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Abstract
Background. Zirconia restorations with high mechanical properties are the current treatment options for fixed restorations
with advantages of high biocompatibility and low pulp irritation. Although the effect of sintering time and temperature on the
optical and mechanical properties of zirconia core material were investigated, the effect of these parameters on the translucent
monolithic zirconia is still uncertain. This study aimed to evaluate the effect of the changes in sintering temperature and
holding time on the mechanical and structural properties of monolithic zirconia.

Methods. Totally, 340 self-colored (A2) zirconia specimens from two different monolithic zirconia groups (n=170) were
prepared, measuring 15.5×12.5×1.2 mm. Then, 17 subgroups (n=10), including the control groups, were sintered according
to sintering parameters. XRD analysis was used to determine phase transformations. The surface roughness of the specimens
was evaluated using profilometry, and the flexural strength of the specimens was evaluated by the three-point bending test.
The data were analyzed using three-way ANOVA and post hoc multiple comparison test with Bonferroni correction (a=0.05)
at a significance level of 0.05. Independent-samples t-test was used to compare the subgroups between the control groups
(P˂0.05).

Results. No tetragonal-to-monoclinic phase transformation was observed in the groups. Changes in the sintering parameters
did not significantly affect the surface roughness and flexural strength of monolithic zirconia. Surface roughness values for
all the subgroups were above the clinically critical limit.

Conclusion. According to the results of this study, changes in the sintering parameters did not affect the surface phase
transformation, surface roughness, and flexural strength of monolithic zirconia.
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Introduction

C

oncurrent with the development of CAD/CAM
technology, zirconia has been widely used in the

dental field due to its excellent mechanical properties,
high biocompatibility, and low allergic potential.1 Zirconia, without a glass component, is a polycrystalline
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polymorphic material and occurs in three forms of
monoclinic, tetragonal, and cubic. Pure zirconia occurs in monoclinic phase at room temperature, becomes tetragonal between 1170ºC and 2370ºC, and
the cubic phase is stable up to the melting point of
2680ºC.2 The yttrium-stabilized tetragonal zirconia
polycrystalline (Y-TZP), the most commonly used
zirconia in dentistry and stable with yttrium in nanometers at room temperature, could be obtained by
alloying zirconia with 2‒3% of yttrium oxide.3,4
In previous studies, the flexural strength of zirconia
ceramics varied between 608 and 1540 MPa, and
these differences occur depending on sintering parameters, surface treatments, and microstructure.5-7 Stawarzcyk et al7 reported that an increase in the sintering temperature resulted in a decrease in the flexural
strength of zirconia. In contrast, some studies reported
that sintering parameters did not affect the flexural
strength of zirconia ceramics.8,9
According to the literature, the critical smoothness
for plaque accumulation is 0.2 μm.10,11 Heintze et al12
reported that rough surfaces reduce the fracture resistance of the material, and changes in surface roughness affect the wear properties of zirconia. In clinical
applications, the grinding procedures made by the
dentist also directly affect the wear properties of zirconia. Additionally, it has been reported that changes
in surface roughness also stimulate phase transformation.13 Preis et al14 reported that the polishing process reduces surface roughness and phase transformations on the zirconia surface. Currently available
zirconia materials are generally sintered between
1350ºC and 1600ºC, and yttrium is incorporated into
the structure at high sintering temperatures.15 However, sintering temperatures higher than 1600ºC cause
excessive grain growth and increase porosity. Besides, it was observed that the mechanical and optical
properties of the zirconia were not sufficient at sintering temperatures of <1400ºC.3,7 The degradation of
zirconia at low temperatures and the strength of the
material depend on many factors, including the
amount of the stabilizing oxide, the distribution of the
stabilizer, the phase composition, the particle size and
distribution, etching and surface treatments, and the
presence of the secondary phases. Although these factors are independent, they are mainly affected by sintering parameters, which have been considered as predominant factors to obtain stable zirconia.16
Zirconia is used as an infrastructure due to its high
opacity, and the main disadvantage of zirconia restorations is chipping in veneering ceramics. To overcome the chipping problem, the use of monolithic zirconia restorations, which can be used without
JODDD, Vol. 13, No. 4 Autumn 2019

