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Objectives. To fully realize the range of indication and clinical advantages of the new

multi-layered zirconias, a comprehensive understanding of their chemical composition,

microstructure, low temperature degradation (LTD) resistance, and translucency properties

is  paramount.

Methods. A zirconia system (Katana, Kuraray Noritake), including 3 distinct grades of multi-

layered zirconias, was selected for study: Ultra Translucent Multi-layered zirconia (UTML),

Super Translucent Multi-layered zirconia (STML), and Multi-layered zirconia (ML). For dif-

ferent  materials and their individual layers, the chemical composition, zirconia phase

fractions, and microstructure were determined by X-ray fluorescence (XRF), X-ray diffrac-

tion  (XRD), and field emission scanning electron microscopy (FE-SEM). Also, their resistance

to  LTD and translucency properties were characterized.

Results. Our findings revealed no major differences amongst layers, but the 3 materials were

very  distinct—UTML: 5Y-PSZ (5 mol% yttria-partially-stabilized zirconia) with 7̃5 wt% cubic

content and a 4.05 (±0.85) �m average grain size, STML: 4Y-PSZ with 6̃5 wt% cubic content

and  a 2.81 (±0.17) �m average grain size, and ML: 3Y-PSZ with <50 wt% cubic content and a

0.63  (±0.03) �m average grain size. After water aging at 120 ◦C for 12 h, greater monoclinic

content was found in ML. UTML and STML did not show detectable monoclinic phase. The

translucency was similar among layers, and also between UTML and STML, which were

superior to ML.

Significance. For each multi-layered zirconia grades, the layers are only differed in pigment
types  and contents, which yield remarkably natural shade gradients. Also, despite the sig-

nificant compositional difference between STML and UTML, both materials showed similar

translucencies.
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1.  Introduction

Yttria-stabilized tetragonal zirconia (3Y-TZP) was introduced
into dentistry twenty years ago, due to its exceptional strength
and tooth-like color [1,2]. However, owing to its high opacity,
the original intent of 3Y-TZP was for frameworks for crowns
and fixed dental prostheses (FDPs), which are veneered with
translucent porcelains, similarly to the traditional porcelain
fused to metal (PFM) restorations [3,4]. However, veneer chip-
ping and fracture, associated with residual thermal stresses
induced from the production process, are major technical
complications reported [3–7]. The concept of monolithic zirco-
nia has been brought about as a possible solution. A traditional
monolithic 3Y-TZP restoration would be too opaque compared
to natural teeth [8,9]. To improve its translucency, strategies
such as reducing the amount of Al2O3 sintering aids and
increasing the sintering temperatures were used to diminish
light scattering by impurities and grain boundaries [10].

For yttria stabilized zirconia, the translucency properties
can also be tailored by its cubic content, which can be con-
trolled by both sintering temperature and the yttria content
[10]. In general, the higher the yttria content and sinter-
ing temperature is, the greater the cubic content and better
the translucency. But, this also triggers a lower strength and
toughness. Currently, 3 zirconia grades are available for mono-
lithic dental restorations, namely 3Y-, 4Y-, and 5Y-PSZ (mol%
yttria partially stabilized zirconia). In broad terms, these 3
grades exhibit a trade-off between translucency and strength,
and thus have different clinical indications [2,10].

More  recently, to further improve the esthetic properties of
dental restorations, multi-layered zirconia systems have been
developed. The multi-layered zirconia design aims to mimic
the shade gradient observed in natural teeth: where the incisal
area of a crown is most translucent, growing in chroma and
opacity towards the gingival region. Different grades of such
zirconias are advocated for various indirect dental restora-
tive applications, according to their unique properties. The
first multi-layered zirconia system in the dental market was
the Katana (Kuraray Noritake, Japan), including 3 zirconia
grades: Ultra Translucent Multi Layered zirconia (UTML), Super
Translucent Multi Layered zirconia (STML), and Multi Lay-
ered zirconia (ML). According to the manufacturer, these 3
materials can cover all monolithic restorative applications.
Thus, since its first introduction to the dental market in Feb.
2015, this multi-layered monolithic zirconia system has drawn

tremendous attention from clinicians and researchers [11–17].
To fully realize the clinical potential of these 3 grades of
multi-layered zirconias, a comprehensive understanding of

Table 1 – Properties of the 3 grades of zirconias.

