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Effect of the Cooling Rate on the Properties of Veneer Porcelain for Zirconia Dental 
Prosthesis
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To solve chipping of veneer porcelain in zirconia dental prosthesis it has been studied different 
cooling rates in firing schedules to control residual stresses generated by differences in thermal properties 
between the ceramics. However, cooling rates may affect the porcelain, irrespectively of interaction 
with zirconia. This study analyzed the effect of cooling rate on the three-point flexural strength (FS), 
residual stress, Vickers hardness (VH) and V-notch fracture toughness (SEVNB) on a feldspathic 
porcelain (Vita VM9) indicated for covering zirconia. Bar-shaped specimens were sintered according 
manufacturer's schedule firing and cooled at different rates (slow, normal or fast). Specimens were 
tested for FS (n=30), VH (n=15) and SEVNB tests (n=15). Weibull analysis were performed from FS 
values to measure reliability and probability of failure (PF). One-way ANOVA was significant for VH 
(p<0.001), and Tukey's test showed that slow cooling led to higher values. There was no significant 
difference for FS (p=0.654) and SEVNB (p=0.734). Fast cooling led to the lowest PF, but cooling 
rate factor was not significant for Weibull modulus. All cooling group showed residual tensile stress 
(MPa): Slow = 34.81; Normal = 27.04; Fast = 18,98. It was concluded that cooling rate produce minor 
changes in the porcelain properties.
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1. Introduction

Dental zirconia (Yttria Tetragonal Zirconia Polycristal 
or Y-TZP) veneered with porcelain was introduced in the 
2000's and have been widely used for single crowns and fixed 
partial dentures. Besides the suitable mechanical properties 
of zirconia1, long-term clinical research has reported higher 
rates of veneer chipping (cohesive fracture of porcelain) 
compared to well-known metal-ceramic restorations1-5. 
Chippings could be related to the residual stress6-16 generated 
by successive firings and cooling cycles during porcelain 
veneer sintering, as result of mismatch of thermal expansion 
coefficient (TEC) between porcelain veneer and zirconia, and 
differences in thermal diffusivity and thermal conductivity 
of the ceramic materials.

Firing schedule of porcelain reaches the maximum 
temperature between 750 ºC and 1000 ºC, when the ceramic 
becomes a plastic state. During cooling, as the temperature 
reaches the glass transition temperature (Tg), the ceramic 
changes from a plastic state to a solid state17. Below the Tg, 
the stresses generated due to differences between the TEC 
of zirconia and that of veneer cannot be relieved by plastic 

flow because the porcelain's viscosity is highly increased17. 
Because of the high stiffness of ceramics materials, residual 
stresses are produced and it can increase the probability of 
porcelain veneer chipping during mastication18,19.

Moreover, considering that zirconia-based substructures 
have lower thermal diffusivity and thermal conductivity 
if compared to metallic substructures for metal-ceramic 
restorations, several firing cycles with different cooling 
methods have been proposed, which vary antagonistically 
since slow cooling7,11,14,20,21 to fast cooling6,9,10,12,20-23. 
However, there is no consensus about an ideal firing cycle. 
In addition, the manufacturer's information about cooling 
rate after sintering the porcelain is unclear. The manufacturer 
recommends opening partially the oven door (75% opening), 
cooling down until room temperature, but it is not informed 
a precise cooling rate.

While numerous studies have mostly been conducted 
on bilayer specimens (porcelain/zirconia), less attention 
has been paid to the possible effects of cooling methods on 
porcelain properties itself, irrespectively of the residual stresses 
generated by the bilayer porcelain/zirconia complex. Some 
studies have shown changes in the porcelain microstructure 
and TEC due successive firings and different sintering cycles 
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design24,25. Thus, it is speculated if more aggressive cooling 
rates proposed for zirconia/porcelain restorations might 
influence porcelain microstructure and properties. 

The aim of this investigation was to compare the flexural 
strength, reliability and probability of failure by Weibull 
analysis, Vickers hardness, residual stress and V-notch 
fracture toughness of a dental feldspathic porcelain indicated 
for dental zirconia veneering following schedule firing with 
three different cooling rates. The null hypothesis was that 
there are no significant differences in flexural strength, 
Weibull modulus, Vickers hardness (VH) and V-notch fracture 
toughness (SEVNB) of a porcelain sintered according to 
different firing cycles.

