20° to 80°. The main peak of the 

patterns was detected at about 30.2°, indicative of a predominant tetragonal phase of all 

three Y-TZP ceramics. The peaks ranging from 25° to 30° were very weak, and the XRD 

curves were smoothed to obtain a better resolution (Figure 2b). A trace of monoclinic phase 

was detected at about 28.2° only in High-Strength zirconia; the estimated volume fracture of 

the monoclinic phase was 0.02%. In Figure 2c, a weak diffraction peak was detected at 

about 73.9° in the High-Strength and High-Translucency zirconias. This is a characteristic 

peak of cubic zirconia; the estimated volume fractions of the cubic phase were 1.94% and 

2.13% in High-Strength and High-Translucency zirconias, respectively.

High-Strength bars with and without the simulated veneer firing treatment were fractured 

using the four-point bending test. Specimens from the broken half of the original bars were 

also subjected to XRD analysis. The volume fraction of the monoclinic phase in the 

fractured half-bars (15 μm grinding) was 1.47%, which was significantly higher than that 

(0.02%) in its high-polish (1 μm diamond suspension) counterpart. After a 4-cycle firing 

treatment, the reverse phase transformation from monoclinic to tetragonal occurred. It was 

found that the main peak of the tetragonal phase became stronger following the firing 

treatment, while the monoclinic peak almost disappeared (Figure 2d).

3.3 Density measurement

The density of the three kinds of Y-TZP ceramics is shown in Table 2. The green density of 

High-Translucency zirconia was the largest among the three kinds of Y-TZP ceramics, 

which was 25% and 27% higher than that of High-Strength and High-Surface Area 

zirconias, respectively (Materials data sheet, Tosoh Corporation). After sintering, the density 

of the three Y-TZP ceramics all increased. The density of High-Translucency zirconia was 

still the largest; it attained 99.84% of the theoretical density of zirconia. The measured 

density values were similar to that reported in the material data sheet from Tosoh 

Corporation.

3.4 Mechanical properties

The measured mechanical properties of the three kinds of Y-TZP ceramics were 

summarized in Table 2. High-Strength zirconia exhibited the best bending strength, which 

was 32% and 43% higher than that of High-Surface Area and High-Translucency zirconias, 

respectively (p < 0.001, n = 10). There was no significant difference in bending strength 

between High-Surface Area and High-Translucency zirconias (p = 0.208). Our bending 

strength test results were similar to the data provided by Tosoh Corporation.

One group of High-Strength bars was heat-treated by the same procedure used in the 

porcelain veneering process. After the firing treatment, the bending strength of High-

Strength bars was 1412 ± 31 MPa, which was almost identical to that of their untreated 

counterparts, 1416 ± 33 MPa (p = 0.930, n = 10).
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Vickers hardness of the three kinds of Y-TZP plates was also measured. The average 

hardness of High-Strength plates was the smallest among the three kinds of Y-TZP plates (p 

< 0.001, n = 10). There was no significant difference in hardness between High-Surface 

Area and High-Translucency zirconias (p = 0.053).

To determine the fracture toughness value of the three kinds of Y-TZP ceramics, edge 

chipping load versus distance from edge are plotted in Figure 3. Solid curves are the 

theoretical predictions of the PF – h relation for each material by Eq. 1, with the Kc value 

adjusted to fit each experimental data set. The predicted PF – h contours show good 

agreement with the experimental data points.

To validate our method, fracture toughness for each data point was calculated using Eq. 1 

and plotted in Figure 4 as a function of the edge distance. It is apparent that Kc approached a 

constant value for h > 0.4 mm in all cases, suggesting that the critical edge distance for Y-

TZP is h ≈ 0.4 mm. The measured edge chipping fracture toughness values, i.e. the mean 

and standard error of Kc values for h > 0.4 mm, are shown in Table 2. There was no 

significant difference in fracture toughness between High-Surface Area and the other two 

zirconias: High-Strength (p = 0.112) and High-Translucency (p = 0.988). However, 

statistical difference was observed between High-Strength and High-Translucency zirconias 

(p = 0.048). Compared with the fracture toughness data from Tosoh Corporation, our 

measured fracture toughness values of the three Y-TZP ceramics were much smaller.

3.5 Transmittance measurement

Transmittance curves of the three kinds of Y-TZP ceramics with different thicknesses (0.3, 

0.5, 1.0, 1.5 and 2.0 mm) are shown in Figure 5. The transmittance increased with an 

increase in wavelength and decreased with an increase in plate thickness. It was found that 

the transmittance of the High-Strength and High-Surface Area zirconias was very low. At 

550 nm wavelength, the transmittance values were 0.65% and 0.62% for High-Strength and 

High-Surface Area plates, respectively, at a small thickness of 0.3 mm; the transmittance 

value of the High-Translucency zirconia was higher, 1.83% at the thickness of 0.3 mm. 