Sintering
conditiona

Sintered densityb

(g/cm3)
Flexural strength
(MPa)

UTML 1550 ◦C for 2 h 6.00 557 

STML 1550 ◦C for 2 h 6.02 748 

ML 1500 ◦C for 2 h 6.04 1125 

a Information from manufacturer’s data sheets.
b Properties measured in the author’s laboratories.
5 ( 2 0 1 9 ) 797–806

their structure-property relationship is of the utmost impor-
tance. Accordingly, this study aims to conduct a thorough
investigation of the chemical composition, microstructure,
low temperature degradation (LTD) resistance, and translu-
cency properties of the 3 multi-layered zirconia materials and
their constituent layers.

2.  Materials  and  methods

2.1.  Sample  preparation

The Katana zirconia system (Kuraray Noritake, Japan) was
investigated, since it includes 3 grades of multi-layered zir-
conias: Ultra Translucent Multi Layered zirconia (UTML: the
highest translucency but lowest strength), Super Translucent
Multi Layered zirconia (STML: intermediate translucency and
strength), and Multi Layered zirconia (ML: the lowest translu-
cency yet highest strength). Accordingly, the 3 zirconias have
distinct clinical indications. Descriptions of the materials
are given in Table 1, while the schematic of a multi-layered
CAD/CAM puck is shown in Fig. 1. Plate-shaped specimens
were cut using a low speed saw (IsoMet 1000, Buehler, USA)
under water irrigation. The configuration of the plate-shaped
specimens prepared from each layer is shown in Fig. 1. Sinter-
ing followed the manufacturer instructions (Table 1). Smooth
surface was obtained by grinding and polishing down  to a
0.5 �m finish (Diamond impregnated discs - DGD  Buehler,
USA).

2.2.  Characterization

2.2.1.  Elemental  composition  analysis  by  X-ray
fluorescence
Chemical elements were traced from B (atomic number 5)
to U (atomic number 92) for each individual layer: enamel,
transition layer 1 (T1), transition layer 2 (T2), and dentin.
As-machined green zirconia specimens (i.e. not sintered),
measuring 12 × 12 × 2 mm,  were analyzed by X-ray fluores-
cence (XRF), operated at 60 kV and 50 mA  (ZSX Primus II,
Rigaku, Japan).

2.2.2.  Zirconia  phase  quantification  by  X-ray  diffraction
Zirconia phase fractions were quantified for enamel and
dentin layers on sintered and polished plate specimens

(10 × 10 × 1 mm)  using the X-ray diffraction analysis (XRD).
XRD spectra were collected over a 2� range between 20◦ and
80◦ using a powder diffractometer equipped with a Cu X-ray
source (X’Pert3 Powder, PANalytical, Netherlands), operated at

a Transmittancea Clinical indicationsa

43% Veneers to single crowns
38% Single crowns and 3-unit-bridges
31% Posterior crowns to long-spam-bridges

https://doi.org/10.1016/j.dental.2019.02.017
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0 kV and 30 mA with a step size of 0.02◦ and a scan rate of
 s/step. The acquired diffractograms were used to quantify
etragonal (t), monoclinic (m), and cubic (c) phases of zirconia
y the Rietveld refinement method using the MAUD (Materials
nalysis Using Diffraction) program [18,19].

.2.3.  Microstructural  analysis  by  field  emission  scanning
lectron  microscopy
intered and polished plate specimens (10 × 10 × 1 mm)  were
hermally etched at 1200 ◦C for 20 min  for microstructural
nalysis using a field emission scanning electron microscope
FE-SEM, Merlin, Carl Zeiss). The specimens were coated with

 4 nm thick layer of Iridium and ground with the copper tape
or electron conductivity. The grain size was measured on SEM

icrographs using the linear intercept method [20]. The aver-
ge grain size, D̄, was obtained using Eq. (1):

¯ = 1.56
C

MN
(1)

here C is the length of the test line used, N the number of
ntercepts, and M the magnification of the micrograph. The
hape factor, 1.56, is essential for random slices through a
odel system consisting of space-filling tetrakaidecahedral

haped grains with a log-normal size distribution.

