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Effect of speed sintering on the color, translucency, and hardness
of single layers of multilayered zirconia
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Introduction

Multilayered zirconia has been introduced as a solution
for color enhancement of monolithic zirconia (1, 2).
Multilayered zirconia blocks have different shades and
translucencies depending on the layer, with the incisal
part of the tooth being translucent and becoming more
saturated and opaque towards the cervical part,
resembling the natural tooth structure (2, 3), Multilayered
zirconia has different pigment types and contents
depending on the layer (2). The translucency of each
layer of multilayered zirconia increases from the dentin
to the enamel layer (4-6), Conversely, Kolakarnprasert
et al (2) reported no difference in translucency between
the enamel and dentin layers of Katana STML zirconia
blocks.

The sintering method of zirconia can be categorized
into two types based on the sintering time: conventional
and speed sintering, Depending on the manufacturer,
conventional sintering of zirconia requires between 7
hours and 10 hours in the range of 1350C to 1550C
(7-10). Stawarczyk et al (11) showed that conventional
sintering of zirconia has the highest flexural strength at
temperatures between 1400C and 1550C and lower
flexural strength at sintering temperatures below 1350C
and above 1600C.

The speed sintering of dental zirconia generally consists
of a fast heating step, a short dwell time at the final
sintering temperature, and a fast cooling step. Speed
sintering is a technique in which a powder is rapidly
heated to a high temperature and sintered for a short
time to obtain a microstructure with high density and
small grain size. Sintering within 10 minutes to 1 hour
is possible (8-10, 12) and zirconia restoration is possible
in a single step (12).

Sintering parameters, such as temperature and time,
affect the optical properties of zirconia. Attachoo et al

(13) reported that sintering temperature (1350C, 1450C,
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and 1550C) and dwell time (60, 120, and 180 minutes)
can affect the optical properties, crystal size, and structure
of zirconia, and that translucency increases with increasing
sintering temperature and time. Ebeid et al (14) reported
that an increase in sintering temperature (1460C, 1530C
and 16007C) and dwell time (1, 2, and 4 hours) reduces
the pores between the grains and increases the final
density, which reduces light scattering and increases light
transmittance, thereby improving translucency. Jiang et
al (15) reported that increasing sintering temperature (135
0T, 1400, 1450C, and 1500TC) increased density and
increased translucency. Stawarczyk et al (11) reported
that translucency increased with increasing sintering
temperature above 13007C.

Lawson et al (8) reported that speed sintering did not
reduce the translucency of Katana STML blocks, a
multilayered zirconia block recommended for speed
sintering, whereas other zirconia blocks did. Kaizer et
al (12) reported that ultra-speed sintering (10 minutes)
of inCoris TZI, a translucent zirconia block, increased
the translucency compared to speed (60 minutes) and
long (4 hours) sintering. Kim et al (16) reported that
rapid  sintering using microwaves increased the
translucency of zirconia compared with conventional
sintering, Li et al (17) reported that when zirconia is
sintered using a speed sintering furnace, the speed
sintering method of 10 minutes (total sintering time, 25
minutes) or 20 minutes dwelling (total sintering time, 40
minutes) at 1580C shows similar translucency to conven-
tional sintering (total sintering time, 15 hours), However,
Salah et al (18) reported that speed sintering (1450C,
2 hours 30 minutes) and ultra-speed sintering (1580C,
10 minutes) decreased the translucency of cubic and
tetragonal zirconia compared to long sintering (1450C,
9 hours 30 minutes), Jansen et al (19) reported that speed
sintering (1570C, 10 minutes and 1590C, 10 minutes)
decreased the translucency of zirconia, Thus, the results

of previous studies on the effect of speed sintering on



the translucency of zirconia vary depending on the fumace
used, type of zirconia block, and sintering time and
temperature, Salah et al (18) reported that the color change
of cubic zirconia was observed depending on the sintering
time when comparing ultra-speed (1580C, 10 minutes)
and longtime sintering (1450%C, 9 hours 30 minutes),