However, the transmittance of all three kinds of zirconias diminished to below 0.60% at 550 

nm wavelength when the thickness was above 1 mm. In Figure 5d, the transmittance of 

porcelain and glass-ceramic plates (LiDi, Alfa, Empress, Vision and VMK) was much 

higher than that of Y-TZP plates with similar thicknesses.

The photographs of the three kinds of Y-TZP plates with different thicknesses (0.3, 0.5, 1.0, 

1.5 and 2.0 mm) are shown in Figure 6. It can be seen that when the thickness of Y-TZP was 

0.3 mm, the words were clearly visible; when the thickness increased to 0.5 mm, the words 

became vaguely visible. High-Translucency plates seemed more transparent than the other 

two zirconias when the thickness was below 0.5 mm. However, when the thickness was 

above 1.0 mm, the words were barely visible in all cases.

TP curves of the three kinds of Y-TZP ceramics with different thicknesses (0.3, 0.5, 1.0, 1.5 

and 2.0 mm) are shown in Figure 7. The TP values of different kind of Y-TZP ceramics 

were in the range of 11.56-22.49 (High-Translucency), 7.33-18.88 (High-Strength) and 

3.57-16.76 (High-Surface Area), and all increased with a decrease in plate thickness. For a 
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given thickness, the High-Translucency Y-TZP plates had the highest TP values (p < 0.001, 

n = 3), whereas the High-Surface Area plates had the lowest TP values (p < 0.001, n = 3).

4. Discussion

High-Strength zirconia exhibited superior flexural strength and fracture toughness relative to 

High-Surface Area and High-Translucency zirconias. The superior mechanical properties of 

High-Strength zirconia may be attributed to two reasons. Firstly, the tetragonal to 

monoclinic phase transformation occurred in coarse grains (d > 1 μm) during the sintering 

process. The average grain size of High-Strength zirconia was about 0.84 μm; many grains 

with a size above 1 μm were uniformly dispersed throughout the specimen. It has been 

reported that, beyond a critical grain size (∼ 1 μm), 3Y-TZP particles become less stable and 

more susceptible to spontaneous phase transformation [5]. Indeed, our XRD analysis 

revealed a weak but distinctive monoclinic peak in finely polished High-strength specimens. 

The local compressive stresses associated with the transformed coarse grains in High-

Strength zirconia can result in increased flexural strength and fracture toughness. For High-

Surface Area and High-Translucency specimens, most grains were well below 1 μm, which 

in turn lowered the transformation rate [39]. This is supported by the absence of monoclinic 

peaks in the XRD spectra of High-Surface Area and High-Translucency zirconias. Secondly, 

the relatively larger grains of High-Strength zirconia are more prone to stress-induced phase 

transformation during the crack propagation process [39]. The volume expansion associated 

with the tetragonal to monoclinic phase transformation creates compressive stresses behind 

the crack tip, thereby closing the tip and improving the flexural strength and fracture 

toughness of High-Strength zirconia.

In order to elucidate the effect of the veneer firing process on the flexural strength of 

zirconia restorative materials, the resistance of the High-Strength zirconia bars to multiple 

rapid heating and cooling treatments was also investigated. It was found that the flexural 

strength value of High-Strength zirconia was not affected by the rapid heating and cooling 

cycles. XRD patterns showed that the firing process induced reverse phase transformation 

from monoclinic to tetragonal. These results indicated that the mechanical properties were 

not affected by limited phase transformation on the surface of zirconia bars induced by 15 

μm grinding. This further indicated that phase transformation during the crack growth 

process is the main reason for the superior flexural strength and fracture toughness of the 

High-Strength zirconia.

Determination of fracture toughness using the edge-chipping method warrants further 

discussion. The proper way is to measure the chipping load over a wide range of edge 

distances. The edge-chipping fracture toughness value for each data point can then be 

calculated using Eq. 1, and plotted as a function of edge distance. Two edge distance 

regimes become apparent. At a “large” h, Kc approaches a constant value―this value 

represents the fracture toughness of a brittle solid. At a “small” h, Kc tends to increase with 

the diminishing h, suggesting that chip fracture occurs immediately after the onset of median 

cracks without a stable crack propagation phase. Thus, the edge-toughness obtained in the 

small h regime is often greater than the fracture toughness of ceramics.
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The edge-chipping method is particularly suited for measuring the fracture toughness of 

ceramics with high modulus and high hardness (e.g. alumina and zirconia). The notion of 

minimum edge distance is firmly based on the elastic-plastic theory of indentation. At a 

sufficiently large edge distance h, the volume of the indentation impression and its 

associated plastic zone become relatively small compared with the crack dimensions [36, 37, 

40]. In other words, the indentation energy needed to create the volume of the indentation 

impression and in plastic work is small relative to that for crack propagation [40]. The key 

for accurately evaluating the fracture toughness is to ensure that the edge chipping event is 

dominated by the fracture phenomenon rather than the deformation process [41, 42].

