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Objective Strength of ceramics related with sintering procedure. This study inves-
tigated the influence of different tempering processes on flexural strength of three
monolithic ceramic materials.

Materials and Methods Specimens were prepared in bar-shape (width x length x
thickness = 4 x 14 x 1.2 mm) from yttria-stabilized tetragonal zirconia polycrystalline
(Y-TZP, inCoris TZI [1]), zirconia-reinforced lithium silicate (ZLS, Vita Suprinity [V]), and
lithium disilicate (LS,, IPS e.max CAD [E]), and sintered with different tempering pro-
cesses: slow (S), normal (N), and fast (F) cooling procedure (n = 15/group). Flexural
strength (o) was determined using three-point bending test apparatus at 1 mm/min
crosshead speed.

Statistical Analysis The analysis of variance and Bonferroni’s multiple compar-
isons were determined for significant difference (o = 0.05). Weibull analysis was
applied for survival probability, Weibull modulus (m), and characteristics strength
(0,). Microstructures were evaluated with scanning electron microscope and X-ray
diffraction.

Results The mean + standard deviation (MPa) of o, m, and o were: 1,183.98 + 204.26,
6.23, 1,271.80 for IS; 1,084.43 + 204.79, 5.76, 1,170.08 for IN; 777.19 £ 99.77, 8.78,
819.96 for IF; 267.15 = 32.71, 9.11, 281.48 for VS; 218.43 + 38.46, 6.40, 234.23
for VN; 252.67 * 37.58, 7.20, 269.23 for VF; 392.09 + 37.91, 11.37, 409.23 for ES;
378.88 £55.38,7.45,403.11 for EN, and 390.94 + 25.34, 16.00, 403.51 for EF. Thermal
tempering significantly affected flexural strength of Y-TZP (p < 0.05), but not either
ZLS or LS, (p > 0.05). Y-TZP indicated significantly higher flexural strength upon slow
tempering than others.

Conclusion Enhancing flexural strength of Y-TZP can be achieved through slow tem-
pering process and was suggested as a process for monolithic zirconia. Strengthening
of ZLS and LS, cannot be accomplished through tempering; thus, either S-, N-, or F-
tempering procedure can be performed. Nevertheless, to minimize sintering time,
rapid thermal tempering is more preferable for both ZLS and LS,.
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Introduction

The demands of patients regarding esthetics, as well as the
development of technology, have convinced most clinicians
to use materials that possess the extraordinary optical prop-
erties to replicate the color of natural dentition and the abil-
ity to withstand heavy occlusal force.! As such, ceramics are
advocated as the restorative materials in conjunction with
their biocompatibility.? Over the last three decades, there
was a rapid expansion of ceramic use, leading to a variety
of new ceramic materials. Lithium disilicate (LS,) glass-ce-
ramics are forefront ceramic materials used for fixed dental
prostheses, which are ideal for the restorations in aesthetic
zone.** To increase the strength of LS, glass-ceramics, more
zirconia was added, then called zirconia-reinforced lithium
silicate (ZLS) glass-ceramics, and this was advocated for use
in the heavier occlusal force area over original LS, glass-ce-
ramics. This new material not only supported the esthetic
demands of the patients, but also contained the strength to
resist occlusal force as in posterior restoration. Currently, zir-
conia is used to construct many dental restorations, such as
posterior crowns and long-span bridges, as well as implant
components, due to its exceptional strength.> The zirconia
microstructures comprise three crystalline phases of mono-
clinic (m), tetragonal (t), and cubic (c) with glass content. The
presence of stable m-phase is at the room temperature till
reaching 1,170°C, then the t-phase exists, and changes to the
c-phase at 2,370°C. During temperature cooling, a transfor-
mation from the t- to m-phase occurs, resulting in a volumet-
ric expansion of 3 to 5%. This expansion phenomenon exerts
compressive stresses at the crack tip and eventually inter-
rupts the propagation of the crack.’ By adding a stabilizing
agent for example, yttrium oxide, zirconia can be stabilized at
a t-phase as in room temperature.” The ability to inhibit the
crack propagation—so-called “transformation toughening”—
is known as the strongest benefit of yttria-stabilized tetrago-
nal zirconia polycrystalline (Y-TZP) ceramics.®®