During speed sintering, sintering parameters such as
temperature and time can affect the mechanical properties
of multilayered zirconia. Hjperppe et al (20) reported
that varying the sintering time from 2.6-5 hours did not
affect the biaxial flexural strength of zirconia. Ebeid et
al (14) reported that sintering temperatures (1460C, 153
0C, and 1600C) and dwell times (1, 2, and 4 hours)
of zirconia had no effect on surface roughness, flexural
strength, and surface hardness, Ersoy et al (21) reported
that speed sintering (1580C, 10 minutes) using a speed
sintering furnace resulted in higher flexural strength than
conventional sintering (1510, 8 hours). Liu et al (10)
reported that the speed sintering does not affect the
hardness of zirconia, Lubauer et al (22) reported that
sintering using a speed sintering schedule in a conven-
tional zirconia sintering fumace did not significantly impair
the mechanical properties of various types of zirconia,
Jansen et al (19) reported that the flexural strength of
zirconia does not decrease during speed sintering (1570C,
10 minutes and 1590C, 10 minutes), Lawson et al (8)
reported no reduction in flexural strength for Katana STML
blocks, a multilayered zirconia block recommended for
speed sintering, whereas other zirconia blocks showed
a reduction in flexural strength.

Reducing sintering time in the fabrication of multila-
yered zirconia blocks can improve patient satisfaction by
reducing zirconia fabrication time, Although there are
studies on the speed sintering of various zirconia materials,
there is a lack of research on the effect of speed sintering
of multilayered zirconia on its optical and mechanical
properties. Therefore, this study aimed to evaluate the

effect of a single layer and the sintering time on the optical
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properties and hardness of multilayered zirconia.

The first null hypothesis of this study was that single
layers and sintering time do not affect the color of
multilayered zirconia. The second null hypothesis was
that single layers and sintering times do not affect the
translucency of multilayered zirconia, The third null
hypothesis was that single layers and sintering times do

not affect the hardness of multilayered zirconia.

Materials and Methods

1. Specimen preparation

In this study, 5 mol% yttria (5Y) stabilized multilayered
zirconia blocks (KATANA STML, Kuraray Noritake Dental,
Niigata, Japan) were used. Multilayered zirconia was cut
using a diamond disk and adjusted to a uniform thickness
using #1000 abrasive paper. The specimen size was 8
X8X1.2-mm after sintering, in the form of a plate, divided
into four layers (enamel, transition layer 1, transition layer
2, and dentin layers). The multilayered zirconia block
used in this study was composed of 35% enamel, 15%
transition 1, 15% transition 2, and 35% dentin (Figure 1),
The multilayer zirconia specimens were sintered in a
conventional sintering furnace (KFCT, Daegu, Korea) with
a 7-hour sintering schedule and a 90-minute speed sintering

schedule as instructed by the manufacturer. Eighty
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Figure 1. Layer of zirconia,



Table 1, Classification of zirconia specimens depending on sintering

time (n=10)

Layer

Sintering Time

Enamel

Transition 1

Transition 2
Body

90 min

Enamel

Transition 1

Transition 2
Body

7h

—— Speed Sintering
= Conventional Sintering

Temperature(°C)

Sintering Time

Figure 2, Sintering schedule,

specimens (10 from each group) were fabricated for
surface hardness and color measurements (Table 1),
The 90-minute speed sintering schedule heated at 50C
/min from room temperature to 1400, heated at 4C/min
from 1400C to 15007C, heated at 10C/min from 15007
to 1560C, maintained at 1560°C for 16 minutes and cooled
at 50C/min to room temperature, The 7-hour normal
schedule was heated from room temperature to 1550C
at 10C/min, maintained at 1550C for 2 hours, and cooled

to room temperature at 10C/min (Figure 2).