2. Experimental

2.1 Preparation of specimens

The porcelain samples were made according to ISO 
6872:200826. Vita VM9 ceramic powder (Vita Zahnfabrik, 
Bad Säckingen, Germany) and Vita Modeling Liquid (Vita 
Zahnfabrik) were mixed and inserted into a mold. Excess 
liquid was blotted with absorbent paper. The specimens were 
removed from the mold and placed on a vacuum sintering 
furnace (Aluminipress, EDG, Sao Carlos, SP, Brazil). The 
firing schedule was carried-out until reach the maximum 
temperature following the manufacturer's recommendations 
(Table 1), but for cooling to the room temperature, three 
different experimental cooling rate protocol were performed 
as follows:

Slow - the samples were left inside the closed, turned-
off furnace until they reached ambient temperature (about 
8 hours); 

Normal -when the temperature inside the furnace 
reached 500 °C, the samples were removed and cooled at 
room temperature; 

Fast - the samples were immediately removed from the 
furnace (at 910 °C) after the holding time and blasted by 
compressed air (less than 10 sec). 

Buehler, Buehler UK Ltd., Coventry, United Kingdom), until 
final dimensions of 4 ± 0.25 mm in width, 1.2 ± 0.2 mm in 
thickness and 22 mm in length were obtained. The width and 
thickness dimensions of the specimens were measured with 
digital calipers (Mitutoyo Corporation, Tokyo, Japan) in 3 
different locations (left, middle and right). The specimens 
were placed in a sample holder, which had a span of 15 mm 
between two 0.8 mm-radius rounded bearers, and were loaded 
until failure using 1.6 mm-radius, rounded, steel knife edges 
and a universal testing machine (DL 2000, EMIC, São José 
dos Pinhais, PR, Brazil), with a 5.0 kN load cell and at a 
crosshead speed of 1.0 mm/min. The test was performed in 
distilled water at 37 °C, with the load applied at the midpoints 
of the samples (n=30). The flexural strength was calculated 
according to equation 1:

				           (1)

where σ is the maximum tensile stress in the center (MPa), 
F is the load at fracture (N), L is the distance between the 
two supports (mm), w is the width of the specimen (mm), 
and h is the height of the specimen (mm). 

2.3 Weibull analysis

To assess the reliability of the porcelain with each 
cooling method, Weibull regression analysis was performed 
based on the flexural strength data to determine the Weibull 
modulus and characteristic strength (n=30), with a confidence 
interval of 95%. Equation 2 provides a description of the 
Weibull distribution:

					            (2)

where P is the probability of fracture, σ is the flexural 
strength, σ0 is the characteristic strength at a fracture 
probability of 63.21%, and m is the Weibull modulus, which 
is the slope of the line plotted on the "ln(ln [1/(1-P)]) vs ln 
σ" Cartesian plane.

2.4 Vickers hardness

Parts of the fractured flexural test specimens (n=15) were 
embedded in acrylic resin. These specimens were ground 
using sequential wet SiC paper discs with #4000-grit (Norton 
Abrasivos, Sao Paulo, SP, Brazil) in a polishing machine 
(Metaserv 2000, Buehler, Buehler UK Ltd., Coventry, United 
Kingdom). Nine Vickers indentations were created on each 
specimen using a microindentation tester (1600-6300 model, 
Buehler, Lake Bluff, IL, USA) with a peak load of 9.8 N 
and a dwell time of 20 s. The mean value was calculated. 
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Table 1. Firing schedule for Vita VM9 Dentine porcelain

Pre-Drying time (min) 6

Pre-Drying Temperature (°C) 500

Heating Rate (°C/min) 55

Firing Temperature (°C) 910

Holding time (min) 1

2.2 Three-point flexural strength

Thirty bar-shaped specimens of each experimental 
protocols were ground using 120-, 220-, 320-, 400-, 600- 
and 1200-grit wet SiC paper discs (Norton Abrasivos, Sao 
Paulo, SP, Brazil) using a polishing machine (Metaserv 2000, 
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2.5 Fracture toughness test