Zirconia ceramic loses strength as the grain size enlarges
due to its susceptibility to spontaneous t- to m-phase trans-
formation.'® To simulate natural tooth appearance, low fusing
porcelain was veneered over zirconia substructure to remedy
its opacity and dull appearance; however, chipping or de-
veneering of ceramic was a serious disadvantage.'"'* Thus,
monolithic zirconia was developed to overcome the crack of
the material’s interface by fabricating a single material for an
entire restoration. Computer-assisted design and computer-
assisted manufacturing (CAD-CAM) was used to construct
the zirconia restoration. This can be applied through two dif-
ferent methods. One involved the use of presintered block to
generate an oversized material framework and then sintered,
resulting in a 20 to 25% shrinkage from its original dimension
to achieve the final dimension. The alternative technique
utilized fully sintered block for milling to derive for final
dimension of restoration with no further sintering process.™
Nevertheless, the dental ceramic materials need to be suffi-
ciently durable for clinical performance.” Flexural strength
is an essential and plausible method, which is widely used to
assess the durability of ceramic materials. The restorations

with high flexural strength, together with structural reliabil-
ity indicate less possibility of fracturing.!s!”

The sintering procedure was involved in the fabrica-
tion of the restorations, particularly in the approach using
presintered blocks after milling.’® The sintering process
is mainly categorized into three phases: a heating phase,
a sintered-holding phase at the peak sintering tempera-
ture, and a cooling phase.' The sintering procedure can be
altered to optimize the mechanical and optical properties
of zirconia and other ceramic materials. To achieve a com-
pletely sintered zirconia, the temperature from the sinter-
ing furnace was initially transmitted to the surface of the
restoration and was eventually distributed to the material
core by thermal conduction. Some technical alterations in
sintering procedures were introduced to promote for bet-
ter mechanical and optical properties of ceramics.?’ The
crystalline structure and content were directly impacted
by the sintering parameters.?'-?® Alterations in the sin-
tered-holding time of the sintering procedure may have
affected the grain growth and size, thus possibly having an
impact on the strength and translucency of zirconia.?*? A
previous study has illustrated that increasing the sintered
temperature of zirconia can result in better translucency
with a little effect on strength.! Another study has shown
that an increased sintering temperature and a prolonged
sintered holding time lead to raising the flexural strength
of zirconia.”’

The effects of heat rates to sintering temperature and sin-
tered holding times on flexural strength have been reported,
while the information regarding the effects of cooling pro-
cedure which directly relate with thermal tempering of
ceramic material are unavailable. As such, this study aimed at
the investigation the effects of thermal tempering on flexural
strength of monolithic ceramic materials. The null hypoth-
eses were that either different ceramic materials or varying
thermal tempering processes or their combinations would
not induce any influence on flexural strength of monolithic
ceramic materials.

Materials and Methods

Preparation the Specimens

Three monolithic ceramic blocks of shade A2 as presented
in =Table 1—partially sintered Y-TZP (inCoris TZI [I], Sirona,
Bensheim, Germany), ZLS (Vita Suprinity [V]; Vita, Bad
Sdckingen, Germany), and LS, (IPS e.max CAD [E]; Ivoclar-
Vivadent, Schaan, Liechtenstein)—were sectioned into the
bar shapes (n =45 for each type) using diamond coating blade
(Isomet 1000; Beuhler, Lake Buff, Illinois, United States). The
ZLS and LS, bars were ground flat with SiC-abrasive paper
200 till 1,200, and polished with 1 pm diamond suspension
using a polishing machine (Ecomet 3; Beuhler, Lake Bluff,
Illinois, United States) to derive for the expected dimensions
(width x length x thickness = 4 x 14 x 1.2 mm). The Y-TZP
specimens were prepared in oversized dimensions (width x
length x thickness = 5 x 17.5 x 1.5 mm) for compensation
upon 20% sintering shrinkage. The bars were cleaned with

European Journal of Dentistry Vol. 14 No. 4/2020

567



568

CAD-CAM Materials upon Thermal Tempering Processes |untavee, Uasuwan

the distilled water and dried for 60 minutes at normal room
temperature.