.3.  Low  temperature  degradation

he t → m phase transformation due to LTD was investigated

or enamel and dentin layers using sintered and polished
lates (10 × 10 × 1 mm).  The plates were stored in a hydrother-
al  vessel filled with distilled water and kept at a constant

emperature of 120 ◦C in an oven for 12 h. Identification and

ig. 1 – (a) Schematic of the multi-layer CAD/CAM zirconia pucks
pecimens prepared in this study.
( 2 0 1 9 ) 797–806 799

quantification of zirconia phase fractions were conducted by
XRD using protocols described in Section 2.2.2. The propor-
tion of the m phase was estimated from the relative integrated
intensity of m(111), m(1̄11), and c,t(101) peaks using the method
of Garvie and Nicholson [21], and Toraya et. al. [22]. For 2�

between 26◦ and 33◦, the volume fraction of the m phase Vm

is given by Eq. (2) [22]:

Vm = 1.311 Xm

1 + 0.311 Xm
(2)

where the mass fraction Xm of the m phase can be calculated
by Eq. (3) [21]:

Xm = Im( 1̄ 11) + Im (111)

Im

(
1̄ 11

)
+ Im (111) + It(101)

(3)

where Im(1̄11) and Im(111) denote the integrated intensity of
the monoclinic peaks at 28.2◦ and 31.5◦, respectively. It(101) is
the integrated intensity of the tetragonal/cubic peaks at 3̃0◦.
The integrated peak areas were measured by profile fitting of
the 3 peaks, around 28◦, 30◦ and 32◦.

2.4.  Translucency

Sintered and polished plate specimens (10 × 10 - mm)  were
prepared for enamel and dentin layers, into 3 thicknesses,
according to the clinical recommendations from the manufac-
turer: 0.4 mm for veneers, 0.8 mm for full crowns for anterior

teeth, and 1 mm for full crowns for posterior teeth.

Color coordinates were measured according to the CIEL*a*b*
color space, from the Commission Internationale de l’Eclairge
[23]. This is a 3-dimensional color space system, where L* is the

 provided by the manufacturer and (b) the monolayer

https://doi.org/10.1016/j.dental.2019.02.017
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Table 2 – Yttrium weight percentage in each layer of the
3 zirconias tested. Data are presented as mean (standard
deviation).

Yttrium content (wt%) in various layers

Enamel Transition 1 Transition 2 Dentin

UTML 7.7 (0.008) 7.5 (0.007) 7.5 (0.007) 7.5 (0.007)

nificant monoclinic contents were observed in aged ML,  with
STML 6.6 (0.007) 6.9 (0.007) 6.9 (0.007) 6.6 (0.007)
ML 5.2 (0.007) 5.2 (0.007) 5.1(0.007) 5.2 (0.007)

lightness coordinate, while a* and b* are the chromatic coor-
dinates in the red-green and yellow-blue axis, respectively.
Measurements were carried out on standard white (L* = 95.7,
a* = −1.3, b* = 2.6) and black (L* = 1.8, a* = 1.3, b* = −1.5) back-
grounds. A calibrated dental colorimeter (SpectroShade TM
Micro) was used. A drop of glycerol (n = 1.472) was placed
between the specimen and background to minimize optical
discontinuities [24]. The translucency parameter (TP), defined
by the color difference on white and black backgrounds, was
calculated using Eq. (4) [23]:

TP =
√

(L∗
W − L∗

B)2 + (a∗
W − a∗

B)2 + (b∗
W − b∗

B)2 (4)

where the subscript “W” denotes the coordinates read on a
white background, and “B” on a black background.

The TP data was analyzed for normality and homoscedas-
ticity. Accordingly, two-way ANOVA was performed to test
the following factors: Material (UTML, STML, ML)  and Layer
(Enamel, Dentin), separately for each clinical indication (dif-
ferent thicknesses). The level of significance was set at 5%
(˛ = 0.05) and the power of the analysis at 80% (  ̌ = 0.8).

3.  Results

3.1.  Characterization

3.1.1.  Elemental  analysis  by  XRF
The yttrium content was similar among the 4 layers, yet
very distinct for each zirconia grade (Table 2). UTML showed
the highest yttrium content 7̃.55 wt%, which is equivalent to
5.4 mol% Y-PSZ; STML had 6̃.75 wt% Y, which is 4.8 mol% Y-PSZ;
and, ML  had the lowest content 5̃.2 wt%, which is 3.7 mol%
Y-PSZ (Table 3). The content of aluminum as a sintering aid
was also distinct among materials: UTML had no detectible

Al, STML had <0.01 wt% Al, and ML  had 0̃.06 wt% Al. Other
trace elements were detected, which are commonly used as
pigments, namely Fe, Ti, and so on. Regardless of material or

Table 3 – Yttria (Y2O3) content reported in various studies.