veneering ceramics, has gained popularity. In addition, with monolithic zirconia blocks, it is possible to
obtain more translucent and aesthetic restorations
without veneering ceramics.16 Additionally, as a result
of high flexibility and fracture strength, monolithic
zirconia can be used even in cases where the interocclusal distance is insufficient in the posterior region.3,7
Changes in sintering parameters affect the properties and microstructure of zirconia.17 However, the effect of sintering parameters on monolithic zirconia,
directly related to oral conditions, is still uncertain.8,7,18 Therefore, this study investigated the effect
of sintering parameters on the microstructure, surface
roughness, and flexural strength of monolithic zirconia materials. The null hypothesis of the study was
that sintering parameters do not affect the microstructure, surface roughness, and flexural strength of the
translucent monolithic zirconia.
Methods
In this in vitro study, two different commercially
available pre-sintered, self-colored (A2) translucent
monolithic zirconia materials (Group TZI; Incoris
TZI C, Sirona Dental Systems GmbH, Bensheim,
Germany) (Group Up; Upcera, Shenzhen Upcera Co.,
Ltd, Shenzhen, China) were used. Totally, 340 samples (n=170) with a dimension of 19×15.5×1.6±0.05
mm were prepared from pre-sintered blocks using a
precision cutting machine (Microcut 201 Mekto Instruments Inc., Istanbul, Turkey). All the samples in
each group were randomly divided into 16 subgroups
according to sintering temperature (1400ºC, 1450ºC,
1500ºC, and 1600ºC) and holding time (30, 60, 120,
and 240 min) for each group (n=10). Additionally,
one subgroup, sintered according to the manufacturer’s instructions, was defined as the control group
(n=10) (Table 1). The heating and cooling rates were
set to 10ºC/min. The sintering furnace (InFire HTC
Speed, Sirona Dental Systems GmbH Bensheim, Germany) was calibrated before each sintering process
according to the manufacturer’s instructions. The
temperature changes were checked by the internal
thermometer of the sintering furnace. After the sintering process, the dimension of all samples was measured using a digital micrometer, and the final dimension of the samples was 15.5×12.5×1.2±0.03 mm.
Then, all the samples were thermocycled in a thermal
cycling machine (Thermocycler THE-1100 SD
Mechatronic GMBH, Feldkirchen, Germany), consisting of 10000 cycles at 5ºC and 55ºC with 20-second dwell time. After the thermocycling procedure,
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Table 1. Sample size of the subgroups in terms of the holding time and sintering temperature
Group TZI (n)
1400ºC
1450ºC
1500ºC
1600ºC
Control Group
Total
Group UP (n)
1400ºC
1450ºC
1500ºC
1600ºC
Control Group
Total

30 min.
10
10
10
10

60 min.
10
10
10
10

120 min.
10
10
10
10

240 min.
10
10
10
10

30 min.
10
10
10
10

60 min.
10
10
10
10

120 min.
10
10
10
10

240 min.
10
10
10
10

all the groups were ultrasonically cleaned with isopropanol solution and kept at room temperature in dry air.
Microstructural analysis (XRD Analysis)
The effect of sintering temperature and holding time
on the phase composition and t-m transformation
were crystallographically examined using a diffractometer (Bruker D8 Advance, Bruker AXS GmbH,
Karlsruhe, Germany) on three randomly selected samples from each group. All the samples were subjected
to Cu K(alpha) radiation. The voltage and current
were set to 40 kVp and 40 mA, respectively. Diffraction profiles were recorded within a range of -10 to
90º, a continuous θ/2θ scan with a step size of 0.05º,
and a scan speed of 4.0 deg/min.
Surface roughness
The surface roughness (Ra) of the groups was evaluated by using a contact profilometer (Perthometer M2,
Mahr GmbH, Göttingen, Germany). Ra values of each
specimen were obtained by three measurements on
the three different axes passing through the center of
the specimens, and mean Ra values were calculated.
Measurement parameters were set to nOc: × 5; Oc/L:
0.8; range: 20×5. The profilometer was calibrated before each measurement.
Flexural strength
A three-point bending test was performed to determine the flexural strength of the groups using a universal testing machine (LRX, Lloyd Instruments Ltd.,
Hampshire, UK) at a crosshead speed of 1 mm/min.

