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Abstract

Background: The optical properties of dental restoration were influenced by the sintering parameters. This study in-
vestigated the effects of different tempering processes on optical properties of three monolithic Cad-Cam ceramics.
Material and Methods: 135 monolithic material bars (4 mm width, 14 mm length, 1.2 mm thickness) were prepared
from yttria-stabilized tetragonal zirconia polycrystalline (inCoris TZI, I), zirconia-reinforced lithium silicate (Vita
Suprinity, V), and lithium disilicate glass (e.max CAD, E) ceramics, with different tempering processes through
slow (S), normal (N), and fast (F) cooling (n=15). The color appearance (AE,), translucency parameter (TP), con-
trast ratio (CR), and opalescence parameter (OP) were determined. ANOVA and Bonferroni’s multiple comparisons
were determined for significant difference (0=0.05). The grain sizes were microscopically examined by scanning
electron microscope. The phase transformation of zirconia was determined using X ray diffraction.

Results: The mean+sd of AE,, TP, CR, OP were 74.15+0.46, 1.26+0.15, 0.977+0.006, 1.02+0.12 for IS; 74.00+0.83,
1.2740.19, 0.977+0.007, 1.02+0.12 for IN; 74.44+0.64, 1.70+0.08, 0.965+0.003, 1.30+0.07 for IF; 73.35+1.32,
2.4440.24, 0.958+0.006, 2.10+0.20 for VS; 66.37+0.88, 4.05+0.3, 0.911+0.010, 3.18+0.20 for VN; 67.02+0.65,
3.79+0.17, 0.919+0.006, 3.01+0.13 for VF; 60.01+0.30, 5.53+0.17, 0.821£0.006, 2.71+0.06 for ES; 60.18+0.23,
5.49+0.17, 0.822+0.006, 2.66+0.05 for EN; and 59.82+0.26, 5.36+0.06, 0.826:+0.002, 2.64+0.07 for EF. The color
parameters were significantly affected by type of materials, tempering processes, and their interactions (p<0.05).
Phase transformation from t—m related with tempering procedure for zirconia.

Conclusions: Rapid thermal tempering process of Y-TZP resulted in larger grain size and t—m phase transforma-
tion leading to higher translucency. To achieve optimum translucency, a fast thermal tempering process was sugges-
ted for inCoris TZI and IPS e.max CAD, whilst a normal tempering process was recommended for Vita Suprinity.
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Introduction

An increase in esthetic demands and technological drive
has led to the implementation of various materials with
excellent physical properties (1). All ceramic restora-
tions are considered the materials of choice to fulfill pa-
tients’ demands for esthetics and biosafety as well as be-
ing metal-free (2). Several new ceramic materials have
been developed; for instance, glass ceramics (lithium
disilicate, zirconia-reinforced lithium silicate), hybrid
ceramic, and zirconia. Lithium disilicate glass-ceramics
with good mechanical and excellent optical properties
are commonly used in single and short span dental res-
torations, especially in the esthetic zone (3,4). In order to
sufficiently enhance strength to withstand occlusal force,
zirconia-reinforced lithium silicate glass-ceramics have
been developed by adding 10% zirconia to glassy con-
tent. Currently, zirconia are used for restorative dentistry
such as posterior crowns, bridges, and implant compo-
nents because of its extraordinary mechanical properties
together with its transformation toughening mechanism
activated by stress induction (5, 6). Zirconia is mainly
composed of zero glassy content and three crystalline
structural phases — monoclinic (m), tetragonal (t), and
cubic (c¢). The m-phase is stable below 1170°C but shifts
into the tetragonal phase at this temperature. The t-phase
remains unchanged up to 2370°C whereupon it transi-
tions to the c-phase. Zirconia’s c-phase is then maintai-
ned up to its melting point of 2680°C (7). The t-phase
of zirconia can be secured at room temperature via the
addition of certain oxide elements that possess stabi-
lizing functions. The most common of these elements
is yttrium oxide (Y,0,) (7). Tetragonal to monoclinic
transformation may be triggered by external factors,
such as force or temperature, and results in an expansion
of 4-5% (8), inducing compressive stress that resists the
propagation of cracks; a process known as “transforma-
tion toughening” (6). Zirconia can be fabricated by two
different computer-assisted design and computer-assis-
ted manufacturing (CAD/CAM) techniques. One is “soft
machining” and this systems approach uses pre-sintered
blocks, whereby the machine fabricates over-dimensio-
nal material frameworks in a so-called “green state”.
The enlarged pre-sintered zirconia are then sintered re-
sulting in 20-25% shrinkage to their final dimensions.
The alternative technique is “hard machining”, whereby
the system shapes fully sintered blocks without any di-
mensional changes being caused by shrinkage (9).