Each type of ceramic bar was randomly divided into three
subgroups (n = 15) based on the different thermal tem-
pering processes with slow cooling (5°C/min [S]), normal
cooling(25°C/min [N]), and fast cooling (50°C/min [F]). One
furnace (inFireHTC; Sirona, Bensheim, Germany) was pro-
grammed for I-specimens, and another furnace (Programat
P310; Ivoclar-Vivadent, Schaan, Leichtenstein) was pro-
grammed for V- and E-specimen. The sintering program
of I-specimen involved heating at 25°C/min to 800°C, then
15°C/min to 1,510°C, and finally cooling based on different
thermal tempering processes. For V-specimen, the materials
were heated at 55°C/min to 840°C and then each thermal
tempering protocol was performed. For E-specimen, mate-
rials were heated at 60°C/min to 770°C, then 30°C/min to

850°C, followed by conducting the various thermal temper-
ing protocols.

Determination the Flexural Strength

All specimens were evaluated for flexural strength in a uni-
versal testing machine (LR30/k; Lloyd, Leicester, England).
Each specimen was aligned horizontally on a three-point
bending apparatus (ISO 6872:2015) which consists of two
supporting bars at 12 mm (L) apart from each other, and one
vertically movable bar located between the supporting com-
ponents as shown in =Fig. 1. The specimen was subjected to
compressive load of the vertical bar with 1.0 mm/min cross-
head speed until the specimen fractured. The fracture load
was recorded and calculated for flexural strength by Eq. 1.

o =3NL/2bd’ 1)

Table 1 Type, company, batch number, and chemical composition (% by weight) of ceramic materials used in this study

Material Type Company Batch number Composition

I: inCoris TZI Yttria-stabilized tetragonal Sirona, Germany 2017082019 299.0% ZrO, + H]‘O2 +Y,0,,4.5-6.0%
(Cmono L A2) zirconia polycrystalline Y,0,,<5% HfOZ, <0.5% AI203, <0.5% AIZO3
V: Vita Suprinity Zirconia-reinforced lithium VITA, Germany 42902 56-64% SiO,, 8-12% Zr0,, 15-21% Li,O
(A2-HT LS-14) silicate glass

E: IPS e.maxCAD Lithium disilicate glass Ivoclar Vivadent, X13380 57-80% SiO,, 11-19% Li,O, <13% K,0,
(HT A2/ C14) ceramics Liechtenstein <11%P,0,, <8% Zr0,, <8% ZnO

Crosshead speed
1 mm/min

12 mm span

Supporting rollers

Fig. 1 Three-point bending test apparatus (A), schematic drawing of three-point bending test (B), test specimen (C), and fracture of specimen

after three-point bending test (D).
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In which: o: flexural strength (MPa); N: load at fracture
(Newton); L: space between supporting bars (mm); b: width
of specimen (mm), and d: thickness of specimen (mm).

Microstructure Evaluation

The samples for group V and group E were etched with 5%
hydrofluoric acid for 1 minute to remove glassy structure. All
samples were gold coated (10 mA of current, 130 m-torr of
vacuum) for 3 minutes and dried in a desiccator. The topo-
graphic surfaces and fracture characteristics were examined
with scanning electron microscope (SEM, Hitachi, Osaka,
Japan). The crystalline structures of materials were eval-
uated for the proportions of their crystal structures using
an X-ray diffraction (XRD, PANalytical, Empyrean, Almelo,
Netherlands) by scanning at a diffraction angle (20) of
20 to 40 degrees, with step size of 0.02 degrees at 2 seconds
interval utilizing copper k-a (Cu k-a) beam. The phase was
analyzed by match referencing with the standard reference
database. The m- to t-phase proportion was determined
from the peak intensities using software X'Pert-Plus (Philips;
Almelo, Netherlands) and calculated for the m- phase as a
fraction of the entire phase (X ) with Garvie-Nicholson for-
mula, as shown in Eq. 2 to 4.28

O L,(M)+1,0a17)
Xm_lm(111)+1m(1ﬁ)+1t(111) 2)

Where I and I, refer to the integrated intensities of the
m- and t-phases, respectively.