The fracture toughness was determined using the single-
edge V-notched beam (SEVNB) method (n=10) according 
to ISO 6872:200826. After cooling, the specimens were 
rectified with a diamond wheel until to achieve final parallel 
dimensions of 4 mm x 3 mm x 22 mm. The specimens were 
notched using a razor blade and 3 µm diamond paste, with a 
machine specifically designed for this study to guide the razor 
blade linearly. The notches were cut across centrally on the 3 
mm x 22 mm surfaces. The depths of the V notches (1.0 ± 0.2 
mm) were measured using SEM micrographs obtained from 
the notch tip of each specimen. Figure 1 shows one of the 
samples with V notch to measure the KIC by SEVNB method. 
A four-point flexural test was performed until failure with the 
3 mm-width face and with the V-notch down, using a universal 
testing machine (DL 2000, EMIC, São José dos Pinhais, PR, 
Brazil) in air with a 5.0 kN load cell and crosshead speed of 0.5 
mm/min. The sample holder had a span between the two 0.8 
mm-radius, rounded bearers of 16 mm. The distance between 
the two 0.8 mm-radius, rounded loading pistons was 8 mm. 

2.6 Residual stress measurements

The fracture toughness was measured by indentation 
technique on porcelain surface before and after the slow, 
normal or fast cooling rate. Samples of VM9 of each group 
(n=5) was polished and the fracture toughness was measured 
by the Vickers hardness indentation technique. For each 
specimen three indentations (9,8N; 30s) were performed to 
calculate the fracture toughness (KIc). The specimens were 
submitted to the firing cycle folowed by slow, normal and 
fast cooling. Then, a final fracture toughness was measured 
(KIc'). Residual stress (MPa) was calculated according to the 
following equation13:

					      (5)

where, KIc is the fracture toughness measured before 
cooling, KIcˈ is the fracture toughness measured after cooling 
(slow, normal or fast), and c is the half size of the median 
crack measured before the cooling.

2.7 Statistics

Statistical analyses were performed for the described tests 
using one-way analysis of variance (α<0.05), and by multiple 
comparisons were performed using Tukey's post hoc test.

2.8 Scanning electron microscope (SEM)

 Three specimens of each group were examined in a 
scanning electron microscope (JEOL - JSM 6510, Jeol, 
Tokyo, Japan). Specimens were polished and etched with 
2 % HF (hydrofluoric acid) for 15s and sputter-coated with 
gold-palladium. Three scanning electron micrographs from 
each group were obtained at a magnification of 500x.

3. Results and Discussion

The results of flexural strength (σf), Vickers hardness 
and fracture toughness are shown in Table 2. 

The effect of thermal properties of zirconia and feldspathic 
porcelain on the chipping and delamination has been extensively 
studied6,7,9-12,14,20-23, but it has not been considered the possible 
effect of the cooling rate exclusively on the porcelain. It 
is known that residual stresses can occur due to a thermal 
mismatch between the zirconia core and the porcelain veneer, 
or due to an inadequate cooling rate after the last firing of 
the porcelain veneer applied on zirconia11,12,17,23. However, 
considering solely porcelain, stresses may also be generated 
due to a non-uniform solidification resultant from thermal 
gradients from the surface to the center of the porcelain7,12, 
once the ceramic materials have low thermal diffusivity and 
low thermal conductivity. Tensile stress generated during 

Figure 1. SEM micrograph and description of a V-notch.

Fracture toughness (KIc) was calculated based on the 
four-point flexural test results, using equation 3:

					            
                                                                                 (3)

where P is the maximum load (MPa), S1 and S2 are the 
outer and inner roller spans, respectively, b and w are the 
thickness and height of the specimen, respectively, d is the 
average depth of the notch, and Y is represented in equation 4:

					            
                                                                                 (4)
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porcelain cooling is generally associated to veneer chipping 
and fracture13. In the present study, the residual stress test 
revealed that all the specimens showed tensile stress (MPa) 
at surface: Slow = 34.81; Normal = 27.04; Fast = 18,98. In 
this context, the slow cooling may make the porcelain more 
susceptible to failure.