2. Color measurement

The color of the sintered zirconia specimens was

measured using a spectrophotometer (CM-3600A, KONICA

180
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Minolta, Tokyo, Japan), Color was measured using the
International Commission on IHllumination (CIE) L, 4, b
values, The light source was D65 (6503 K), the standard
light of the Commission Internationale de L'eclairage, and
the CIE L, a, b values of the specimens were measured
on the white (L 97.41, 2 0.1, " 3.9) and the black
plates (L@ 291, a: 215, bt -2.61) in the specular
component excluded (SCE) method, The CIE L', 2, b’
values are three-dimensional coordinates, with the L value
representing brightness on the y-axis, the 2  value on
the x-axis representing red for (+) and green for (-), and
the A value on the z-axis representing yellow for (+)
and blue for (-) (23), Black and white plates were prepared
and measured twice for each specimen and 20 times for

each group of specimens, focused at the center of the



specimen and averaged, After measuring the CIE L a,
b values, the color difference (4E*) value was calculated
using the formula 4E= [(4L)* + (4a')* + (4D))
(4L = I, - L*l, da = 4, - ez?, 45 = b, — by). Translucency
(TP) was calculated using the formula below, TP = (L
- Iy + (af - aw)? + (BB - by, Subscript B in the
translucency formula indicates the color coordinates on
the black plate background, and subscript W indicates
the color coordinates on the white plate background.
The larger the TP value, the higher the actual translucency
of the material; a TP value of 0 corresponds to a completely

opaque material (24),

3. Hardness test

A microVickers hardness tester (HM-122, Mitutoyo,
Kawasaki, Japan) was used to measure the surface
hardness of the sintered zirconia specimens. A load of
9.81 N was applied for 10 seconds. Two measurements
were taken for each specimen, and 20 measurements
were taken for each group of specimens at the center

of gravity and averaged.,

4. Field radiation scanning electron microscope
(FE-SEM) observation
The fabricated specimens were pretreated with a
platinum coating. The coated specimens were examined
using an ultra-high-analytical FE-SEM (GEMINI 500, ZEISS,
Oberkochen, Germany) at 20,000 X magnification to ob-

serve the grain size and microstructural changes,

5. Statistical analysis

SPSS Ver,26.0 (SPSS Inc,, Chicago, IL, USA) was used
to analyze the experimental results, A 2-way ANOVA was
performed to analyze the color, translucency, and
hardness of the multilayered zirconia groups. Tukey’s
post hoc test was performed. The statistical significance

level for each group was set at .05,

Results

1. Color analysis

Table 2 presents the results of the two-way ANOVA

regarding the influence of sintering time on the color

Table 2, Mean Z, 2, and b and standard deviation of multilayered zirconia specimens as analyzed by 2-way ANOVA

Layer 7h 90min P
Enamel 7391 (2,19 75.08 (1.84)y%
Transition 1 7242 (2.42) 72.76 (1 37)® Layer <.001
L* N o " Sintering time =437
Transition 2 7169 (2.54) 7197 (1.99) Layerx Sintering time=.726
Body 7110 @57y® 7077 (1.33y"®
Enamel -2.03 (0.12)* -1.70 (0.27)*
Transition 1 -173 (0.30)%° -1.15 (0.29)%° Layer <.001
ar N AC B Sintering time < 001
Transition 2 -1.04 (0.25) -0.41 (0.35) Layer x Sintering time =516
Body 0.02 (1.20) 0.24 (0.30)™
Enamel 851 (141)ye 10.74 (0.83)%
Transition 1 10.33 (0.85)° 1235 (1.4 Layer <.001
b* N " . Sintering time <001
Transition 2 12.02 (0.96) 13.04 (0.87) Layer x Sintering time =.045
Body 13,85 (2.39) 14,03 (0.74)%

Superscript letters for each row indicate significantly different mean values between groups (0<.05).
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coordinates of multilayered zirconia, The L,a,and b
values significantly differed among the single layers
(p<.001), While sintering time did not significantly affect
L*values (p>.03), it had a significant effect on both z°
and b values (p<.001).

The L values decreased from the enamel to the dentin
layers (p<.03). The a and b values increased from the
enamel to the dentin layers (»<.05). The a values
increased during speed sintering, shifting toward a reddish
hue, while the 5 values also increased, leading to a more

yellowish appearance.