Xp=— (3)

Where C refers to compositional-dependent corrected
factor (C = 1.32).
X, =1-X, (4)

Where X refers to the Toraya-corrected mass fraction of
t-phase

Statistical Analysis

Analysis of variance (ANOVA) and post hoc Bonferroni multi-
ple comparisons, using SPSS-Win20 (IBM; Chicago, Illinois,
United States), were performed for the significant differences
of flexural strength for monolithic materials when sintered
at different thermal tempering processes. Results were con-
sidered statistically significant at p <0.05. The grain size and
phase composition were relatively compared. Weibull analy-
sis was performed to determine the reliability of strength by
using Weibull++ statistics (ReliaSoft; Tucson, Arizona, United
States) and Weibull modulus (m).

Results

The mean, standard deviation (SD), and 95% confidence
interval of flexural strength, Weibull modulus (m), and
characteristic strength (o ) were illustrated in ~Table 2 and
=Fig. 2. The mean + SD values of flexural strength (MPa)
were: 1,183.98 + 204.26 for IS; 1,084.43 + 204.79 for IN;
777.19 £ 99.77 for IF; 267.15 + 32.71 for VS; 218.43 + 38.46
for VN; 252.67 + 37.58 for VF; 392.09 + 37.91 for ES; 378.88 +
55.38 for EN, and 390.94 + 25.34 for EF. The highest flexural
strength was demonstrated ingroup IS, followed by IN, IF, ES,
EF, EN, VS, VF, and VN. The evaluated results of the charac-
teristic strength (6, MPa) for IS, IN, IF, VS, VN, VF, ES, EN, and
EF were 1,271.80, 1,170.08, 819.96, 281.48, 234.23, 269.23,
409.23, 403.11, and 403.51, respectively. The mean + SD
values of flexural strength (MPa) of I, V, and E groups were
1,015.2 + 245.86, 246.08 + 41.08, and 387.31 + 40.91, respec-
tively. The mean + SD values of flexural strength (MPa) of the
S, N, and F groups were 614.41 +427.35,560.58 + 399.39, and
473.60 + 232.83, respectively.

ANOVA revealed significant different flexural strength
upon ceramic materials, thermal tempering process, and
their interactions (p < 0.05) as shown in =Table 3. Post hoc
Bonferroni multiple comparisons indicated significant differ-
ent in flexural strength among groups of ceramic materials
(p <0.05) as presented in =Table 4 and =Fig. 2. Significant
different flexural strength as a result of thermal tempering

Table 2 Mean, standard deviation, 95% confidential interval of flexural strength (MPa), Weibull modulus (m), characteristic
strength (o), relative monolithic (m-) and tetragonal (t-) phase content (weight %), and average grain size (um) of inCoris TZI (1),
Vita Suprinity (V), IPS e.max CAD (E) upon slow (S), normal (N), and fast (F) thermal tempering processes

Group | n Flexural strength 95% Cl m o, Relative phase Average
Mean = SD LB UB m-phase | t-phase grain size
IS 15 | 1,183.98 +£204.26 1,070.86 1,297.09 6.23 1,271.80 | 0.0731 0.9269 0.460
IN 15 | 1,084.43 +£204.79 971.02 1,197.85 5.76 1,170.08 | 0.0765 0.9235 0.470
IF 15 | 777.19+£99.77 721.94 832.44 8.78 819.96 0.0817 0.9183 0.482
VS 15 | 267.15+32.71 249.04 285.27 9.11 281.48 0 1 0.873
VN 15 | 218.43 +38.46 197.13 239.73 6.40 234.23 0 1 0.601
VF 15 | 252.67 +37.58 231.86 273.48 7.20 269.23 0 1 0.609
ES 15 | 392.09 +37.91 371.10 413.09 11.37 | 409.23 1.724
EN 15 | 378.88 £55.38 348.22 409.55 7.45 403.11 1.707
EF 15 | 390.94 + 25.34 376.91 404.97 16.00 | 403.51 1.664

Abbreviations: Cl, confidential interval; df, degree of freedom; F, F-ratio; MS, mean square; p, p-value; SD, standard deviation; SS, sum of squares.
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Fig. 2 Flexural strength (A, B), Weibull analysis (C), and X-ray diffraction pattern (D) of inCoris TZI (l), Vita Suprinity (V), IPS e.max CAD (E)

upon slow (S), normal (N), and fast (F) thermal tempering processes.