Harada et al. [11] Flinn et al. [12] Putra et al. [13] 

UTML 9.3 wt% – 10.1 wt%

STML 8.2 wt% – 8.9 wt%

ML – 10.9 wt% – 

a Calculated based on the elemental yttrium weight percent determined i
5 ( 2 0 1 9 ) 797–806

layer, 6̃0 wt% Zr, 3̃0 wt% O, and 1̃.3 wt% Hf were consistently
observed.

3.1.2.  Zirconia  phase  fractions  by  XRD  and  Rietveld
refinement
The X-ray diffractograms were identical for all 4 layers within
each material. Monoclinic peaks were not detected in any of
the materials and layers. Focusing between 34◦ and 36◦ and
72◦ and 75◦, UTML showed simultaneous peaks combining the
c-ZrO2 (200) and the 2 t-ZrO2 (002 and 110) peaks, or c-ZrO2

(004) and the 2 t-ZrO2 (004 and 400) peaks, respectively. In con-
trast, ML showed 1 c-ZrO2 peak in between 2 distinct t-ZrO2

peaks, as shown in Fig. 2. Similar zirconia phase fractions were
found for all layers using Rietveld refinement. However, the
zirconia grades presented considerable differences, with cubic
contents in accordance with yttria mol% and sintering temper-
atures: UTML 7̃5 wt% c-ZrO2, STML 7̃0 wt% c-ZrO2, ML  < 50 wt%
c-ZrO2 (Table 4).

3.1.3.  Microstructural  analysis  by  FE-SEM
Fig. 3 shows representative micrographs of the 3 zirconia
grades. Porosity was not observed in any of the zirco-
nias. Microstructures were in accordance with the yttrium
and cubic phase contents, with UTML having the biggest
grains and ML the smallest. Average grain size determined
by the linear intercept method confirmed these observa-
tions: UTML = 4.05 ± 0.85 �m,  STML = 2.81 ± 0.17 �m,  and ML
= 0.633 ± 0.029 �m (Table 5). Also, the standard deviation for
UTML was very large in accordance with the SEM images,
showing various grain sizes. In contrast, ML  had a small
standard deviation, which refers to a narrower grain size
distribution.

3.2.  Resistance  to  LTD

Although enamel and dentin layers have the same phase
contents within each zirconia, these layers have very dif-
ferent pigments that can interfere with the tetragonal grain
stability. Thus, specimens from both enamel and dentin
layers were subjected to accelerated LTD testing. The high
cubic-containing UTML and STML did not show any t → m
transformation after 12 h aging (Table 6). On the contrary, sig-
higher values in the dentin layer compared to enamel layer.
XRD patterns of each material before and after hydrothermal
aging for 12 h are shown in Fig. 4.

Inokoshi et al. [14] Camposilvan et al. [15] This studya

5̃.4  mol% >6 mol% 9.5 wt%
5.4 mol%

4̃.8  mol% – 8.5 wt%
4.8 mol%

– – 6.6 wt%
3.7 mol%

n this study (Table 2).

https://doi.org/10.1016/j.dental.2019.02.017
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Fig. 2 – XRD patterns of each layer for the 3 zirconia grades investigated. First row shows peaks at 35◦ (2�),  and second row
at 74◦ (2�).  Cubic (c) and tetragonal (t) peaks are identified in ML  spectra, since for UTML and STML the peaks are more
superimposed.

Table 4 – Zirconia phase fractions (wt%) reported in various studies.

Inokoshi et al. [14] Camposilvan et al. [15] This study

m-ZrO2 c-ZrO2 t-ZrO2 c-ZrO2 t-ZrO2 c-ZrO2 t-ZrO2

UTML 0.2 70.6 28.9 31.1 68.9 75 25
STML 0.4 59.9 39.5 – – 70 30
ML – – – – – 50 50

Note:  m-ZrO2, c-ZrO2, and t-ZrO2 refer to monoclinic, cubic, and tetragonal zirconia, respectively.