To emulate natural teeth, zirconia was used for substruc-
tures that were then veneered with feldspathic porcelain;
however, chipping or delamination of the veneering ce-
ramic was a major complication (10-12). To overcome
this issue, monolithic zirconia was then developed. Such
restorations are not suitably esthetic due to less light
transmission leading to material opacity. As human co-
lor perception seems to be individual and subjective, the
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application of the Commission Internationale de 1’Eclai-
rage (CIE) system was popularized to determine color
difference (AE) by measuring the spectral reflectance
generated from light scattering on a surface (13). The AE
indicated “clinically indistinguishable” as AE<3, “clini-
cally acceptable” as AE=3-5, and “clinically unaccep-
table” as AE>5. These terms appear to be objective and
practical (14). Notably, it was found that color differen-
ces cannot be perceived by the human eye when AE has
a value of less than 3.7 (15). In terms of color percep-
tion, translucency, contrast, and opalescence are essen-
tial parameters for tooth-restoration color-matching and
selection (16). The state between absolute opacity and
transparency is defined as “translucency”. The greater
the amount of light transmitted through a material, the
more its translucency is detectable (17). Translucency is
affected by numerous factors such as grain size and den-
sity, type of crystalline structure and content, pigment,
opaque, and distribution (including number and size)
of porosity or oxygen vacancy (18, 19). Translucency
is generally evaluated by the translucency parameter
(TP) and contrast ratio (CR) (20, 21). The TP corres-
ponds with the visual assessment of translucency. The
greater the TP values, the higher the translucency of the
restoration. CR ranges from 0 to 1 and negatively corre-
lates with TP (18). “Opalescence” is the phenomenon
by which a material emits a bluish hue when reflecting
light and an orange/brown when transmitting it. In the
fabrication of esthetic zone restorations, opalescence is
concerned with closely mimicking natural appearance of
dental structures (22). This optical property is determi-
ned by the opalescence parameter (OP).

Some alterations, such as to the fabrication processes
or sintering temperature, including the addition of co-
lor modifiers, have been applied to improve the trans-
lucency and esthetics of zirconia and ceramics. These
modifications not only affect the optical but also mecha-
nical properties of materials (23). Crystalline content
and structure, as well as pore distribution have proven
to be affected by sintering parameters (24-26). Zirco-
nia becomes translucent as the grain size enlarges but
more susceptible to transformation from the t- to the
m- phase (termed “spontaneous transformation”), re-
sulting in a gradual decline in the material’s strength
(27). Yttria-stabilized tetragonal zirconia polycrystalline
(Y-TZP) is mainly composed of polycrystalline contents
of non-homogenous crystal structures and differing re-
fractive indexes. It commonly exhibits excessive scat-
tering and diffuse reflectance, thereby possessing the
quality of opacity (28,29). Increasing sintering tempe-
rature of monolithic zirconia leads to improved trans-
lucency with minimal effect on its flexural strength (1).
Prolonging the sintering time of Y-TZP significantly
enhances its optical properties by increasing the grain
size and causing it to shift from the t- to the m- phase
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(16). The effects of heating rates and holding times on
optical properties have mainly been reported in sinte-
ring temperature modifications whilst there is a lack of
information regarding the effects of thermal tempering
process. As such, the purpose of this study was to inves-
tigate the effects of thermal tempering process on the
color characteristics of monolithic CAD-CAM ceramic
materials in the sintering process. The null hypotheses
were: 1) different monolithic ceramic materials would
not influence the color characteristics of restorations; 2)
varied thermal tempering processes would not influence
the color characteristics of restorations; and 3) The in-
teractions of different monolithic materials and thermal
tempering processes would not influence the color cha-
racteristics of restorations.

Material and Methods

-Preparation ceramic specimens

The three monolithic CAD-CAM ceramic blocks of
shade A2, including partially sintered Y-TZP (I: inCoris
TZI, Sirona, Bensheim, Germany), zirconia-reinforced
lithium silicate glass ceramics (V: Vita Suprinity, VITA,
Bad Sickingen, Germany), and lithium disilicate glass
ceramics (E: IPS e.max CAD, Ivoclar Vivadent, Schaan,
Liechtenstein) were prepared in bar shapes (n=45/type
of material) using a diamond-coated wheel (Isomet®
1000, Beuhler, Lake Buff, IL, USA). The bar speci-
mens were ground with silicon carbide abrasive paper
# 200, 400, 600, 800, 1000 and 1200 and then polished
by 1 pm diamond suspension using a polishing machi-
ne (Ecomet®3 polisher, Beuhler, Lake Bluff, IL, USA)
to achieve the desired dimension (4mm width (W), 14
mm length (L) and 1.2 mm thickness (T). The inCoris
TZI bar specimens were then cut to oversized dimen-
sions (WxLxT=5x17.5x1.5 mm) to compensate for the
20% shrinkage after sintering. All specimens were clea-
ned in distilled water for 15 minutes using an ultrasonic
cleanser (Vitasonic II, Vita Zahnfabrik, Germany), and
then allowed to dry at room temperature for 60 minu-
tes. Each material was randomly categorized into one of
three groups (n=15/group) according to different ther-
mal tempering proceses through three different cooling
modes: slow cooling (S, 5°C/min), normal cooling (N,
25°C/min), and fast cooling (F, 50°C/min). The I-speci-
mens were fired with inFire HTC furnace (Sirona Dental
Systems GmbH, Bensheim, Germany) while the V- and
E- specimens were fired in Programat P-310 furnace
(Ivoclar Vivadent, Schaan, Leichtenstein).
-Determination color characteristics

All specimens were measured using a spectrophoto-
meter (ColorQuest® XE, Hunter Associates Laboratory
Inc., Reston, VA, USA). The device settings were fixed
at a ten degrees observer angle, UV 100%, illuminant
D65 as the standard wavelength between 380 nm and
780 nm and at aperture diameter of 4 millimeters. The
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Commission International de I’Eclairage (CIE) system
using CIEL*a*b* were determined for each sample.
The spectrophotometer was calibrated with a standard
white tile prior to carrying out the measurements and
a clear plastic jig was performed in order to maintain
the position of each specimen. The L*, a*, and b* data
were calculated for color appearance (AEw) translucen-
cy parameter (TP), contrast ratio (CR) and opalescense
parameter (OP) (18).
The color appearance (AEw) was calculated from the
differences in lightness (AL*), green-red (Aa*), and
blue-yellow (Ab*) coordinates against a white back-
ground according to equation (1).