The null hypothesis to three-point flexural strength 
and V-notch fracture toughness (SEVNB) were accepted. 
One-way ANOVA was not significant for flexural strength 
values (F2,87=0.436, α=0.654) or fracture toughness values 
(F2,42=3.220, α=0.734). These results are in agreement to 
the literature8,13,27. 

 The three-point flexural strength test was performed in 
distilled water at 37 °C to simulate the oral environment, once 
the ceramics are constantly exposed to humid environment. 
Water can penetrate in a surface defect resulting in a rupture 
of the metallic oxides bonds, leading to the formation of 
hydroxyls28. This phenomenon, known as slow crack growth 
(SCG), can control the time in service of the restoration29. 
However, the short period to perform three-point flexural test 
may be insufficient to induce SCG, but the test becomes more 
challenging and the material more susceptible to fast crack 
growth. The mean value found to VM9 porcelain in normal 
cooling (75.1 ±7.5 MPa) was different from those found by 
Fisher et al.8 (106.6±12.5 MPa) who conducted the testing at dry 
environment. Borba et al.30 performed the three-point flexural 
strength at 37 °C in artificial saliva and found characteristic 
strength (68.5 MPa) slightly lower than those found in our 
study to all cooling rates (slow: 78,03 MPa; normal: 78.62 
MPa; Fast: 80.73 MPa). Thus, a possible explanation to the 
lower values compared to those found by Fisher et al. 8 is the 
presence of water in the flexural strength test.

Morena et al.31 asserted that fracture toughness is principally 
dependent on the glass matrix. Nevertheless, some authors 
have pointed that porcelain with a higher content of leucite has 
higher fracture toughness20,27,32. According to Mackert Jr. et 
al.33, the quantity, average size and structure of the crystalline 
phase can directly affect the mechanical properties of the 
final product. On the other hand, Cesar et al.28 compared 
porcelains with different leucite contents and found no direct 
relationship between the leucite content and slow crack 
growth. SEM images revealed comparable microstructures 
with crystal distribution similar among porcelain submitted 
to fast, normal or slow cooling (Figures 2, 3 and 4). 

Table 2. Means of flexural strength, Vickers hardness and fracture 
toughness according to three different cooling methods.

Cooling
Flexural 
strength 
(MPa)

Vickers 
hardness 

(GPa)

Fracture 
toughness 
(MPa/m1/2)

Slow 74.3 (8.27)A 5.41 (0.08)A 1.09 (0.13)A

Normal 75.1 (7.32)A 5.26 (0.10)B 1.02 (0.10)A

Fast 76.3 (9.58)A 5.21 (0.08)B 1.16 (0.18)A
Same letters correspond to statistical similarity. Different letters 
correspond to statistical difference.

Figure 2. SEM images at 500 x magnification of Vita VM9 submitted 
to fast cooling.

Figure 3. SEM images at 500 x magnification of Vita VM9 submitted 
to normal cooling.

Figure 4. SEM images at 500 x magnification of Vita VM9 submitted 
to slow cooling.
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The null hypothesis concerning to Vickers hardness 
(VH) was rejected, once one-way ANOVA was significant 
(F2,39= 3.238, α<0.001). Tukey's test showed that slow 
cooling resulted in the highest hardness, while there was 
no difference between fast and normal cooling. The thermal 
history of porcelain may influence the content of leucite, such 
as the sintering time, the number of firings or the cooling 
rate24,34-36. We speculated that slow cooling would allow 
additional crystal growth, and if it would justify the hardness 
improvement in slow cooling group. However, SEM images 
showed similar crystal distribution (Figure 2, 3 and 4), not 
giving evidence to support that statement. Although it was 
not possible to observe this phenomenon in SEM analysis, 
it would be interesting to perform other methodologies in 
another study to show the growth of crystals in the porcelain 
cooled slowly.