AE*

The effect of sintering time on the color difference
(4E) between single layers of multilayered zirconia was
compared (Figure 3). For all single layers, the color
difference (4 E) between the 7-hour and 90-minute
sintering groups was less than 3, and the color difference

(4 E) decreased from the enamel to the dentin layers,

2. Translucency analysis

The translucency of each group of zirconia specimens
was analyzed according to the sintering time and single

layers (Figure 4). The translucency values of multilayered

m

T2 B

Layer

Figure 3, Color differences(4 £) value among layer groups sintered using different sintering time, E, Enamel, T1, Transition 1. T2,

Transition 2. B, Body.
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Transition2 Body

Figure 4. Translucency parameter (TP) value among layer groups sintered using different sintering time.
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zirconia according to sintering time and single layers were
significantly different (p<.001). The translucency values
between single layers decreased from the enamel to dentin
(p<.05). Speed sintering resulted in lower translucency

values than conventional sintering.

3. Hardness changes

The hardness measurement results for the zirconia
specimens are presented in Tables 3 and 4. The hardness
values of the multilayered zirconia specimens according
to the sintering time were not significantly different
(p>.05). The hardness values of multilayered zirconia
were significantly different from those of single layers
(p<.01). The hardness values between single layers

decreased from the enamel to dentin (p<.05).

4. Microstructure observation

Figure 5 shows a 20,000 X magnification high-resolution
FE-SEM image of multilayered zirconia specimens with
different sintering times. The microstructure of the
multilayered zirconia exhibited variations depending on
the sintering conditions and the single layers, Qualitative
observation via FE-SEM indicated that speed sintering
tended to produce finer grain sizes, with a decreasing

trend observed from the enamel toward the dentin layers,

Discussion

The results of this study showed that the £ values
of the multilayered zirconia with different sintering times

did not show statistically significant differences; however,

Table 3. Two-way ANOVA identifying interactions between layer and sintering time with hardness of zirconia specimens

Source Sum of Squares df Mean Squares F P
Corrected model 66771,000a 7 9538.714 2121 045
Intercept 382740195 600 1 382740195 600 85116.418 001
Sintering time 99,225 1 99,225 022 882
Layer 65375.750 3 21791 917 4,846 003
Layer*Sintering time 1296.025 3 432.008 096 962
Error 683493 400 152 4496 667
Total 383490460.000 160
Corrected total 750264 400 159

Table 4, Mean Hardness and stand deviation of zirconia specimens as analyzed by 2-way ANOVA

Superscript letters for each column and row indicate mean values that are significantly different between groups

(p<.05)
Sintering time
Hardness 7h 90min
Enamel 1570.55(60.05)" 1575,10(70 94
Transition 1 1555,10(56,38) 1557 60(76,54)%°
Transition 2 1544 05(75,00) 1533 .95(74 98)*°
Body 1520.05(61 87)* 1516.80(56,78)™
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Figure 5, FE-SEM images showing surface of zirconia specimens,
A, 7h-Enamel, B, 7h-Transition 1. C, 7h-Transition 2, D, 7h-Body.
E, 90min-Enamel, F, 90min-Transition 1, G, 90min-Transition 2,
H, 90min-Body. Original magnification, X20,000,

the L values of the single layers showed significant
differences, Both the 2" and A values were significantly
different for the single layers and sintering times,
Therefore, the first null hypothesis that single layers and
sintering time do not affect the color of multilayered
zirconia was partially rejected.

Vichi et al (25) reported that successful esthetic
restoration requires the integration of factors such as the
individual's perception of color, the light source used

for color evaluation, structural characteristics of the tooth
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and restorative material used, and color perception, Salah
et al (18) reported that speed and ultra-speed sintering
increased the color change and decreased the translucency
of cubic and tetragonal zirconia compared with
conventional sintering, Similar to the results of Salah et
al (18), the results of this study also showed a significant
difference in the a2 and A values depending on the
sintering time, that is, speed sintering increased the a°
and b values, which tended to be red and yellow,
respectively. In this study, all color coordinates (L, a,
b') of the single layers exhibited significant differences,
characterized by a decrease in brightness (Z) and an
increase in 2" and A values from the enamel toward the
dentin layers, resulting in a more reddish and yellowish
appearance. This is believed to be due to the increase
in metal oxide content from the enamel to dentin in the
multilayered zirconia blocks used in this study (4).