AE,, = /(L)?2 + (a*)? + (b*)? ........Equation (1)
The TP values were obtained by calculating the color
differences against standard black [(B), CIE L* = 10.4,
a* = 0.4, b* = 0.6] and standard white [(W), CIE L*
=96.7, a* = 0.1, b* = 0.2] backgrounds, according to
equation (2).

TP =/(Ly" — Ly )? + (ag" — aw’)? + (bs" — by ")?

........ Equation (2)

The spectral reflectance [Y, luminance upon Tristimulus
color space] was calculated from L* values, presented
in equation 3. The specified white stimulus indicated
perfect reflecting diffuser, and normalized by a common
factor to derive for Yn that equaled to 100 (18). The Y
values of specimens that were measured upon black (Y )
and white (Yw) backgrounds were used to calculate for
CR according to equation 4.
L* +16

Y=

XY, ... Equation (3)

CR=2E . . Equation (4)
Yy

The OP values were determined from a* and b* coor-
dinates that were recorded from upon a black (B) and a
white (W) backgrounds using Equation (5).

OP = /(ag” — ay™)? + (by" — by *)? ...Equation (5)
-Determination grain size
The V and E specimens were etched with 5% hydrofluo-
ric acid for one minute to eliminate any glassy content.
All the specimens were then labeled and coated with
gold at a current of 10 mA and a vacuum of 130 m torr
for three minutes, then dried in a desiccator cabinet. Fi-
nally, the surface topographies were evaluated under a
scanning electron microscope (SEM, Hitachi S-300N,
Osaka, Japan).
-Determination phase transformation
The crystalline phases of ceramic materials were de-
termined by their relative proportion of microstructu-
res using an X-ray diffractometer (XRD, PANalytical,
Empyrean, Almelo, Netherlands). The specimens were
scanned at a diffraction angle (26 degree) of 0—40° with
a 0.02° step size at two-second intervals using copper
k-alpha (Cu Ka) radiation. Each phase was analyzed
by cross-reference with the Joint Committee of Pow-
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der Diffraction Standards database. The ratio of m- to
t- phases was measured by the intensity of peaks using
X’Pert Plus software (Philips, Almelo, Netherlands) and
the Garvie-Nicholson formula was used to calculate the
fraction of m- phase to the entire phase (X ) as shown in
equation 6-8 (30).

Im(111)+1 (117)

Xm =

T DAL DL Equation (6)

CXm

Xm = m ........ Equatlon (7)

Xe =1—Xn, P....... Equation (8)
Where: I and I are the integral intensities of monocli-
nic and tetragonal phases
C is a composition-dependent correction factor (C =
1.32).
Xf is t%ze Toraya-corrected mass fraction of tetragonal
zirconia.
-Statistical analysis
Two-way ANOVA and Bonferroni Post Hoc using IBM
SPSS for Windows 20 (SPSS Inc., Chicago, IL, USA)
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were used to determine the significance differences in
color parameters of monolithic materials subjected to
different cooling rates in the sintering process. A re-
sult was considered statistically significant at p< 0.05.
Descriptive analysis was applied to determine the color
characteristics, grain size, and phase transformation of
monolithic materials.

Results

The mean, standard deviation (SD), and 95-% confiden-
ce interval of the color parameters (appearance, trans-
lucency parameter, contrast ratio, and opalescence pa-
rameter) for each group are illustrated in Table 1 and
Figure 1. The meantsd of AE_, TP, CR, and OP were
74.1540.46, 1.26+0.15, 0.977+0.006, and 1.02+0.12 for
IS; 74.00+0.83, 1.27+0.19, 0.977+0.007, and 1.02+0.12
for IN; 74.44+0.64, 1.70+0.08, 0.965+0.003, and
1.30+0.07 for IF; 73.35+1.32, 2.44+0.24, 0.958+0.006,
and 2.10£0.20 for VS; 66.37+0.88, 4.05+0.3,
0.911+£0.010, and 3.18+0.20 for VN; 67.02+0.65,
3.79+0.17, 0.919+£0.006, and 3.01+0.13 for VF;

