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Abstract

Background/Objectives: This in-vitro study aimed to evaluate the effects of hydrothermal
aging on translucency, phase transformation, surface topography, surface hardness, and
biaxial flexural strength. Methods: Three multilayered zirconia materials (Katana Zirconia,
Kuraray Noritake), namely Ultra Translucent Multi-Layered (UTML), Super Translucent
Multi-Layered (STML), and Multi-Layered (ML), were evaluated. Each material was di-
vided into control, 5-h, and 10-h hydrothermal aging groups. A total of 81 specimens (n =9
per subgroup) were evaluated. The specimens were evaluated using spectrophotometry,
XRD, SEM, Vickers hardness, and biaxial flexural strength tests. Data were analyzed using
two-way ANOVA and three-way mixed-design ANOVA, followed by Tukey’s post-hoc test
(e =0.05). Results: Material type (p < 0.001), hydrothermal aging duration (p = 0.023), and
measurement time (p < 0.001) significantly affected translucency. A significant interaction
between aging duration and measurement time was also observed (p = 0.002), with a
greater reduction in TP after 10 h than after 5 h of aging. Hydrothermal aging did not
significantly affect Vickers hardness (p > 0.05), whereas material type had a significant effect
(p < 0.05), with UTML exhibiting significantly higher hardness than ML. Hydrothermal
aging increased the monoclinic phase content in all materials, with ML showing the greatest
transformation. Biaxial flexural strength was significantly affected by material type and
aging duration (p < 0.05), with ML exhibiting the highest strength and an overall increase
following aging. Conclusions: Hydrothermal aging significantly reduced the translucency
of the multilayered zirconia materials. Phase transformation was more pronounced in
ML than in UTML and STML. ML exhibited the highest biaxial flexural strength, whereas
UTML showed the lowest. Overall, hydrothermal aging increased biaxial flexural strength,
although the response varied among materials.

Keywords: monolithic zirconia; low-temperature degradation; hydrothermal aging;
translucency; phase transformation; biaxial flexural strength; vickers hardness

1. Introduction

Zirconia has become a widely used material for full-contour monolithic restorations
due to its superior mechanical properties compared with other dental ceramic systems. In
addition to its high mechanical performance, zirconia exhibits favorable esthetic properties,
biocompatibility, radiopacity, chemical stability, low corrosion potential, and dimensional
stability, making it a suitable material for a wide range of clinical applications [1-3]. Among
zirconia-based ceramics, yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) has been
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widely used in dentistry because the addition of yttria stabilizes the tetragonal phase at room
temperature and contributes to its favorable mechanical properties [2]. Traditionally, Y-TZP
was used as a framework material veneered with translucent feldspathic porcelain to fabri-
cate bilayered zirconia restorations [4]. However, chipping of the porcelain veneer is one of
the most frequent complications associated with bilayered zirconia restorations, leading to
a shift toward monolithic zirconia restorations [5,6]. Recently developed translucent mono-
lithic zirconia materials provide improved optical properties while maintaining mechanical
performance suitable for a wide range of anterior and posterior restorations [7]. Com-
pared with conventional 3 mol% yttria-stabilized tetragonal zirconia polycrystal (3Y-TZP),
newer generations containing approximately 4 and 5 mol% yttria (4Y-PSZ and 5Y-PSZ)
have been developed to improve translucency by modifying their phase composition and
microstructure [8]. Increasing the yttria content generally increases the proportion of op-
tically favorable phases and improves translucency; however, this improvement may be
accompanied by a reduction in transformation toughening and flexural strength, resulting
in a trade-off between optical and mechanical properties [8].

Y-TZP can undergo a tetragonal-to-monoclinic (t— m) phase transformation under
mechanical stress, accompanied by a local volume expansion that generates compressive
stresses around crack tips and thereby contributes to crack resistance [9,10]. However, the
tetragonal-to-monoclinic transformation may also occur spontaneously during exposure to
moisture at relatively low temperatures, a phenomenon known as low-temperature degra-
dation (LTD) or hydrothermal aging [10,11]. The susceptibility of dental zirconia to LTD
is influenced by several material- and processing-related factors, including yttria content,
grain size, residual stresses, surface treatment, and sintering conditions [12]. Current
evidence indicates that susceptibility to hydrothermal degradation differs among zirconia
generations, with predominantly tetragonal zirconia showing greater t— m transformation,
whereas zirconia with a higher content of transformation-resistant phases generally exhibits
greater phase stability during aging [13]. As the phase transformation progresses, inter-
granular microcracks may develop, potentially compromising the mechanical integrity of
the material [14]. To improve phase stability and reduce spontaneous t— m transformation,
stabilizing oxides are incorporated into zirconia, with yttrium oxide (Y,03;) commonly
used as a stabilizer in dental zirconia [15,16].