Optical properties of the three kinds of Y-TZP plates were also studied. When the thickness 

of the plates was small (0.3 and 0.5 mm), the transmittance of High-Translucency plates was 

much higher than that of High-Strength and High-Surface Area plates. It is because the 

density of High-Translucency specimens was higher than that of the High-Strength and 

High-Surface Area specimens. Porosity is one of the main factors that influences the 

transparency of a ceramic [43]. The difference in refractive indices between zirconia and 

pores is relatively large, which increases the light scattering [44, 45]. Translucency can be 

improved by increasing the density of the specimens. However, for any kinds of zirconia 

plates with a thickness larger than 1.0 mm, the transmittance was quite low, below 0.6% at 

550 nm wavelength. This is because (1) the grain sizes of these 3Y-TZPs are relatively 

large, resulting in light scattering at the grain boundaries owing to the large birefringence of 

tetragonal zirconia crystals [21, 22]; and (2) all the zirconia specimens contain a small 

amount of Al2O3 additives, which act as light scattering centers [23].

Among the three ceramics, High-Translucency Y-TZP comes closest to the requirements for 

monolithic dental crowns. However, in order to further improve the translucency of zirconia, 

it is necessary to increase the density, reduce the grain size and pore size to the nanometric 

range, and eliminate alumina additives [43, 46].

5. Conclusions

• High-strength Y-TZP exhibited the best mechanical properties.

• High-translucency Y-TZP possessed the best translucency properties, but the worst 

mechanical properties.

• Among the three kinds of Y-TZP ceramics, High-translucency Y-TZP could be the 

best candidate for monolithic dental restorations.

• To achieve aesthetic excellence, further development of zirconia restorative 

materials with both desirable translucency and superior mechanical properties is 

needed.
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Figure 1. 
SEM images of three Y-TZP ceramics: (a) High-Translucency, (b) High-Strength, and (c) 

High-Surface Area.

Tong et al. Page 13

Ceram Int. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
XRD patterns of three Y-TZP ceramics: High-Translucency, High-Strength and High-

Surface Area. (a) Raw XRD spectral scans revealing major peaks of tetragonal, monoclinic, 

and cubic phases (20 to 80 degree). (b) XRD patterns in the region that consists of 

coexisting monoclinic and tetragonal phases (25 to 30 degree). Note: the curves were 

smoothed out to improve the resolution; (c) XRD patterns in the region that consists of 

coexisting cubic and tetragonal phases (72 to 76 degree). (d) XRD patterns of High-Strength 

bars fractured by the four-point bending test, with and without the simulated veneer firing 

treatment.
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Figure 3. 
Chipping load versus distance from edge for (a) High-Translucency, (b) High-Strength, and 

(c) High-Surface Area Y-TZP ceramics.
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Figure 4. 
Edge-chipping toughness versus distance from edge for (a) High-Translucency, (b) High-

Strength, and (c) High-Surface Area Y-TZP ceramics.
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Figure 5. 
The dependence of transmittance on wavelength and specimen thickness for (a) High-

Translucency, (b) High-Strength, and (c) High-Surface Area Y-TZP ceramics relative to (d) 

porcelain and glass-ceramics. Note: different scales on the axis transmittance in (a) – (d).
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Figure 6. 
Digital photographs of three Y-TZP plates with different thicknesses, d. (From left to right: 

High-Translucency, High-Strength, and High-Surface Area).
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Figure 7. 
TP values of three Y-TZP plates as a function of thickness.
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Table 1

The properties of the three kinds of Y-TZP powders.

Samples High-Translucency High-Strength High-Surface Area

Y2O3 (mol%) 3 3 3

Particle Size (nm) 40 90 40

Al2O3 (wt%) ≤ 0.1 0.1 – 0.4 0.1 – 0.4

Specific Surface Area (m2/g) 13 ± 3 7 ± 2 16 ± 3
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Table 2

The density and mechanical properties of the three kinds of Y-TZP ceramics.

Samples High-Translucency High-Strength High-Surface Area

Grain size (μm) 0.67 ± 0.02 0.84 ± 0.03 0.47 ± 0.04

Density (g/cm3) 6.09 6.05 6.06

Relative density 99.84% 99.18% 99.34%

Density* (g/cm3) 6.09 6.05 6.05

Green density* (g/cm3) 3.25 2.61 2.55

Bending Strength (MPa) 990 ± 39a 1416 ± 33Ab 1076 ± 32a

Bending Strength* (MPa) 1100 1500 1000

Bending Strength (MPa) (after simulated veneer firing) – 1412 ± 31A –

Vickers Hardness (GPa) 13.11 ± 0.03a 12.88 ± 0.02b 13.20 ± 0.04a

Fracture toughness (MPa m1/2) 3.24 ± 0.10a 3.63 ± 0.12b 3.21 ± 0.14ab

Fracture toughness* (MPa m1/2) 5 5 5

Capital letters refer to statistical groupings in the column, while lowercase letters denote to statistical groupings in a row. Different letters indicate 
statistical differences amongst the groups (p < 0.05).

*
Data from Tosoh Corporation, Tokyo, Japan. Bending Strength was measured by the three-point bending test; fracture toughness was measured 

by the single edge pre-cracked beam method.
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