Weibull modulus and characteristic strength with a 
confidence interval of 95% is shown in Table 3). Higher 
Weibull modulus (m) was observed to normal cooling, but 
the confidence intervals showed no statistical difference 
to the porcelain cooling rates. According to Della Bona 
et al.37, the reliability of structural ceramics is the most 
important factor in the clinical success of ceramic systems. 
High Weibull modulus values correspond to levels of high 
structural integrity and reliability. Most ceramics have 
values of "m" between 5 and 15, while "m" of metals vary 
between 30 and 100. 

restorations. In the present study, the cooling method did not 
influence the flexural strength results, which points out the 
role of the thermal proprieties of the framework in a bilayer 
complex. In a bilayer porcelain/zirconia, the compressive/
tempering stresses in the porcelain layer under fast cooling 
can improve the resistance of the surface layer7 and develop 
high residual tension at the zirconia/porcelain interface6,9. 
Thus, this phenomenon has great importance to bilayers. On 
the other hand, in this study, porcelain monolayer specimens 
could release partially the thermal stresses, once porcelain 
was not attached to zirconia.

 With regard to the cooling rates, it is important to highlight 
the uncertainty about the best thermal cycling completion. 
Nowadays, VITA VM9 manufacturers recommends "Long-term 
cooling down to the respective temperature is recommended 
for the respective last firing cycle of the veneering ceramic; 
the lift position for VITA VACUMAT furnaces should be > 
75%. Firing objects must be protected against direct supply 
of air". However, this information is unclear, not showing a 
precise cooling rate. Furthermore, there is no standard for 
cooling nomenclature21. In this study, the "normal" cooling 
technique was an approach to that recommended by the 
manufacturer, once our proposal was to test the effect of 
extreme cooling rates (slow and fast) to clarify their influence 
on selected mechanical properties of the porcelain.

 It must be highlighted some limitations of this study. 
Results obtained from bar specimens may not be extrapolated 
to complex shapes as dental crowns. In addition, it was not 
identified and quantified crystalline phase resultant from 
each cooling protocol.

4. Conclusions

It was concluded that cooling rate produce minor changes 
in the porcelain properties when porcelain is considered 
in isolation, that is, unattached to a zirconia base, once 
flexural strength, fracture toughness and Weibull modulus 
were not affected by cooling method, despite fast cooling 

Table 3. Weibull modulus and characteristic strength with a 
confidence interval of 95% to the three different cooling methods.

Cooling
Characteristic 

strength 
(MPa)

Confidence 
Intervals

Weibull 
modulus

Confidence 
Intervals

Slow 78.03 ª 74.65-81.46 9.83 ª 6.88-12.63

Normal 78.62 ª 75.53-81.74 10.86 ª 7.60-13.96

Fast 80.73 ª 76,74-84.80 8.59 ª 6.01-11.04
Same letters correspond to statistical similarity. Different letters 
correspond to statistical difference.

According to Figure 5, probability of failure was higher 
for the normal and slow cooling samples. The probability 
of failure was calculated using a function of applied stress 
based on the Weibull probability plot. For example, at 90 
MPa, all specimens of normal and slow cooling method 
failed, while approximately 10 % of fast cooling specimens 
were able to resist.

In a previous publication21, porcelain/zirconia bilayer 
specimens were used to investigate how the cooling rates 
influence the flexural and shear bond strength of feldspathic 
porcelain for zirconia. Using the same cooling method, it 
was observed that the fast-cooling rate showed a higher 
flexural strength but a lower reliability while the slow-cooling 
rate decreased the shear bond strength and showed lower 
adhesive failure mode. These results suggested that the 
cooling method may affect the longevity of zirconia-based 

Figure 5. Probability of failure based on the flexural strength of 
the VM9 porcelain, according to cooling method.
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had lowered probability of failure and slow cooling had 
improved Vickers hardness.

5. Acknowledgements

This research was supported by research grant FAPESP 
(2009/17735-8 and 2010/05469-9).

6. References

1.	 Sailer I, Féher A, Filser F, Gauckler LJ, Lüthy H, Hämmerle 
CH. Five-year clinical results of zirconia frameworks for 
posterior fixed partial dentures. The International Journal of 
Prosthodontics. 2007;20(4):383-388.

2.	 Larsson C, Vult von Steyern P. Five-year follow-up of 
implant-supported Y-TZP and ZTA fixed dental prostheses. A 
randomized, prospective clinical trial comparing two different 
material systems. The International Journal of Prosthodontics. 
2010;23(6):555-561.