Total
40
40
40
40
10
170
Total
40
40
40
40
10
170

The support distance was set to 8.5 mm, and the loading rod was 2 mm in diameter. The flexural strength
was calculated according to the following formula:
σ = 3Nl/2bd2
(σ = flexural strength, N = fracture load [kg/mm2], l
= the distance between the supports [8.5 mm], b =
width of the specimen [12.5 mm], d = thickness of the
specimen [1.2 mm]).
Statistical Analysis
The statistical analysis was performed using SPSS 20
(SPSS Inc., Chicago, IL, USA). Shapiro-Wilks test
was used to determine whether the surface roughness
and flexural strength data showed normal distribution.
Homogeneity of the data was analyzed with Levene's
test at the 0.05 significance level. The data were evaluated using three-way ANOVA and post hoc multiple
comparison test with Bonferroni correction (a=0.05)
at a significance level of 0.05. Independent-samples ttest was used to compare the subgroups between the
control groups (P˂0.05).
Results
XRD analysis revealed no monoclinic (m) phase on
the surface of the analyzed specimens within groups.
Only tetragonal (t) characteristic peaks were determined on the surface of the specimens.
According to the statistical analysis conducted, material, holding time, sintering temperature, and interaction between these factors were not significant for
the surface roughness and flexural strength values

Table 2. Univariate comparison of surface roughness (Ra) using three-way ANOVA
Tests for inter-subject effects
Surface roughness (Ra)
Intercept
Material
Sintering temperature
Holding Time
Material * Sintering Temperature
Material * Holding Time
Sintering Temperature * Holding Time
Material * Sintering Temperature * Holding Time

Type III Sum of Squares
44.230
0.223
0.033
0.023
0.022
0.035
0.096
0.122

df
1
1
3
3
3
3
9
9

Mean Square
44.230
0.223
0.011
0.008
0.007
0.012
0.011
0.014

F
196.449
39.771
2.409
0.891
0.553
0.860
0.785
1.851

Sig.
0.043
0.339
0.613
0.635
0.659
0.496
0.638
0.059
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Table 3. Univariate comparison of flexural strength (MPa) values using three-way ANOVA
Flexural strength (MPa)
Intercept
Material
Sintering Temperature
Holding time
Material * sintering Temperature
Material * Sintering holding time
Temperature * holding time
Material * sintering temperature * holding time

Tests for inter-subject effects
Type III sum of squares
df
54981711.760
1
95426.642
1
216660.471
3
147434.274
3
45377.276
3
42920.883
3
320903.100
9
228969.290
9

(Tables 2 and 3). Surface roughness values (Ra) obtained from the groups are presented in Table 4 and
Figure 1. No significant differences were found between the control group and subgroups in surface
roughness values (P>0.05). The flexural strength values (MPa) obtained from the groups are presented in
Table 5 and Figure 2. No significant differences were
found between the control group and subgroups in
flexural strength values (P>0.05).
Discussion
According to the results of the study, the sintering
temperature and holding time did not affect the microstructure, surface roughness, and flexural strength of
the groups. Therefore, the null hypothesis of the study
that sintering parameters do not affect the microstructure, surface roughness, and flexural strength of the
translucent monolithic zirconia was accepted.
Contact profilometers are widely used in the dental
field.20,21 These devices that provide surface-independent, high-resolution surface profile information,
are scientifically accepted.20 Besides, contact profilometers have advantages of repeatability, applicability, and reliability. Therefore, the surface roughness of the specimens was measured using a contact
profilometer. Changes in the surface roughness of
Table 4. Mean and standard deviation values for surface roughness (Ra)

1400ºC

1450ºC

1500ºC

1600ºC

Control
30 min.
60 min.
120 min.
240 min.
30 min.
60 min.
120 min.
240 min.
30 min.
60 min.
120 min.
240 min
30 min.
60 min
120 min.
240 min.