Table 1: Mean, standard deviation (sd), 95% confidential interval (CI), color appearance (AE), translucency parameter (TP), contrast ratio (CR),
and opalescent parameter (OP), grain size distribution (%), and relative phase content (wt.%) 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 AE TP CR opP Grain size Relative phase (wt.%)
distribution (%)
Mean £ sd Mean £ sd Mean = sd Mean = sd Small Medium | Large m- t-phase
95% CI) 95% CI) (95% CI) (95% CI) phase
IS 15 74.15+0.46 1.26+0.15 0.977+0.006 1.02+0.12 28.23 68.54 3.23 0.0731 0.9269
(73.90-74.41) | (1.18-1.34) (0.973-0.980) (0.95-1.08)
IN 15 74.00+0.83 1.27+0.19 0.977+0.007 1.02+0.12 25.60 68.00 6.40 0.0765 0.9235
(73.55-74.47) | (1.16-1.37) (0.974-0.981) (0.95-1.08)
IF 15 74.44+0.64 1.70+0.08 0.965+0.003 1.30+0.07 23.39 67.74 8.87 0.0817 0.9183
(74.08-74.79) | (1.65-1.73) (0.963-0.966) (1.27-1.34)
VS 15 73.35+1.32 2.44+0.24 0.958+0.006 2.10+0.20 - - - 0 1
(72.61-74.08) | (2.31-2.58) (0.955-0.961) (1.98-2.21)
VN 15 66.37+0.88 4.05+0.30 0.911+0.010 3.18+0.20 - - - 0 1
(65.88-66.85) | (3.89-4.22) | (0.906-0.917) (3.07-3.29)
VF 15 67.02+0.65 3.79+0.17 0.919+0.006 3.01+0.13 - - - 0 1
(66.66-67.37) | (3.69-3.88) | (0.916-0.922) (2.94-3.08)
ES 15 60.01+0.30 5.53+0.17 0.821+0.006 2.71+0.06 - - - - -
(59.85-60.18) | (5.44-5.62) (0.818-0.825) (2.68-2.74)
EN 15 60.18+0.23 5.49+0.17 0.822+0.006 2.66+0.05 - - - - -
(60.06-60.32) | (5.39-5.58) | (0.819-0.826) (2.63-2.69)
EF 15 59.82+0.26 5.36+0.06 0.826+0.002 2.64+0.07 - - - - -
(59.68-59.96) | (5.32-5.39) | (0.825-0.827) (2.60-2.67)
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Fig. 1: Color appearance (A), translucency parameter (B), contrast ratio (C), and opalescence parameter (D) of of inCoris
TZI (1), Vita Suprinity (V), IPS e.max CAD (E) upon slow- (S), normal- (N), and fast- (F) thermal tempering processes.

60.01+0.30, 5.53+0.17, 0.821+0.006, and 2.71+0.06 for
ES; 60.18+0.23, 5.49+0.17, 0.8224+0.006, and 2.66+0.05
for EN; and 59.82+0.26, 5.36+0.06, 0.826+0.002, and
2.64+0.07 for EF.

Two-way ANOVA indicated a statistically significant di-
fference in AE, TP, CR, and OP due to differing mate-
rials, tempering processes, and interactions (p<0.05), as
shown in Table 2. Post-hoc Bonferroni multiple compa-
risons demonstrated that different monolithic materials
possessed significant differences (p<0.05) inAE, TP, CR,
and OP, as presented in Table 3. Post-hoc Bonferroni mul-
tiple comparisons demonstrated that different tempering
process had significant differences (p<0.05) in AE,, TP,
CR, and OP, except between N-F, as presented in Table 3.
Post-hoc Bonferroni multiple comparisons demonstrated
that a combination of different monolithic materials and
different cooling rates produced significant differences in
the AE , value (P<0.05), except between IS-IN, IS-IF, IS-
VS, IN-IF, IN-VS, VN-VE, ES-EN, ES-EF, and EN-EF
(P>0.05), as well as significant differences in the TP value
(P<0.05), except for IS-IN, ES-EN, ES-EF, and EN-EF
group (P>0.05), and significant difference in CR value
(P<0.05) except for the IS-IN, IF-VS, ES-EN, ES-EF,
and EN-EF groups (P>0.05), and further significant di-
fferences in the OP value (P<0.05), except for the IS-IN,
ES-EN, ES-EF, and EN-EF groups (P>0.05), as presented
in Table 4 and Figure 1.

The microscopic structures of inCoris TZI, Vita Suprini-
ty, and IPS e.max CAD are shown in Figure 2. With res-
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pect to the inCoris TZI group, the crystal structures were
defined according to three grain sizes: small (0.1-0.38
um), medium (0.39-0.66 pm), and large (0.67-0.93 um).
All inCoris TZI groups indicated crystal structures most-
ly of medium grains. Fast tempering procedure resulted
in grain growth, and displayed an increase in medium
and large grain size, more so than at slow and normal
tempering procedure. The average grain size (um) of IS,
IN, and IF were 0.460, 0.470, and 0.482, respectively.
The quantities (%) of small, medium, and large grain si-
zes were 28.23, 68.54, and 3.23 for IS; 25.60, 68.00, and
6.40, for IN; and 23.39, 67.74, and 8.87 for IF, as shown
in Table 1. Additionally, the SEM indicated a defective
integration of crystal structures at the grain boundaries
in the slow and normal tempering groups.

Vita Suprinity exhibited a roundish needle-like crystal
structure of lithium disilicate, and grain of zirconia. The
average lithium disilicate grain sizes (um) for VS, VN,
and VF were 0.873, 0.601, and 0.609, respectively. Fur-
thermore, the VN and VF crystals were observed to be
more intense and of less porous than those of VS. IPS
E.max CAD showed a needle-like crystal structure of
lithium disilicate. The average lithium disilicate grain
sizes (um) for ES, EN, and EF were 1.724, 1.707, and
1.664, respectively. The SEM of ES, EN, and EF showed
no differences in grain density and porosity.

The microstructure analysis of the specimens using
XRD was shown in Table 1. In the inCoris TZI group,
the XRD patterns demonstrated a great amount of tetra-
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Table 2: An analysis of variance (ANOVA) of color appearance (A), translucency parameter (B), contrast ratio (C), and opalescent

parameter (D) of three monolithic ceramic materials upon different thermal tempering processes.