Fig. 3 – Representative FE-SEM micrographs for UTML, STML, and ML.

https://doi.org/10.1016/j.dental.2019.02.017
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Table 5 – Average grain size (�m)  reported in various studies.

Putra et al. [13] Inokoshi et al. [14] Camposilvan et al. [15] This study

UTML
3̃–5

1.7  ± 0.4 1.7 ± 0.3 4.1 ± 0.9
STML 1.1 ± 0.3 – 2.8 ± 0.2
ML – – – 0.6 ± 0.03

Table 6 – Comparison of the monoclinic content (vol%) in various zirconia materials after hydrothermal aging with other
studies.

0 h 5 h 12 h 50 h 100 h 150 h 200 h

Putra et al. [13]
UTML 0.4 1.1 – 2.4 1.4 – –
STML 1.7 2.2 – 8.5 8.1 – –

Flinn et al. [12] ML <5 <5 – 11 35 32 35

This Study

UTML
Enamel  0 – <1 – – – –
Dentin 0 – <1 – – – –

STML
Enamel 0 – <1 – – – –
Dentin 0 – <1 – – – –

ML
Enamel 0 – 11.5 – – – –
Dentin 0 – 18.0 – – – –

Both Putra et al. [13] and Flinn et al. [12] performed the LTD experiments at 134 ◦C, whereas the current study was conducted at 120 ◦C.

Fig. 4 – XRD patterns of the enamel and dentin layers of each zirconia grade after hydrothermal aging at 120 ◦C for 12 h. For
28◦ a
ML, arrows indicate the monoclinic diffraction peaks at 2� = 

3.3.  Translucency
The translucency parameter (TP) data are presented in Fig. 5a
and Table 7, whereas representative digital photographs are
shown in Fig. 5b. ML  showed significantly lower TP value
nd 32◦.

than UTML and STML at all thicknesses and layers (p < 0.001).

UTML and STML have no significant difference in translucency
(p > 0.16). Also, enamel and dentin layers have similar TP for
all materials (p > 0.062). 0.4 mm thickness showed the high-
est translucency for all materials, whereas 0.8 and 1 mm thick

https://doi.org/10.1016/j.dental.2019.02.017
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Fig. 5 – (a) Translucency parameter (average and standard deviation) for each of the clinical indications (thicknesses),
comparing various zirconia grades, as well as the enamel and dentin layers for each material. Lines link statistically similar
groups. (b) Digital photographs of the enamel and dentin plate-specimens on white and black backgrounds for each of the 3
t
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hicknesses.

pecimens were similar. The digital images show a marked dif-
erence in chroma for each pair of enamel and dentin (within

aterial and thickness), yet the background can be similarly
een through both ceramic plates (Fig. 5b).

.  Discussion

his study investigated the composition, microstructure, and

ranslucency of 3 grades of multi-layered dental zirconias.
rom XRF and XRD analyses, ML  showed the lowest yttrium
ontent along with the lowest cubic phase percentage, while
TML has the highest yttrium content, thus the highest cubic
phase percentage. Consequently, ML, STML and UTML could
be referred to as 3Y-, 4Y-, and 5Y-PSZ, respectively. These
findings are in accordance with previous studies showing
that an increase in yttrium content causes increased cubic
phase fraction [2,10,25,26]. Various studies report different
yttria contents for UTML, STML and ML [11–15] as shown in
Table 3 [11–15,27]. Most of the studies, however, have consis-
tent results with those found herein, with ML  having the least
and UTML having the most yttria (or yttrium) content. Only the

results of Flinn et al. [12] were contrary to our findings and the
above mentioned studies, showing that ML has a higher yttria
content than all the materials tested. Unfortunately, Flinn did

https://doi.org/10.1016/j.dental.2019.02.017
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Table 7 – Comparing translucency and transmittance rate with other studies.