Table 3 An analysis of variance of flexural strength of three monolithic ceramic materials upon different thermal tempering

processes
Source SS df MS F test p-Value
Corrected model 16,455,356.729 8 2,056,919.591 180.212 0.000
Intercept 40,767,560.220 1 40,767,560.220 3,571.750 0.000
Material 15,086,049.464 2 7,543,024.732 660.864 0.000
Tempering process 454,350.451 2 227,175.226 19.903 0.000
Material x tempering process 914,956.814 4 228,739.204 20.040 0.000
Error 1,438,150.014 126 11,413.889
Total 58,661,066.964 135

Abbreviations: df, degree of freedom:; F, F-ratio; LB, lower bound; MS, mean square; p, p-value; SS, sum of squares; UB, upper bound.

also indicated among groups (p < 0.05), except for S-N as pre-
sented in ~Table 4 and =Fig. 2. The interaction of monolithic
materials and thermal tempering processes indicated signif-
icant impact on flexural strength (p < 0.05), except for IS-IN,
VS-VN, VS-VF, VS-ES, VS-EN, VS-EF, VN-VF, VF-EN, ES-EN,
ES-EF, and EN-EF as presented in =Table 4 and =~Fig. 2.
Weibull analysis of flexural strength values illustrated the
Weibull modulus from highest to lowest as: EF (16.00), ES
(11.37), VS (9.11), IF (8.78), EN (7.45), VF (7.20), VN (6.40), IS
(6.23), and IN (5.76). These values indicated the relative sur-
vival probability of flexural strength as shown in =~Table 4
and ~Fig. 2.
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The microscopic structures of I-, V-, and E-samples at dif-
ferent thermal tempering processes, and the fractographic
micrograph of fracture surfaces for tested groups were pre-
sented in =Fig. 3. For group-I, the crystalline structures were
composed of small grain size (0.1-0.38 um), medium grain
size (0.39-0.66 um), and large grain size (0.67-0.93 um) but
were predominately medium grain. Fast thermal tempering
was capable of initiating grain growth, which illustrated as
increasing the medium and large grain, more efficient than
either slow or normal tempering protocols. The grain sizes
(um) were approximately 0.460 for IS, 0.470 for IN, and 0.482
for IF. The SEM analysis for the slow and normal thermal



Table 4 Post hoc Bonferroni multiple comparisons of flexural strength of inCoris TZI (1), Vita Suprinity (V), IPS e.max CAD (E)
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upon slow (S), normal (N), and fast (F) thermal tempering processes

A. Post hoc Bonferroni multiple comparison of flexural strength as a function of ceramic materials and tempering processes

Material 1 Vv E Tempering S N F

| 1 0.000 0.000 S 0.055 0.000
\ 1 0.000 N 1 0.001
E 1 F 1

B. Post hoc Bonferroni multiple comparison of flexural strength among groups of tempered monolithic ceramic materials
Group IS IN IF VS VN VF ES EN EF

IS 1 0.429 0.000 0.000 0.000 0.000 0.000 0.000 0.000
IN 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000
IF 1 0.000 0.000 0.000 0.000 0.000 0.000
VS 1 1 1 0.062 0.176 0.068
VN 1 1 0.001 0.003 0.001
VF 1 0.018 0.056 0.020
ES 1 1 1

EN 1 1

EF 1

tempering groups depicted crystal structures with defective
integration at the grain boundaries. The V-groups showed a
minute space shuttle-like crystalline structure of LS,, and zir-
conia grains as observed in the micrograph shown in =Fig. 3.
The crystalline structures for group-VN and group-VF
were more packing and less porosities compared with the
group-VS. The LS, grain sizes (um) were approximately were
0.873 for VM, 0.601 for VN, and 0.609 for VF as presented in
=Table 2. The SEM analysis of E-groups illustrated a minute
space shuttle-like crystalline structure of LS,. Likewise, the
microstructure of ES showed a higher density of grain with
less porosity compared with EN and EF as shown in =~Fig. 3.
The LS, grain sizes (um) were approximately 1.724 for ES,
1.707 for EN, and 1.664 for EF as presented in =Table 2.