3.	 Molin MK, Karlsson SL. Five-year clinical prospective evaluation 
of zirconia-based Denzir 3-unit FPDs. The International Journal 
of Prosthodontics. 2008;21(3):223-227.

4.	 Pang Z, Chughtai A, Sailer I, Zhang Y. A fractographic study of 
clinically retrieved zirconia-ceramic and metal-ceramic fixed 
dental prostheses. Dental Materials. 2015;31(10):1198-1206.

5.	 Sailer I, Pjetursson BE, Zwahlen M, Hämmerle CH. A systematic 
review of the survival and complication rates of all-ceramic and 
metal-ceramic reconstructions after an observation period of 
at least 3 years. Part II: Fixed dental prostheses. Clinical Oral 
Implants Research. 2007;18(3 Suppl):86-96.

6.	 Tholey MJ, Swain MV, Thiel N. Thermal gradients and residual 
stresses in veneered Y-TZP frameworks. Dental Materials. 
2011;27(11):1102-1110.

7.	 Göstemeyer G, Jendras M, Dittmer MP, Bach FW, Stiesch M, 
Kohorst P. Influence of cooling rate on zirconia/veneer interfacial 
adhesion. Acta Biomaterialia. 2010;6(12):4532-4538.

8.	 Fischer J, Stawarczyk B, Hämmerle CH. Flexural strength 
of veneering ceramics for zirconia. Journal of Dentistry. 
2008;36(5):316-321.

9.	 Guazzato M, Walton TR, Franklin W, Davis G, Bohl C, Klineberg 
I. Influence of thickness and cooling rate on development of 
spontaneous cracks in porcelain/zirconia structures. Australian 
Dental Journal. 2010;55(3):306-310.

10.	 Dittmer MP, Borchers L, Stiesch M, Kohorst P. Stress and 
distortions within zirconia-fixed dental prostheses due to the 
veneering process. Acta Biomaterialia. 2009;5(8):3231-3239.

11.	 Taskonak B, Borges GA, Mecholsky JJ Jr, Anusavice KJ, Moore 
BK, Yan J. The effects of viscoelastic parameters on residual 
stress development in a zirconia/glass bilayer dental ceramic. 
Dental Materials. 2008;24(9):1149-1155.

12.	 Mainjot AK, Schajer GS, Vanheusden AJ, Sadoun MJ. 
Influence of cooling rate on residual stress profile in veneering 
ceramic: measurement by hole-drilling. Dental Materials. 
2011;27(9):906-914.

13.	 Baldassarri M, Stappert CF, Wolff MS, Thompson VP, Zhang 
Y. Residual stresses in porcelain-veneered zirconia prostheses. 
Dental Materials. 2012;28(8):873-879.

14.	 Belli R, Frankenberger R, Appelt A, Schmitt J, Baratieri LN, Greil 
P, et al. Thermal-induced residual stresses affect the lifetime of 
zirconia-veneer crowns. Dental Materials. 2013;29(2):181-190.

15.	 Pjetursson BE, Sailer I, Makarov NA, Zwahlen M, Thoma 
DS. All-ceramic or metal-ceramic tooth-supported fixed 
dental prostheses (FDPs)? A systematic review of the survival 
and complication rates. Part II: Multiple-unit FDPs. Dental 
Materials. 2015;31(6):624-639.

16.	 Sailer I, Makarov NA, Thoma DS, Zwahlen M, Pjetursson 
BE. All-ceramic or metal-ceramic tooth-supported fixed 
dental prostheses (FDPs)? A systematic review of the survival 
and complication rates. Part I: Single crowns (SCs). Dental 
Materials. 2015;31(6):603-623.

17.	 Fischer J, Stawarzcyk B, Trottmann A, Hämmerle CH. Impact 
of thermal misfit on shear strength of veneering ceramic/zirconia 
composites. Dental Materials. 2009;25(4):419-423.

18.	 DeHoff PH, Anusavice KJ, Götzen N. Viscoelastic finite element 
analysis of an all-ceramic fixed partial denture. Journal of 
Biomechanics. 2006;39(1):40-48.

19.	 DeHoff PH, Barrett AA, Lee RB, Anusavice KJ. Thermal 
compatibility of dental ceramic systems using cylindrical and 
spherical geometries. Dental Materials. 2008;24(6):744-752.