A. ANOVA of color appearance of monolithic ceramic materials upon different tempering processes.

Source SS df MS F D
Corrected Model 5077.662a 8 634.708 1281.452 .000
Intercept 618859.320 1 618859.320 1249454.574 .000
Material 4629.101 2 2314.551 4672.994 .000
Tempering 146.305 2 73.153 147.693 .000
Material* Tempering 302.256 4 75.564 152.561 .000
Error 62.408 126 495

Total 617916.937 135

B. ANOVA of translucency parameter of monolithic ceramic materials upon different tempering processes.
Source SS df MS F P
Corrected Model 393.526° 8 49.191 1470.031 .000
Intercept 1590.481 1 1590.481 47530.430 .000
Material 369.073 2 184.536 5514.745 .000
Tempering 8.376 2 4.188 125.150 .000
Material*Tempering 16.077 4 4.019 120.114 .000
Error 4.216 126 .033

Total 1988.223 135

C. ANOVA of opalescent parameter of monolithic ceramic materials upon different tempering processes.
Source SS df MS F P
Corrected Model 5550 8 .069 1849.429 .000
Intercept 111.420 1 111.420 2971211.646 .000
Material .534 2 267 7119.866 .000
Tempering .007 2 .003 92.279 .000
Material*Tempeing .014 4 .003 92.785 .000
Error .005 126 3.750E-5

Total 111.980 135

D. ANOVA of opalescent parameter of monolithic ceramic materials upon different tempering processes.
Source SS df MS F P
Corrected Model 88.216° 8 11.027 712.917 .000
Intercept 641914 1 641914 41500.870 .000
Material 77.204 2 38.602 2495.691 .000
Tempering 3.870 2 1.935 125.098 .000
Material*Tempering 7.142 4 1.786 115.440 .000
Error 1.949 126 .015

Total 732.080 135

Abbreviations: SS: sum of squares, df: degree of freedom, MS: mean square, F: F-ratio, p: p-value,

gonal phase with a small amount of m-phase. The t-pha-
se was detected at the diffraction angles (20 degree) of
30.20°, 34.63°, and 35.20° for IS, and IN; and 30.11°,
34.53°, and 35.09° for IF. The monoclinic phases were
detected at 27.79° and 31.12° in all inCoris TZI groups.
All the data corresponded to the crystallographic patter-
ns of each specimen, as indicated by the XRD standard
file. The relative concentrations (wt.%) of monoclinic
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phases in relation to the total number of zirconia phases
revealed variations in the amount of the transformation
from the tetragonal to the monoclinic phase, owing to
firing parameters, as presented in Table 1. The relative
weight percentage (wt.%) concentrations of the mono-
clinic and tetragonal phases were 0.0731 and 0.9269 for
I1S; 0.0765 and 0.9235 for IN; and 0.0817 and 0.9183 for
IF. The relative amount of phase content was related to
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Table 3: Post hoc Bonferroni multiple comparisons of color appearance (A), translucency parameter (B), contrast
ratio (C), and opalescent parameter (D) of inCoris TZI (I), Vita Suprinity (V), IPS e.max CAD (E) upon slow- (S),
normal- (N), and fast- (F) thermal tempering processes.

materials and tempering processes.

A. Post hoc Bonferroni multiple comparison of color appearance as a function of ceramic

Material I A% E Tempering S N F
I 1 0.000 0.000 S 0.000 0.000
\4 1 0.000 N 1 0.341
E 1 F 1

als and tempering processes.

B. Post hoc Bonferroni multiple comparison of translucency as a function of ceramic materi-

Material | A% E Tempering S N F
| 1 0.000 0.000 S 0.000 0.000
v 1 0.000 N 1 1
E 1 F 1

and tempering processes.

C. Post hoc Bonferroni multiple comparison of contrast as a function of ceramic materials

Material I A\ E Tempering S N F
I 1 0.000 0.000 S 0.000 0.000
\4 1 0.000 N 1 1
E 1 F 1

and tempering processes.

D. Post hoc Bonferroni multiple comparison of opalescent as a function of ceramic materials

Material 1 v E Tempering S N F
I 1 0.000 0.000 S 0.000 0.000
\4 1 0.002 N 1 0.714
E 1 F 1

the cooling rate of the sintering process. An increase in
the relative amount of monoclinic content was observed
when the zirconia was subjected to a fast tempering.