The crystalline contents and phases of specimens ana-
lyzed by XRD as shown in =Table 2 and =Fig. 3. The XRD
patterns of I-group showed a large proportion of tetrago-
nal crystal structures with little proportion of monoclinic.
The t-phases were presented at 20 angle of 30.20, 34.63,
and 35.20 degrees for IS and IN; and at 30.11, 34.53, and
35.09 degrees for [F-group. The m-phases exhibited at 26 angle
of 27.79 and 31.12 degrees for groups-I. The crystalline pat-
terns were coincided with the standard crystallographic
database. The relative weight percentage (wt. %) for m-phases
to the entire amount of zirconia phases varied in association
with the amount of t- to m-phase transformation, owing to
firing parameters, as presented in =Table 2. The relative con-
centrations (wt. %) of the m-/t-phases were: 0.0731/0.9269
for IS; 0.0765/0.9235 for IN; and 0.0817/0.9183 for IF. The
phase proportions were associated with thermal tempering.
Higher increasing in the amount of m-crystal structure was
indicated upon fast thermal tempering process.

The XRD pattern for group-V illustrated a large amount
of LS, crystal structures, followed by lithium metasilicate,
lithium orthophosphate, and tetragonal phase of zirconia.
The VS-group presented with LS, crystal at 26 angle of 23.94,
24.51, 25.00, and 37.81 degrees while detecting lithium
metasilicate crystal at 20 angle of 27.11, 33.17, and 38.39
degrees; representing lithium orthophosphate crystal at
20 angle of 22.37, 23.24, and 38.80 degrees; and also observ-
ing tetragonal zirconia at 20 angle of 30.29 degrees. The
VS-group presented with LS, crystal at 26 angle of 23.80,
24.36, 24.85, and 37.67 degrees while detecting lithium
metasilicate at 20 angle of 26.96, 33.04, and 38.41 degrees;
representing lithium orthophosphate at 20 angle of 22.31
degrees; and also observing tetragonal zirconia at 20 angle of
30.14 degrees. The VF-group was presented with LS, crystal
at 20 angle of 23.96, 24.52, 25.02, and 37.83 degrees while
detecting lithium metasilicate at 20 angle of 27.13, 33.20,
and 38.58 degrees; representing lithium orthophosphate at
20 angle of 22.31 and 23.15 degrees; and also observing
tetragonal zirconia at 26 angle of 30.24 degrees.

The XRD pattern for group-E indicated the great amount
of LS, and lithium metasilicate crystal, with minimal amount
of lithium orthophosphate. The ES-group presented with LS,
crystal at 20 angle of 23.97, 24.53, 25.03, and 37.83 degrees
while detecting lithium metasilicate at 20 angle of 38.37
degrees and representing lithium orthophosphate at 26 angle
of 22.51, 23.26, and 34.02 degrees. The EN-group was pre-
sented with LS, crystal at 20 angle of 23.80, 24.37, 24.86,
37.67, and 39.30 degrees while detecting lithium meta-
silicate at 20 angle of 38.21 degrees and representing lith-
ium orthophosphate at 26 angle of 22.34, 23.11, and 36.39
degrees. The EF-group presented with LS, crystal at 20 angle
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Fig. 3 Scanning electron microscope photomicrographs indicated grain size and grain distribution of monolithic ceramic at x20K magnifica-
tion (A-I) and fractographic surface at x60 magnification (J-R) indicated fracture origin (red arrow), mist zone, hackle zone, and compression
curl for of inCoris TZI (A-C and J-L), Vita Suprinity (D-F and M-0), IPS e.max CAD (G-I and P-R) upon slow (A, D, G and J, M, P), normal
(B, E, H and K, N, Q), and fast (C, F, I and L, O, R) thermal tempering processes.
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of 23.96, 24.53, 25.02, and 37.83 degrees while detecting
lithium metasilicate at 26 angle of 38.37 degrees and also
detecting lithium orthophosphate at 26 angle of 22.48, 23.28,
and 34.01 degrees.

Discussion

The modification of sintering parameters for enhancing
mechanical properties of monolithic ceramic materials were
previously reported on altering heating rate and sintering
time, but no research has previously been investigated about
cooling phase under the modification of thermal temper-
ing processes, especially for Y-TZP, ZLS, and LS,. The results
indicated significant different flexural strength of different
monolithic ceramic materials at various thermal tempering
processes and their interactions. Therefore, the null hypoth-
eses were denied.