UTML STML ML

0.4/0.5 mm

Harada et al. (Tt%) [11] 33.7 ± 0.1 31.7 ± 0.2 –
Inokoshi et al. (TP) [14] 36.7 ± 1.8 34.2 ± 0.7 –

This study (TP)
Enamel 42.2 ± 1.5 40.9 ± 1.9 33.5 ± 0.2
Dentin 41.0 ± 0.3 41.8 ± 0.9 32.4 ± 0.6

1 mm

Ueda  2015 (Tt%) [17]

Enamel – – 32.8 ± 1.5
T1 – – 31.2 ± 1.3
T2 – – 25.4 ± 1.3
Dentin – – 21.7 ± 1.1

Harada et al. (Tt%) [11] 23.4  ± 0.3 21.9 ± 0.1 –
Putra et al. (Tt%) [13] 23.4 ± 0.2 22.6 ± 0.1 –
Kwon et al. (�E00) [35] Enamel 8.3 – –

This study (TP)
Enamel 30.2 ± 0.3 30.5 ± 0.1 24.3 ± 0.9
Dentin 27.3 ± 0.2 30.2 ± 1.3 22.1 ± 1.4

e tra
ion. T
Tt% is designated as the total light transmittance (%). TP refers to th
refers to the translucency parameter calculated by the CIE2000 equat

not provide information on what test was used to determine
the yttria content. The test method may explain the differ-
ence in yttria content observed among studies. For instance,
Inokoshi et al. [14] and Camposilvan et al. [15] used XRD to
analyze the yttria content, whereas we used XRF to obtain the
elemental percentage of yttrium and then used that informa-
tion to calculate the yttria content. XRF is arguably the most
direct and accurate method for elemental analysis of ceramics
and glass. For each individual material, UTML, STML, and ML,
the same yttrium content and cubic fraction were observed in
the enamel and dentin layers. In addition, small differences
were observed in trace concentration of some elements, such
as Ti and Fe, which are used as pigments. As a result, accord-
ing to the manufacturer and our independent investigations,
the mechanical properties of the enamel and dentin layers
are very similar. This is true for all 3 grades of multi-layered
zirconia.

As mentioned above, the c-ZrO2 content increases with the
rise in yttria content. Two very recent studies [14,15] reported
contradictory results with regards to the phase fractions of
UTML (Table 4). The cubic and tetragonal fractions of UTML
and STML from Inokoshi et al. [14] were in agreement with
our study, whereas Camposilvan et al. [15] showed opposing
results. Focusing on the XRD pattern of each material, the 3
different patterns in each material identified the difference of
cubic content. UTML which contained the highest cubic phase
exhibited a broad peak, composed of 1 cubic and 2 tetragonal
peaks, corresponding to c-ZrO2 (200), and t-ZrO2 (002) and t-
ZrO2 (110) peaks. On the other hand, ML  which contained the
lowest cubic content displayed 3 separate peaks at the same
position as UTML and STML, with the c-ZrO2 (200) peak sit-
uated between the 2 t-ZrO2 (002) and (110) peaks. Our XRD
patterns were similar to those of Inokoshi et al. [14] study for
UTML and STML.

Moreover, looking at the microstructures obtained by FE-
SEM, it becomes apparent that UTML had the largest grain size
followed by STML and then ML.  These findings are in accor-
dance with the yttria content and cubic fraction, since cubic

grains are considerably larger than tetragonal grains. Previous
studies have also reported the grain sizes for these materi-
als (Table 5). Our results are in accordance with Putra et al.
study [13], but had a considerable difference from Inokoshi
nslucency parameter calculated by the CIEL*a*b* equation, and �E00

1 and T2 denote the transition layer 1 and 2, respectively.

et al. [14] and Camposilvan et al. [15]. However, those authors
did mention that some of UTML grains were bigger than 3 �m
along with the most recent study by Pereira et al. [16] whom
described the UTML grains being 5 �m in length. Nevertheless,
none of the studies reported the presence of porosity in these
materials.

From the aspect of LTD, ML which had the lowest yttrium
content as well as the lowest cubic content and the highest
tetragonal content showed phase transformation to mono-
clinic after hydrothermal aging at 120 ◦C for 12 h. For UTML and
STML, which had a higher yttrium content resulting in a higher
cubic phase content, did not show any phase transformation
after aging. In theory, 1 h of hydrothermal aging at 134 ◦C is
correlated to 3–4 years in vivo [28]. Based on this analysis, the
current study which employed 12 h but 120 ◦C could simulate
at least 30 years in vivo. Giving the small amount of m-ZrO2

phase in ML and no detectable phase transformation in STML
and UTML, LTD should not be a major concern for the clini-
cal use of these multi-layered zirconia materials. Even though
the yttrium content and tetragonal fraction of ML  were simi-
lar across the layers, the dentin layer was more  susceptible to
LTD than the enamel layer. This could be explained by different
color pigments in the material giving different LTD behaviors
[29,30]. ML had Fe additives in its dentin layer whereas the
enamel layer did not.