In the Vita Suprinity group, XRD revealed a great
amount of crystal structure of lithium disilicate, followed
by lithium metasilicate, lithium orthophosphate and te-
tragonal phase of zirconia. Lithium disilicate of VS was
observed at 23.94°, 24.51°, 25.00°, and 37.81°; lithium
metasilicate of VS was detected at 27.11°, 33.17°, and
38.39°; lithium orthophosphate of VS was detected at
22.37°,23.24°, and 38.80°; and tetragonal zirconia was
detected at 30.29°. Lithium disilicate of VN was ob-
served at 23.80°, 24.36°, 24.85°, and 37.67°; lithium
metasilicate of VN was detected at 26.96°, 33.04°, and
38.41°; lithium orthophosphate of VN was detected at
22.31°; and tetragonal zirconia was detected at 30.14°.
Lithium disilicate of VF was observed at 23.96°, 24.52°,
25.02°, and 37.83°; lithium metasilicate of VF was de-
tected at 27.13°, 33.20°, and 38.58°; lithium orthophos-
phate of VF was detected at 22.31, and 23.15°. and
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tetragonal zirconia was detected at 30.24°. In the IPS
e.max CAD group, XRD patterns showed the majority
of crystal structures were lithium disilicate and lithium
metasilicate with a small number being lithium or-
thophosphate. Lithium disilicate of ES was observed at
23.97°, 24.53°, 25.03°, and 37.83°; lithium metasilicate
of ES was detected at 38.37°; and lithium orthophos-
phate of ES was detected at 22.51°, 23.26°, and 34.02°.
Lithium disilicate of EN was observed at 23.80, 24.37,
24.86, 37.67, and 39.30 °; lithium metasilicate of EN
was detected at 38.21°; and lithium orthophosphate of
EN was detected at 22.34°, 23.11°, and 36.39°. Lithium
disilicate of EF was observed at 23.96°, 24.53°, 25.02°,
and 37.83°; lithium metasilicate of EF was detected at
38.37°; and lithium orthophosphate of EF was detected
at 22.48°,23.28°, and 34.01°.

Discussion
This study aimed to achieve improved optical proper-
ties by altering the tempering process in the sintering
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Table 4: Post hoc Bonferroni multiple comparisons of color appearance (A), translucency parameter (B), contrast ratio (C), and opalescent
parameter (D) of inCoris TZI (I), Vita Suprinity (V), IPS e.max CAD (E) upon slow- (S), normal- (N), and fast- (F) thermal tempering
process among groups.

A. Post hoc Bonferroni multiple comparison of color appearance among groups of tempered monolithic ceramic materials.

Group IS IN IF VS VN VF ES EN EF
IS 1 1 1 0.076 0.000 0.000 0.000 0.000 0.000
IN 1 1 0.409 0.000 0.000 0.000 0.000 0.000
IF 1 0.002 0.000 0.000 0.000 0.000 0.000
VS 1 0.000 0.000 0.000 0.000 0.000
VN 1 0.469 0.000 0.000 0.000
VF 1 0.000 0.000 0.000
ES 1 1 1
EN 1 1
EF 1

B. Post hoc Bonferroni multiple comparison of translucency among groups of tempered monolithic ceramic materials.

Group IS IN IF VS VN VF ES EN EF
IS 1 1 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 0.000 0.000 0.000 0.000 0.000
VN 1 0.005 0.000 0.000 0.000
VF 1 0.000 0.000 0.000
ES 1 1 0.350
EN 1 1
EF 1

C. Post hoc Bonferroni multiple comparison of contrast among groups of tempered monolithic ceramic materials.

Group IS IN IF VS VN VF ES EN EF
IS 1 1 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 0.168 0.000 0.000 0.000 0.000 0.000
VS 1 0.000 0.000 0.000 0.000 0.000
VN 1 0.029 0.000 0.000 0.000
VF 1 0.000 0.000 0.000
ES 1 1 0.863
EN 1 1
EF 1

D. Post hoc Bonferroni multiple comparison of opalescent among groups of tempered monolithic ceramic materials.

Group IS IN IF VS VN VF ES EN EF
IS 1 1 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 0.000 0.000 0.000 0.000 0.000
VN 1 0.007 0.000 0.000 0.000
VF 1 0.000 0.000 0.000
ES 1 1 1
EN 1 1
EF 1
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Fig. 2: SEM photomicrographs indicated grain size and grain distribution of monolithic ceramic material for of inCoris TZI (A, B,

%5 . -ld pLi

C), Vita Suprinity (D, E, F), IPS e.max CAD (G, H, I) upon slow- (A, D, G), normal- (B, E, H), and fast- (C, F, I) thermal tempering
processes, at X20K magnification, except for G, H, I at X10K magnification.

process of three monolithic materials: inCoris TZI,
Vita Suprinity, and IPS e.max CAD. The modification
of the sintering parameters was interesting, in terms of
providing appropriate information for clinicians and la-
boratory technicians in order to manage the optical pro-
perties of materials and to fabricate restorations with a
natural-tooth appearance, enhanced translucency, better
contrast, as well as improved opalescence.

A multitude of scientists had studied and reported on
alterations to the heating temperature and holding time
but a lack of research had been conducted on the coo-
ling phase. This study aimed to determine the optical
characteristics (AEw, TP, CR, and OP) of monolithic
materials by altering the tempering process. The temper-
ing processes were classified into three categories: slow
(5°C/min), normal (25°C/min), and fast (50°C/min). The
study herein found statistically significant differences
in the color characteristics of different monolithic ma-
terials at different tempering, as well as in their interac-
tions; therefore, all null hypotheses were rejected. As far
as color appearance was concerned, the VITA classic
block shade A2 was used, that possesses standard co-
lor appearance (Es) of 62.21. According to a color per-
ceivability by CIE system, the AE indicated “clinically
indistinguishable” as AE<3, “clinically acceptable” as
AE=3-5, and “clinically unacceptable” as AE>5. 14 All
IPS e.max CAD groups were considered as “clinically
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indistinguishable”; all Vita Suprinity groups were consi-
dered as “clinically acceptable”; whilst all inCoris TZI
groups were categorized as “clinically unacceptable”. In
addition, based on the human perception, differences in
color cannot be detected by the human eye when AE has
a value of less than 3.7 (15). Unfortunately, The color
differences observed in InCoris TZI and Vita Suprinity
when subjected to various sintering protocols were over
3.7. Thus, the use of IPS e.max CAD proved promising
for matching to selected shades, even when the sintering
procedure was modified. Lithium disilicate glass cera-
mic was advocated to be the gold standard restoration
for esthetics (4).