The material types affect the mechanical properties since
they are composed of different components. The inCoris TZI
is a Y-TZP, consisting entirely of crystalline content, as the
crystalline content gives an advantage in terms of strength.
The zirconia showed the highest flexural strength compared
with the others. This was supported by the crack propagation
of materials through the occurrence of t- to m-phase trans-
formation. Vita Suprinity is mainly composed of crystalline
structures: lithium oxide and zirconia in a silicon dioxide
glassy content. Zirconia was added to this material at a level
of 8 to 12%, giving so-called ZLS glass ceramic. Although the
purpose of adding zirconia to LS, glass ceramic is to enhance
strength through dispersion strengthening, the flexural
strength of this material is still lower than the E-groups. This
was supported by the XRD, as the low conversion from lith-
ium metasilicate to LS, of V-ceramic, compared with that of
E-ceramic so that V-ceramic showed less flexural strength.
Adding more zirconia was proved to hamper crystal growth
since it increased the viscosity of glass and impeded the
mobility of ions and thus the rate of solid-state reactions of
crystal phase precipitation reduced.?

The flexural strength of the I-ceramic was significantly
reduced by increasing the cooling rate. The IF represented
the lowest flexural strength compared with IS and IN. This
seems to be supported by the microstructure: under SEM
analysis, the largest average grain size was shown in IF group.
The higher the grain size, the less the flexural strength. The
enlarged grain size is related to the relative proportions of
the t- and m-phases of the zirconia: the fast-thermal tem-
pering groups showed a larger percentage of m-phase due
to the rapid induction of stress by rapid cooling, which facil-
itated the t- to m-phase transformation. The highest flexural
strength was presented in IS group, but the strength values
of the IS and IN groups were not statistically different. In the
SEM analysis of the fracture view, the IF group showed more
numerous porosities than the other groups and also pre-
sented numerous fracture lines from the surface to pores and
between pores; thus, it is more likely to break easily and has
lower flexural strength. For the V-group, VN showed lower
flexural strength compared with the other protocols, but

there was no significant difference between the groups. The
microstructures of LS, crystals predominately influence on
strength of glass ceramics. The interlocking pattern of min-
ute shuttle-space shaped crystalline structure of the glass
matrix—as observed in the VS group—plays a significant role
in impeding crack propagation, leading to a higher flexural
strength compared with spherical grains.?® The SEM analysis
of fractured specimens illustrated that surface defects such
as pores were origins of cracks, and the pattern of cracks in
all groups seemed to be similar, leading to no significant dif-
ferent flexural strength among groups. For the E-group, ES
showed the highest flexural strength; however, no statis-
tical difference among groups was indicated. The ES group
showed larger and longer grains, as well as less porosity,
than the other groups. This might because the slow ther-
mal tempering induced complete grain growth, resulting in
longer grains and more interlocking of grains. The fracture
images of all the E-groups presented similar patterns of crack
propagation, resulting in no significant difference between
the groups. The Weibull modulus of EF was the highest, fol-
lowed by ES and then VS. A higher m-value indicates more
reliability, and less variation from sample to sample. Besides
the m-value of EF, the m-values of all groups were reliable:
they were within the acceptable range of dental ceramics as
supported by other studies.!”

The tempering protocol based on the manufacturers’ rec-
ommendations is comparable with the normal tempering
process in this study. Based on the result of this investigation,
it clearly indicated that slow thermal tempering procedure of
Y-TZP was capable of achieving higher flexural strength and
was recommended from this study. On the other hand, either
slow-, normal-, or fast-thermal tempering can be performed
for both ZLS and LS, without significant influence on their
flexural strength. Yet, to minimize processing time upon sin-
tering process, especially for chair-side sintering process, the
study suggested a fast-thermal tempering for both ZLS and
LS,. The study provided data by which clinicians may actually
benefit from altering tempering processes.

Conclusion

This study indicated that thermal tempering differently
affected to flexural strengths of the monolithic Y-TZP,
ZLS, and LS,. Slow thermal tempering of monolithic Y-TZP
resulted in enhancing flexural strength. Strengthening of ZLS
and LS, cannot be achieved through tempering process; thus,
either slow-, normal-, or fast-tempering procedure can be
performed. Nevertheless, to minimize sintering time, rapid
thermal tempering is more preferable for both ZLS and LS,
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