Vichi et al (25) reported that color difference (4E")
values less than 1 are imperceptible to the human eye,
values greater than 1 and less than 3.3 are perceptible
to a trained operator but clinically acceptable, and values
greater than 3.3 are considered perceptible to an untrained
observer such as a patient and are not clinically acceptable,
Kuehni et al (26) reported that the human eye can
distinguish shades when the 4 £ value is up to 1, and
Johnston et al (27) reported that 4 E values of 3.7 or
less are acceptable for clinical use in dental restorations,
Ishikawa-Nagai et al (28) compared the color difference
(4 E') between natural teeth and all-ceramic restorations
and reported that color differences (4 £') smaller than
1.6 were not perceptible to the human eye. In this study,
based on the color difference (4 E") criteria of Vichi et
al (25), the color difference (4 E') values between the
7-hour and 90-minute groups were less than 3.3 for all
four layers, which is perceptible to an experienced
operator but clinically acceptable,

However, it should be noted that modern dental color

science increasingly favors the CIEDE2000 (4 Ey,) formula,



which more accurately reflects human visual perception
compared to the traditional CIE L, 2, b method, Recent
studies suggest a more stringent threshold of approxi-
mately 1.8 to 2.2 units for 4Ey as the limit of clinical
acceptability (29, 30). While the results of this study fall
within the 4 £ 3.3 limit, this interpretation may be
considered relatively permissive by these modern
standards. Therefore, future research should incorporate
both formulas to ensure a more nuanced and clinically
relevant evaluation, In the present study, the single-layer
color difference (4 E) decreased with sintering time from
the enamel layer to the dentin layer. This is because
there was less change in the 2" and b values with speed
sintering from the enamel to the dentin layers,

The results of this study showed significant differences
in the translucency of multilayered zirconia depending
on the single layer and sintering time. The translucency
values between single layers decreased from the enamel
to the dentin layer, This correlates with an increase in
the 2 and b values from enamel to dentin, In the Katana
STML zirconia blocks used in this study, the pigmentation
content increased from the enamel layer to the dentin
layer, which decreased the translucency of the zirconia
(6). The results of this study showed that speed sintering
of multilayered zirconia resulted in lower translucency
values than conventional sintering. Therefore, the second
null hypothesis that single layers and sintering time do
not affect the translucency of multilayered zirconia was
rejected.

Consistent with the present results, previous studies
have also reported that the translucency of multilayered
zirconia varies between each layer, with the enamel layer
exhibiting higher translucency than the transition layer
or dentin layer (4, 6). Ebeid et al (14) reported that grain
size (0.55-0.92 wm) increased and translucency (CR:0.68-
0.75) increased with increasing sintering temperature
(1460°C, 1530C, and 1600%C) and dwell time (1, 2, and

4) hours of zirconia, Kim et al (16) reported that when
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the sintering time of zirconia was varied from 20 minutes
to 40 hours, the grain size decreased from 1512 nm to
347 nm with shorter sintering time, and this decrease
in grain size increased translucency. While Kim et al (16)
observed this increase in translucency as grains reached
the sub-micron level (347 nm), the grains in the present
study remained within a range larger than or comparable
to the wavelength of light, where grain refinement
conversely promotes scattering.