In terms of translucency, this is a crucial optical parame-
ter to simulate natural tooth appearance, perfectly match
with the surrounding structure, especially in the anterior
region (31) and esthetic zone. This current study showed
that the translucency parameter and opalescence ratio
of ES was the highest, followed by EN, EF, VN, and
VEFE. However, the contrast ratio of ES was the lowest,
followed by the others in the same sequence. This in-
dicated that TP correlated with OP and negatively co-
rrelated with CR. The translucency of inCoris TZI was
significantly enhanced upon an increase in the rate of
tempering, as observed by increased TP and decreased
CR values. This was likely related to the complete grain
growth of zirconia crystalline structures, and resulting
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in enlarged grains, as well as pore- and defect reductions
in the grain boundaries. Porosity may impact the optical
properties of zirconia because of the different refractive
indices of zirconia and air (28, 29).

The average grain size of IF was bigger than those of IS
and IN, due to increased rate of tempering in the sinte-
ring process, which might be capable of reducing pores
at grain boundaries by rapidly inducing stress on the ma-
terials. This led to a t-m phase transformation and also
resulted in grain enlargement (16). This was supported
by an XRD analysis demonstrating a shift in the crysta-
lline content from the tetragonal to the monoclinic phase
as well as grain enlargement in the zirconia, as eviden-
ced by the SEM when increasing the rate of tempering.
A combination of reducing the porosity and increasing
the density of zirconia may have caused an increase in
the homogeneity of its crystalline structure, which pro-
moted better specular reflectance and optical transmis-
sion with minimized refraction, as shown in Figures 3
(A and B). As such, this study provides compelling evi-

Influence of thermal tempering on color of monolithic CAD-CAM ceramic materials

dence that increasing (rather than decreasing) the rate
of tempering may achieve increased translucency. In the
same way, the translucency of Vita Suprinity was signi-
ficantly increased upon an increase in the rate of tem-
pering. This may have been due to the grain and pore
distribution, as mentioned above. The micrograph of
all the zirconia-reinforced lithium silicate glass ceramic
groups showed that the crystalline structures were main-
ly composed of lithium disilicate and minor tetragonal
zirconia. The VS group illustrated longer and bigger gra-
ins, as well as larger and more numerous oxygen vacan-
cies, resulting in less light transmission and translucency
compared to the VN and VF groups shown in Figures 3
(C and D). Although a larger grain size was reported to
achieve better translucency, the VS group showed less
translucency than the other groups (4). This might have
been because the effect of numerous and large porosities
played a more important role in translucency than grain
size. The grain size of VS was observed to be greater
than those of the other groups but might be considered
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Fig. 3: Possible explanation the behavior of light in reflection, scattering, and transmission in relation with
microstructure for inCoris TZI (A, B), Vita Suprinity (C, D), IPS e.max CAD (E, F) upon slow- (A, C, E),
normal-, and fast- (B, D, F) thermal tempering processes.

€623



J Clin Exp Dent. 2019;11(7):e614-24.

to fall within the same range as the VN and VF groups.
Nevertheless, the VN group showed the highest trans-
lucency due to the small and a few porosities occupied.
IPS e.max CAD showed no statistical differences in
translucency at different tempering processes. This was
supported by the SEM indicated the same characteristics
of grain and porosity distribution as shown in Figure 3
(E and F). According to the manufacturer’s recommen-
dation, inCoris TZI was suggested for a normal tem-
pering, whilst Vita Suprinity and IPS e.max CAD were
suggested for slow tempering. In order to achieve the
optimum translucency of each material, the study herein
proposed inCoris TZI for a fast tempering , Vita Supri-
nity for a normal tempering, and IPS e.max CAD for a
fast tempering in order to minimize the sintering time
because of no statistical differences in all the color pa-
rameters of ES, EN, and EF. These results provided the
data by which clinicians and laboratory technicians may
optimize the optical properties of materials by altering
the sintering parameters. This study supports increased
rates for thermal tempering process of sintering monoli-
thic materials to achieve better translucency. The mecha-
nical properties of restorations resulting from a variety
of materials and tempering method should be the subject
of future study for clinical application.

Conclusions

The results of this study indicated that the color appea-
rance (AE,), translucency parameter (TP), contrast ratio
(CR), and opalescence parameter (OP) values of inCoris
TZ1, Vita Suprinity, and IPS e.max CAD were signifi-
cantly different and were affected by the material type,
the thermal tempering process, and their interaction. In-
creasing the thermal tempering rate of Y-TZP resulted in
a bigger grain size and a t-m phase transformation leading
to higher translucency. Thus, to achieve optimum translu-
cency, a fast thermal tempering process is suggested for
inCoris TZI and IPS e.max CAD, whilst a normal temper-
ing process is recommended for Vita Suprinity.

References

1. Sen N, Sermet IB, Cinar S. Effect of coloring and sintering on the
translucency and biaxial strength of monolithic zirconia. J Prosthet
Dent. 2018;119:308.¢1-.e7.