Surface Roughness (Ra)
Group TZI
Group Up
0.36±0.05
0.39±0.1
0.33±0.04
0.34±0.12
0.32±0.04
0.49±0.08
0.36±0.04
0.38±0.08
0.34±0.06
0.39±0.14
0.36±0.06
0.45±0.13
0.33±0.07
0.38±0.05
0.36±0.05
0.40±0.11
0.36±0.05
0.46±0.11
0.37±0.06
0.40±0.12
0.37±0.08
0.38±0.13
0.34±0.04
0.44±0.12
0.37±0.04
0.49±0.09
0.37±0.03
0.38±0.12
0.37±0.07
0.35±0.11
0.37±0.06
0.38±0.13
0.34±0.07
0.43±0.02
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Mean square
54981711.760
95426.642
72220.157
49144.758
15125.759
14306.961
35655.900
25441.032

F
310.425
23.781
2.852
2.006
0.595
0.563
1.402
1.421

Sig.
0.001
0.768
0.252
0.339
0.634
0.653
0.312
0.180

materials affect the wear properties of zirconia restorations. This study showed that sintering conditions
have no significant effect on the surface roughness of
zirconia specimens. Consistent with the present study,
Ebeid et al9 reported that the mean surface roughness
value of zirconia decreased with an increase in sintering temperature and holding time, but these changes
were not significant. Preis et al14 reported no significant difference in surface roughness between the zirconia specimens sintered with different sintering parameters, but the surface roughness of the specimens
significantly decreased after glazing and polishing
processes; therefore, phase transformation decreased
on the surface of zirconia specimens. Surface roughness is associated with bacterial accumulation, and
more bacterial involvement occurs on rough surfaces.22 Bollen et al22 reported that the roughness of
tooth surface or any restoration should be <0.2 μm,
and this value could be considered as a threshold
value for bacterial involvement. The results of this
study revealed that the surface roughness values for
all the groups were >0.3 μm. These results show that
polishing and glazing processes should be performed
carefully for zirconia restorations after the sintering
process or intraoral adjustment. Phase transformations on the zirconia surface negatively affect the
mechanical properties of the material. Mechanical
Table 5. Mean and standard deviation values for Flexural Strength (MPa)

1400ºC

1450ºC

1500ºC

1600ºC

Control
30 min.
60 min.
120 min.
240 min.
30 min.
60 min.
120 min.
240 min.
30 min.
60 min.
120 min.
240 min
30 min.
60 min
120 min.
240 min.

Flexural Strength (MPa)
Group TZI
Group Up
488.50±87.53
586.54±236.32
354.68±126.67
370.23±142.02
407.94±92.97
625.96±187.87
472.48±204.01
427.30±130.20
345.84±94.73
415.18±81.54
379.96±123.24
489.61±186.61
478.05±177.25
464.12±102.60
414.21±99.34
521.62±179.75
457.53±103.81
433.50±56.88
397.60±90.16
406.28±163.58
439.63±51.55
510.60±174.54
436.01±75.94
550.28±126.14
435.34±118.11
439.15±79.73
522.95±158.15
490.22±40.02
417.98±51.12
449.28±134.27
542.80±192.52
545.71±102.84
551.77±119.94
529.04±171.32
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Figure 1. Surface roughness (Ra) changes as a result of
changes in the sintering temperature and holding time

properties of zirconia and stability of the tetragonal
phase depend on particle size and the metastable microstructure. In this study, sintering temperature and
holding time did not affect the phase transformation
on the surface of zirconia specimens. Consistent with
the present study, Ebeid et al9 reported that changing
the holding time and sintering temperature did not induce phase transformation on the monolithic zirconia
surface. Hjerppe et al8 reported no phase transformation in the structure of the partially stabilized zirconia material with a decrease in sintering time. Contrary to the present study, Inokoshi et al23 investigated
the effect of changes in sintering parameters on phase
transformation in three different commercial zirconia
materials and reported that the cubic phase increased
in surface structure due to an increase in sintering
temperature and holding time. The authors also reported that as a result of unstable zirconia microstructure, the monoclinic phase was determined at the
highest sintering temperature, and changes in sintering parameters caused phase transformation. Differences between the present study and the study conducted by Inokoshi et al23 could be attributed to higher
sintering temperatures used in the previous study.
Zirconia is the most durable ceramic material used
in dentistry due to its high flexural strength.2,4 According to the results of this study, sintering temperature and holding time did not significantly affect the
flexural strength of zirconia specimens. Consistent
with the present study, Hjerppe et al8 reported that
changes in sintering parameters and the thermal aging
process did not affect the flexural strength of zirconia.
Ebeid et al9 concluded that sintering parameters did
not significantly affect the flexural strength of the
translucent monolithic zirconia material. Contrary to
the results of this study, Inokoshi et al23 reported that
changing the sintering parameters affected the mechanical properties of the zirconia material. Trunec24
reported that the fracture strength of zirconia depends
on the particle size that varies due to changes in
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Figure 2. Flexural strength (MPa) changes due to sintering temperature and holding time.