Although the translucency of zirconia is related to the
grain size, Pekkan et al (31) reported that there is no
direct linear relationship between the grain size and
translucency of zirconia. When the grain size is similar
to the wavelength of light, light transmission decreases
owing to the increased scattering of light at the grain
boundaries with increasing grain size (16). When the
particle size is much larger than the wavelength of the
incident light, the amount of light scattering is inversely
proportional to the particle size and independent of the
wavelength of the incident light (16),

The translucency of zirconia is closely associated with
microstructural changes occurring during the sintering
process, particularly grain size and densification,
Qualitative FE-SEM observations in this study revealed
that the 7-hour conventional sintering group exhibited
a distinct increase in grain size compared to the 90-minute
speed sintering group. This grain growth acts as a key
factor in enhancing the optical properties of zirconia,
Generally, as grain size increases, the total surface area
of grain boundaries per unit volume decreases, Since
grain boundaries serve as sites where light scattering
occurs due to changes in the refractive index, a lower
density of these boundaries minimizes light scattering and
improves translucency (11). The superior translucency
observed in the 7-hour group can be attributed to the
coarsening of grains during the extended dwell time,
which reduced the total interfacial area responsible for

light scattering, These findings align with the report by



Salah et al (18), which stated that increased sintering time
enhances translucency by increasing density and refining
the microstructure, Furthermore, the correlation between
grain growth and optical performance in this study is
supported by Zhang et al (32), who reported that
high-yttria zirconia with grains larger than 1.5 #m
demonstrates excellent translucency. In conclusion, the
reduction in translucency observed under the speed
sintering conditions of this study is likely due to insufficient
grain growth within the shortened sintering cycle, leaving
the grains in a finer state and thereby amplifying light
scattering at the relatively increased grain boundaries,

In the present study, the hardness of the multilayered
zirconia decreased significantly from the enamel toward
the dentin layer, while sintering time showed no significant
influence on hardness. Consequently, the third null
hypothesis was partially rejected. This lack of significant
change in hardness with varying sintering time is consistent
with the findings of Kong et al (33), who reported that
sintering temperature and time did not significantly alter
the hardness of zirconia. Furthermore, while Ersoy et
al (21) suggested that high-temperature speed sintering
could even enhance flexural strength, other studies such
as Hjperppe et al (20) found that varying sintering times
did not affect biaxial strength, supporting the observation
that mechanical properties can remain stable despite
shorter cycles.

The limitations of this study include the observation
of only color and hardness and the use of a single shade
(A3) from one manufacturer, Clinically, it is important
to note that while speed sintering may not compromise
the hardness of multilayered zirconia, it could potentially
reduce its translucency. Therefore, future research should
encompass a wider range of multilayered zirconia blocks
from various manufacturers to evaluate the comprehensive
effects of speed sintering on both optical and mechanical

properties,
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Conclusion

Within the limitations of this study, speed sintering had
a grain-refining effect and no significant impact on the
hardness or lightness of multilayered zirconia; however,
it significantly reduced translucency and induced color
shifts, Given that speed sintering results in lower tran-
slucency compared to conventional sintering, clinicians
should carefully consider these aesthetic implications

when selecting the sintering protocol in practice,
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Research Article

Effect of speed sintering on the color, translucency, and hardness
of single layers of multilayered zirconia

Se-Eun Lee, Mi-Gyoung Park’

Department of Dental Laboratory Science, College of Health Sciences, Catholic University of Pusan

This study evaluated the effects of speed sintering (90 min) compared to conventional sintering (7 h) on the physical properties
of multilayer zirconia, Specimens were composed of four layers—Enamel, Transition 1, Transition 2, and Dentin and were
analyzed using a spectrophotometer, a Micro-Vickers hardness tester, and field emission scanning electron microscopy (FE-SEM)
to assess color, hardness, and microstructure, Significant differences in the L, a, b coordinates were observed across all
layers (p<.001). While sintering time did not significantly influence the lightness (£), it resulted in statistically significant variations
in the 2" and A values, as well as translucency. Regarding hardness, no significant difference was found between the two
sintering methods (p>.05); however, significant differences were observed between the single layers (p<.01). Microstructural
analysis via FE-SEM visual inspection suggested that speed sintering produced relatively finer grain sizes compared to conventional
sintering. Speed sintering refines the grain size of multilayer zirconia without significantly affecting its hardness. However,
as it tends to reduce translucency compared to conventional sintering, clinicians should carefully consider aesthetic requirements

when selecting the sintering protocol,

Keywords : Multilayered zirconia, Speed sintering, Translucency, Hardness
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