20.	 Choi JE, Waddell JN, Swain MV. Pressed ceramics onto zirconia. 
Part 2: indentation fracture and influence of cooling rate on 
residual stresses. Dental Materials. 2011;27(11):1111-1118.

21.	 Almeida AA Jr, Longhini D, Domingues NB, Santos C, 
Adabo GL. Effects of extreme cooling methods on mechanical 
properties and shear bond strength of bilayered porcelain/3Y-
TZP specimens. Journal of Dentistry. 2013;41(4):356-362.

22.	 Komine F, Saito A, Kobayashi K, Koizuka M, Koizumi H, 
Matsumura H. Effect of cooling rate on shear bond strength 
of veneering porcelain to a zirconia ceramic material. Journal 
of Oral Science. 2010;52(4):647-652.

23.	 Tan JP, Sederstrom D, Polansky JR, McLaren EA, White SN. 
The use of slow heating and slow cooling regimens to strengthen 
porcelain fused to zirconia. Journal of Prosthetic Dentistry. 
2012;107(3):163-169.

24.	 Mackert JR Jr, Evans AL. Effect of cooling rate on leucite 
volume fraction in dental porcelains. Journal of Dental Research. 
1991;70(2):137-139.

25.	 Tang X, Nakamura T, Usami H, Wakabayashi K, Yatani H. 
Effects of multiple firings on the mechanical properties and 
microstructure of veneering ceramics for zirconia frameworks. 
Journal of Dentistry. 2012;40(5):372-380.

26.	 International Organization for Standardization (ISO). ISO 
6872:2008 - Dentistry - Ceramic materials. Geneva: ISO; 2008.

27.	 Quinn JB, Sundar V, Lloyd IK. Influence of microstructure and 
chemistry on the fracture toughness of dental ceramics. Dental 
Materials. 2003;19(7):603-611.

28.	 Cesar PF, Soki FN, Yoshimura HN, Gonzaga CC, Styopkin 
V. Influence of leucite content on slow crack growth of dental 
porcelains. Dental Materials. 2008;24(8):1114-1122.



Almeida Junior et al.1424 Materials Research

29.	 Ramos Nde C, Campos TM, Paz IS, Machado JP, Bottino 
MA, Cesar PF, et al. Microstructure characterization and 
SCG of newly engineered dental ceramics. Dental Materials. 
2016;32(7):870-878.

30.	 Borba M, de Araújo MD, Fukushima KA, Yoshimura HN, Cesar 
PF, Griggs JA, et al. Effect of the microstructure on the lifetime 
of dental ceramics. Dental Materials. 2011;27(7):710-721.

31.	 Morena R, Lockwood PE, Fairhust CW. Fracture toughness of 
commercial dental porcelains. Dental Materials. 1986;2(2):58-62.

32.	 Quinn JB, Quinn GD, Sundar V. Fracture Toughness of Veneering 
Ceramics for Fused to Metal (PFM) and Zirconia Dental 
Restorative Materials. Journal of Research of the National 
Institute of Standards and Technology. 2010;115(5):343-352.

33.	 Mackert JR Jr, Twiggs SW, Russell CM, Williams AL. Evidence 
of a critical leucite particle size for microcracking in dental 
porcelains. Journal of Dental Research. 2001;80(6):1574-1579.

34.	 Ong JL, Farley DW, Norling BK. Quantification of leucite 
concentration using X-ray diffraction. Dental Materials. 
2000;16(1):20-25.

35.	 Denry IL, Mackert JR Jr, Holloway JA, Rosenstiel SF. Effect of 
cubic leucite stabilization on the flexural strength of feldspathic 
dental porcelain. Journal of Dental Research. 1996;75(12):1928-
1935.

36.	 Tsetsekou A, Papadopoulos T, Adamopoulos O. Microstructure 
effect on the properties of a commercial low-fusing dental 
porcelain. Journal of Materials Science. Materials in Medicine. 
2002;13(4):407-416.

37.	 Bona AD, Anusavice KJ, DeHoff PH. Weibull analysis and 
flexural strength of hot-pressed core and veneered ceramic 
structures. Dental Materials. 2003;19(7):662-669.