sintering parameters. Stawarczyk et al7 concluded that
the flexural strength of zirconia decreased with an increase in sintering temperature, and the highest
strength could be obtained between 1400ºC and
1550ºC, and the lowest strength at low temperatures.
These differences from other studies could be related
to the structure of the material used, sintering parameters, and phase transformation of the material’s
structure. In this study, the sintering parameters were
determined at a certain sintering temperature and
holding time intervals in accordance with the literature7-9,18,19,23,25 and manufacturer recommendations.
Thus, further studies are needed to examine the effect
of the sintering process at higher or lower temperatures and in shorter or longer holding times on the
properties of zirconia. In addition, the effect of other
sintering parameters such as heating rate and sintering
atmosphere on the properties of the zirconia should be
investigated.
Conclusion
Within the limitations of our study, it was concluded
that sintering parameters did not significantly affect
the microstructure of translucent monolithic zirconia.
Changes in the sintering parameters did not significantly affect the surface roughness of the translucent
monolithic zirconia. For all the groups, the surface
roughness was above the clinically acceptable values.
Changes in sintering parameters did not significantly
affect the flexural strength of the translucent monolithic zirconia.
Authors’ contributions
CÖ and GC were responsible for the concept and the design
of the study. CÖ performed the experimental design of
study, data collection and statistical analysis. CÖ and GC
were responsible for drafting the manuscript, critical revision of the article and final approval of the version to be
published. All the authors participated in the literature review.
JODDD, Vol. 13, No. 4 Autumn 2019

252

Öztürk and Can

Acknowledgments
None.
Funding
This study was not supported financially by any individual
or organization.
Competing Interests
The authors declare no competing interests with regards to
the authorship and/or publication of this article.
Ethics approval
Not applicable.

References
1. Kelly JR, Denry I. Stabilized zirconia as a structural ceramic:
an overview. Dent Mater. 2008; 24(3):289-98. doi:
10.1016/j.dental.2007.05.005
2. Piconi C, Maccauro G. Zirconia as a ceramic biomaterial. Biomaterials. 1999; 20(1):1-25. doi: 10.1016/S01429612(98)00010-6
3. Jang GW, Kım HS, Choe HC, Son MK. Fracture strength and
mechanism of dental ceramic crown with zirconia thickness.
Procedia Eng. 2011;10:1556-60. doi: 10.1016/j.proeng.2011.04.260
4. Sundh A, Molin M, Sjögren G. Fracture resistance of yttrium
oxide partially-stabilized zirconia all-ceramic bridges after
veneering and mechanical fatigue testing. Dent Mater. 2005;
21(5):476-82. doi: 10.1016/j.dental.2004.07.013
5. Kosmaˇc T, Oblak C, Jevnikar P, Funduk N, Marion L. The
effect of surface grinding and sandblasting on flexural
strength and reliability of Y-TZP zirconia ceramic. Dent Mater.
1999;15(6):426–33.
doi:
10.1016/S01095641(99)00070-6
6. Denry IL, Holloway JA. Microstructural and crystallographic surface changes after grinding zirconia-based dental
ceramics. J Biomed Mater Res B Appl Biomater. 2006;
76(2):440-8. doi: 10.1002/jbm.b.30382
7. Stawarczyk B, Ozcan M, Hallman L, Ender A, Mehl A,
Hsmmerlet CH. The effect of zirconia sintering temperature
on flexural strength, grain size and contrast ratio. Clin Oral
Invest. 2013; 17(1):269-74. doi: 10.1007/s00784-012-06926
8. Hjerppe J, Vallittu PK, Fröberg K, Lassila LVJ. Effect of sintering time on biaxial strength of zirconium dioxide. Dent
Mater.
2009;
25(2):166-71.
doi:
10.1016/j.dental.2008.05.011
9. Ebeid K, Wille S, Hamdy A, Salah T, Etreby A, Kern M. Effect of changes in sintering parameters on monolithic translucent zirconia. Dent Mater. 2014; 30(12):e419-24. doi:
10.1016/j.dental.2014.09.003
10. Bollen CM, Lambrechts P, Quirynen M. Comparison of surface roughness of oral hard materials to the threshold surface
roughness for bacterial plaque retention: a review of the literature.
Dent
Mater.
1997;
13(4):258-69.
doi:10.1016/S0109-5641(97)80038-3