Conventional dental zirconia is predominantly based on 3 mol% yttria-stabilized
tetragonal zirconia polycrystal (3Y-TZP), which provides high mechanical strength and
transformation-toughening capability but has relatively limited translucency [8]. To im-
prove optical properties, newer zirconia compositions with higher yttria contents, par-
ticularly 4Y-PSZ and 5Y-PSZ, have been developed, resulting in modifications of phase
composition and microstructure that enhance translucency but may reduce mechanical
strength [8]. Accelerated hydrothermal aging at 134 °C and 0.2 MPa has therefore been
widely used to investigate the aging behavior of dental zirconia, with 5- and 10-h expo-
sure periods employed to evaluate progressive changes in phase composition, surface
characteristics, and mechanical properties [17].

Previous studies have reported variable effects of hydrothermal aging on translucent
zirconia, particularly regarding changes in optical and mechanical properties. Although
aging-induced phase transformation and changes in translucency have been widely reported,
the influence of hydrothermal aging on mechanical properties remains less consistent across
different zirconia compositions and aging conditions [17,18].

Accordingly, this study aimed to provide an integrated evaluation of the effects of
hydrothermal aging on multilayer translucent monolithic zirconia ceramics using comple-
mentary optical, microstructural, and mechanical analyses.
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The null hypothesis was that hydrothermal aging would have no significant effect
on the translucency parameter (TP), phase transformation, Vickers hardness, or biaxial
flexural strength of the evaluated monolithic zirconia materials.

2. Materials and Methods
2.1. Specimen Preparation

Three commercially available presintered monolithic zirconia blocks—Ultra Translu-
cent Multi-Layered (UTML), Super Translucent Multi-Layered (STML), and Multi-Layered
(ML)—from the Katana Zirconia system (Kuraray Noritake Dental Inc., Tokyo, Japan) were
used in this study. The presintered zirconia blocks were 98 mm in diameter and 18 mm
in thickness.

Based on the compositional analysis reported by Kolakarnprasert et al. [19], UTML,
STML, and ML were classified as approximately 5Y-PSZ, 4Y-PSZ, and 3Y-PSZ, respectively.
The corresponding yttria contents reported in that study were approximately 5.4, 4.8, and
3.7 mol%, respectively.

All disc-shaped specimens were positioned horizontally at the midpoint of the 18-mm-
thick multilayer zirconia blanks during CAD/CAM milling, with their flat surfaces parallel to
the layering planes. The same positioning and orientation were maintained for all specimens
to standardize the sampling location within the multilayer structure. All measurements
were performed on the same designated surface of the specimens to ensure consistency in
surface orientation across the experimental groups.

Following CAD/CAM milling, the presintered zirconia specimens underwent final
sintering according to the manufacturer’s recommended sintering protocol.

A total of 81 disc-shaped specimens were fabricated using a CAD/CAM milling system
(Redon Hybrid, Redon Technology, Istanbul, Turkey) in accordance with ISO 6872 stan-
dards [20]. The sample size calculation indicated that nine specimens per material-aging
subgroup (n = 9) would provide adequate statistical power for the experimental design
at an « level of 0.05. Following sintering, the final specimen dimensions were 15 mm in
diameter and 1.2 mm in thickness. Sintering was performed according to the manufac-
turer’s standard sintering program, using a heating rate of 10 °C/min to a final sintering
temperature of 1550 °C for UTML and STML and 1500 °C for ML. The specimens were held
at the final sintering temperature for 120 min, followed by controlled cooling at a rate of
10 °C/min.

Following sintering, the specimens were maintained in their as-sintered condition
without additional grinding, polishing, or airborne-particle abrasion. Subsequently, the
specimens were cleaned in an ultrasonic bath containing distilled water for 60 s and air-dried
before testing.

2.2. Measurement of Translucency Parameters

Translucency was evaluated using a spectrophotometer (Vita EasyShade, Vita Zah-
nfabrik, Bad Sidckingen, Germany). For the 5 h and 10 h hydrothermal aging groups,
translucency measurements were performed on the same specimens before and after aging.
Each sample was measured three times against black (L* = 37.4, a* = —0.5, b* = 0.6) and
white (L* = 89.0, a* = 1.0, b* = 1.1) backgrounds.