2. Conrad HJ, Seong WJ, Pesun 1J. Current ceramic materials and sys-
tems with clinical recommendations: a systematic review. J Prosthet
Dent. 2007;98:389-404.

3. Denry I, Holloway JA. Ceramics for Dental Applications: A Review.
Materials. 2010;3:351-68.

4. Hallmann L, Ulmer P, Kern M. Effect of microstructure on the me-
chanical properties of lithium disilicate glass-ceramics. J Mech Behav
Biomed mater. 2018;82:355-70.

5. Ban S. Reliability and properties of core materials for all-ceramic
dental restorations. Jap Dent Sci Rev. 2008;44:3-21.

6. Denry I, Kelly JR. Emerging ceramic-based materials for dentistry.
J Dent Res. 2014;93:1235-42.

7. Lughi V, Sergo V. Low temperature degradation -aging- of zirco-
nia: A critical review of the relevant aspects in dentistry. Dent Mater.
2010;26:807-20.

€624

Influence of thermal tempering on color of monolithic CAD-CAM ceramic materials

8. Studart AR, Filser F, Kocher P, Gauckler LJ. Fatigue of zirconia un-
der cyclic loading in water and its implications for the design of dental
bridges. Dent Mater. 2007;23:106-14.

9. Ozkurt-Kayahan Z. Monolithic zirconia: A review of the literature.
Biomed Rese. 2016;27.

10. Sailer I, Feher A, Filser F, Gauckler LJ, Luthy H, Hammerle CH.
Five-year clinical results of zirconia frameworks for posterior fixed
partial dentures. Int J Prosthodont. 2007;20:383-8.

11. Edelhoff D, Florian B, Florian W, Johnen C. HIP zirconia fixed
partial dentures--clinical results after 3 years of clinical service. Quin-
tessence international. 2008;39:459-71.

12. Schmitt J, Holst S, Wichmann M, Reich S, Gollner M, Hamel J.
Zirconia posterior fixed partial dentures: a prospective clinical 3-year
follow-up. Int J Prosthodont. 2009;22:597-603.

13. Nogueira AD, Della Bona A. The effect of a coupling medium on
color and translucency of CAD-CAM ceramics. J Dent. 2013;41 Suppl
3:e18-23.

14. Alghazali N, Burnside G, Moallem M, Smith P, Preston A, Jarad
FD. Assessment of perceptibility and acceptability of color difference
of denture teeth. J Dent. 2012;40 Suppl 1:¢10-7.

15. Johnston WM, Kao EC. Assessment of appearance match by visual
observation and clinical colorimetry. J Dent Res. 1989;68:819-22.

16. Juntavee N, Attashu S. Effect of sintering process on color para-
meters of nano-sized yttria partially stabilized tetragonal monolithic
zirconia. J Clin Exp Dent. 2018;10:¢794-e804.

17. Baldissara P, Llukacej A, Ciocca L, Valandro FL, Scotti R. Trans-
lucency of zirconia copings made with different CAD/CAM systems.
J Prosthet Dent. 2010;104:6-12.

18. Della Bona A, Nogueira AD, Pecho OE. Optical properties of
CAD-CAM ceramic systems. J Dent. 2014;42:1202-9.

19. Sikri V. Color: Implications in dentistry. J Conser Dent.
2010;13:249-55.

20. Bona A, Nogeueira A, Pecho O. Optical properties of CAD-CAM
ceramic system. J Dent. 2014;42:1202-9.

21. Raptis NV, Michalakis KX, Hirayama H. Optical behavior of cu-
rrent ceramic systems. Int J Periodont Restor Dent. 2006;26:31-41.
22. Cho MS, Yu B, Lee YK. Opalescence of all-ceramic core and ve-
neer materials. Dent Mater. 2009;25:695-702.

23.Zhang Y, Lee JJ, Srikanth R, Lawn BR. Edge chipping and flexural
resistance of monolithic ceramics. Dental materials : official publica-
tion of the Academy of Dent Mater. 2013;29:1201-8.

24. Heffernan MJ, Aquilino SA, Diaz-Arnold AM, Haselton DR, Stan-
ford CM, Vargas MA. Relative translucency of six all-ceramic sys-
tems. Part I: core materials. J Prosthet Dent. 2002;88:4-9.

25. Kelly JR, Nishimura I, Campbell SD. Ceramics in dentistry: his-
torical roots and current perspectives. J Prosthet Dent. 1996;75:18-32.
26. Chen YM, Smales RJ, Yip KH, Sung WJ. Translucency and
biaxial flexural strength of four ceramic core materials. Dent Mater.
2008;24:1506-11.

27. Matsui K, Yoshida H, Ikuhara Y. Isothermal Sintering Effects on
Phase Separation and Grain Growth in Yttria-Stabilized Tetragonal
Zirconia Polycrystal. J Am Ceram Soc. 2009;92:467-75.

28. Denry I, Kelly JR. State of the art of zirconia for dental applica-
tions. Dent Mater. 2008;24:299-307.

29. Tuncel I, Turp I, Usiimez A. Evaluation of translucency of mono-
lithic zirconia and framework zirconia materials. J Adv Prosthodont.
2016;8:181-6.

30. Stefanic G, Grzeta B, Popovic S, Music S. In situ Phase analysis of
the thermal decomposition products of zirconium salts. Croatica Che-
mica Acta. 1999;72:395-412.

Conflict of Interest
The authors declare that they have no conflict of interest.