Due to concerns of LTD, previously occurred in hip replace-
ments, several studies have focused on this issue [1,31,32].
Putra et al. [13] found that UTML was not susceptible to LTD
due to the fact that no monoclinic phase was revealed even
after hydrothermal aging at 134 ◦C for 100 h and STML showed
an increase of the monoclinic phase after 50 h. Flinn et al.
[33] studied the effect of hydrothermal degradation on flexural
strength of the material and found that even ML  showed an
increase of monoclinic fraction (1̃1%) in the material after 50 h
and reached to 35% after 100 h but the strength of the material
remained virtually unchanged. However, any in vitro observa-
tion needs to be carefully assessed due to the environment
of oral cavity is very different compared to that employed in

in vitro experimentations [12]. Comparing to our study which
used 12 h at a relatively low temperature (120 ◦C), our results
were similar to Flinn et al. [12] at 50 h in ML.  However, Putra
et al. [13] reported higher values of the monoclinic fraction

https://doi.org/10.1016/j.dental.2019.02.017
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han us in both STML and UTML at 0 h and even at 5 h, which
as much less than the current study (12 h). In addition, Flinn

t al. [12] revealed that the flexural strength of ML remained
naffected by any aging duration, whereas Putra et al. [13]
eported minimal effects on translucency properties could be
ound in UTML and STML after hydrothermal aging.

Regarding the Translucency Parameter (TP), we  observed
hat UTML and STML have quite similar translucency, whereas
L had significantly lower TP values for any thickness and

ayer. These findings are in accordance with the higher yttria
ontent in UTML and STML, causing higher cubic content and
arger grain size, which are known to result in lower strength
ut higher translucency [2]. This is because c-ZrO2 is optically

sotropic, which can successfully circumvent the birefringent
ight scattering in t-ZrO2 [10]. On the other hand, a larger grain
ize can effectively reduce the number of grain boundaries in
he materials, thus reducing the grain boundary light scat-
ering [10]. In addition to the yttria content, higher sintering
emperature can also give rise to higher cubic content and
arger grain size [2]. Our samples were sintered at 1500 ◦C for

L and 1550 ◦C for UTML and STML. Other factors that affect
he translucency are residual pores and impurities [10,34,35].
ores and impurities create volumes of different refractive
ndices which lead to light scattering [10]. This was confirmed
y Putra et al. [13] showing a material (Bruxir) with many  pores
ad significantly lower total transmittance rate (Tt%), despite
aving similar grain size to that of UTML and STML.

A previous study has shown that a small amount of Al2O3

dditives can effectively prevent LTD of zirconia [36]. How-
ver, the same Al2O3 gives material an opaque appearance
36]. For high-translucency zirconias, the present study found
hat UTML has no Al2O3 additives while ML possesses the
ighest content of Al2O3 among the 3 materials. This can be
xplained by the fact that the cubic phase which is the pre-
ominant phase of UTML is more  resistant to LTD. In contrast,
L  had more  tetragonal and less cubic phases with a higher

mount of Al2O3, showing a higher content of monoclinic
hase in LTD samples and less translucency than both UTML
nd STML. Several studies have investigated the translucency
roperties of these multi-layered zirconias (Table 7). Inokoshi
t al. [14] measured the TP of UTML and STML. Their samples
ere 0.5 mm thick, and the TP values fall in the range of our

tudy, for 0.4 and 0.8 mm thick samples. However, Inokoshi did
ot provide information on which layer was used to measure
ranslucency. Kwon et al. [35] also measured the TP,  yet the
IEDE2000 equation was used instead of the CIEL*a*b* equation

23]. Other studies used different translucency test methods,
hus different values are expected.

.  Conclusions

 UTML has the highest yttria content along with a high cubic
phase fraction, followed by STML and then ML.

 ML  shows the lowest translucency amongst the 3 materials
and there is no significant difference between UTML and

STML.

 Only pigment composition is different between the enamel
and dentin layers of each material, resulting in obviously
different color but no significant difference in translucency.
( 2 0 1 9 ) 797–806 805

• Only ML presented t → m transformation after hydrother-
mal  aging for 12 h, with the dentin layer showing a higher
monoclinic fraction than enamel.
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