JODDD, Vol. 13, No. 4 Autumn 2019

11. Heintze SD, Cavallerı A, Forjanıc M, Zellweger G, Rousson
V. Wear of ceramic and antagonist–a systematic evaluation
of influencing factors in vitro. Dent Mater. 2008; 24(4):43349. doi: 10.1016/j.dental.2007.06.016
12. Teughels W, VAN Assche N, Slıepen I, Quırynen M. Effect
of material characteristics and/or surface topography on biofilm development. Clin Oral Implants Res. 2006; 17(2):6881. doi: 10.1111/j.1600-0501.2006.01353.x
13. Vagkopoulou T, Koutayas SO, Koidis P, Strub JR. Zirconia
in dentistry: Part 1. Discovering the nature of an upcoming
bioceramic. Eur J Esthet Dent. 2009; 4(2):130–51.
14. Preis V, Schmalzbauer M, Bougeard D, Feyrer S, Rosentrıtt
M. Surface properties of monolithic zirconia after adjustment
treatments and in vitro wear simulation. J Dent. 2015;
43(1):133-9. doi: 10.1016/j.jdent.2014.08.011
15. Luthardt RG, Holzhuter MS, Sandkuhl O, Herold V, Schnapp
JD, Kuhlısch E, Walter M. Reliability and properties of
ground YTZP- zirconia ceramics. J Dent Res. 2002;
81(7):487-91. doi: 10.1177/154405910208100711
16. Hallmann L, Ulmer P, Reusser E, Louvel M, Haemmerle
CHF. Effect of dopants and sintering temperature on microstructure and low temperature degradation of dental Y-TZPzirconia. J Eur Ceram Soc. 2012;32(16):4091–104.
doi:10.1016/j.jeurceramsoc.2012.07.032
17. Chevalıer J. What future for zirconia as a biomaterial? Biomaterials. 2006; 27(4): 535-43. doi:10.1016/j.biomaterials.2005.07.034
18. Jiang L, Liao Y, Wan Q, Li W. Effects of sintering temperature and particle size on the translucency of zirconium dioxide dental ceramic. J Mater Sci: Mater Med. 2011;
22(11):2429-35. doi: 10.1007/s10856-011-4438-9
19. Kim MJ, Ahn JS, Kim JH, Kim HY, Kim WC. Effects of the
sintering conditions of dental zirconia ceramics on the grain
size and translucency. J Adv Prosthodont. 2013; 5(2):161-6.
doi: 10.4047/jap.2013.5.2.161
20. Frühauf J. Problems of contour measuring on microstructures
using a surface profiler. Meas Sci Technol. 1998; 9(3):2936.
21. Whitehead SA, Shearer AC, Watts DC, Wilson NH. Comparison of two stylus methods for measuring surface texture.
Dent Mater. 1999;15:79-86. doi: 10.1016/S01095641(99)00017-2
22. Bollen CM, Lambrechts P, Quırynen M. Comparison of surface roughness of oral hard materials to the threshold surface
roughness for bacterial plaque retention: a review of the literature. Dent Mater. 1997; 13(4):258-69. doi:
10.1016/S0109-5641(97)80038-3
23. Inokoshı M, Zhang F, Munck J, Mınakuchı S, Naert I,
Vleugels J, Meerbeek BV, Vanmeensel K. Influence of sintering conditions on low-temperature degradation of dental
zirconia. Dent Mater. 2014; 30(6):669-78. doi:
10.1016/j.dental.2014.03.005
24. Trunec M. Effect of grain size on mechanical properties of
3Y-TZP ceramics. Ceram-Silik. 2008; 52(3):165–71.
25. Stawarczyk B, Frevert K, Ender A, Roos M, Sener B, Wimmer T. Comparison of four monolithic zirconia materials
with conventional ones: Contrast ratio, grain size, four-point
flexural strength and two-body wear. J Mech Behav Biomed
Mater. 2016;59:128-38. doi: 10.1016/j.jmbbm.2015.11.040