A total of 54 specimens (1 = 9 per material-aging duration subgroup) were included in
the translucency analysis, with paired measurements obtained before and after hydrothermal
aging.

Translucency measurements obtained before hydrothermal aging served as baseline
values for each specimen. The same specimens were remeasured after 5 or 10 h of aging,
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allowing paired within-specimen comparisons. Therefore, the translucency analysis focused
on changes from baseline rather than comparisons with a separate non-aged control group.

The translucency parameter (TP) was calculated from the CIELAB color differences
in each specimen measured against the white and black backgrounds using the following
equation [21]:

TP = [(LY — L%)? + (@% — a%,)? + (bey — b%,)2]172
(» = black background, ,, = white background)

where the subscripts , and ,, represent measurements obtained against the black and white
backgrounds, respectively. A TP value of 0 indicates complete opacity, whereas higher TP
values indicate greater translucency [21].

2.3. Hydrothermal Aging Process

Each material group was divided into three subgroups according to the hydrothermal
aging duration: control (no aging), 5 h, and 10 h. Hydrothermal aging was performed in
an autoclave (Getinge GE 6610, Getinge Sterilization AB, Getinge, Sweden) using distilled
water at 134 °C and 0.2 MPa, following the hydrothermal aging conditions specified in ISO
13356 [22]. This protocol was used as an accelerated hydrothermal aging method to induce
low-temperature degradation. The 5- and 10-h aging periods were selected to evaluate the
time-dependent progression of hydrothermal degradation and to enable comparison with
previous studies using similar aging protocols [17]. Based on commonly cited theoretical
estimates, 1 h of autoclave aging at 134 °C has been suggested to correspond to approximately
3—4 years of in vivo aging; therefore, 5 and 10 h may theoretically represent approximately
15-20 and 3040 years of aging, respectively [10].

2.4. X-Ray Diffraction (XRD) Analysis

Eight specimens from each of the nine experimental subgroups were subjected to
XRD analysis (1 = 8 per subgroup; 72 specimens in total). The phase composition of
the zirconia specimen surfaces was analyzed by X-ray diffraction (XRD) using an X-ray
diffractometer (SmartLab, Rigaku Corporation, Akishima, Japan). XRD patterns were
recorded over a 26 range of 20—40°, with a step size of 0.02° and a counting time of 3 s
per step. The relative monoclinic phase fraction (XM) was calculated from the integrated
intensities of the monoclinic and tetragonal diffraction peaks using the Garvie and Nicholson
method [23], as follows:

Xog = [ Iy (—=111) + Iyy (111)]/[ Iy (=111) + Iy (111) + Iy (101)]

where I; (—111) and I; (111) represent the integrated intensities of the monoclinic peaks
at 26 = 28.2° and 31.5°, respectively, and I (101) represents the integrated intensity of the
tetragonal peak at 20 = 30°.

2.5. Scanning Electron Microscope Analysis (SEM)

One specimen from each experimental subgroup was allocated to SEM examination
(n =1 per subgroup; nine specimens in total). SEM analysis was performed to evaluate
surface morphology and microstructural changes in the specimens. Prior to SEM exami-
nation, the specimens were sputter-coated with a thin layer of gold using a sputter coater
(5C7620, Quorum Technologies, Newhaven, UK) to provide electrical conductivity. The
specimens were examined using a scanning electron microscope (JSM-6610, JEOL, Peabody,
MA, USA) at an accelerating voltage of 2.0 kV. Surface morphology was documented at
magnifications of x100 and x2000.
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2.6. Vickers Surface Hardness Analysis

Vickers hardness was measured using a hardness tester (TMTeck HV, Beijing, China)
under a load of 9.8 N with a dwell time of 15 s. For each specimen, three Vickers indentations
were made at different locations on the surface under the specified testing conditions
(Figure 1). The three indentation values were averaged to obtain one specimen-level
hardness value for statistical analysis (# = 9 specimens per subgroup; 81 specimen-level
values in total).

Figure 1. Microscopic image of Vickers hardness indentations. The tip of the red arrow indicates a
Vickers indentation.

2.7. Biaxial Flexural Strength (BES) Analysis

Biaxial flexural strength (BFS) testing was performed using a universal testing machine
(Instron 3340, Instron, Wycombe, UK) at a crosshead speed of 1 mm/min. The maximum
load at fracture was recorded in Newtons (N) and subsequently used to calculate the BFS in
megapascals (MPa). The BFS test setup was configured according to ISO 6872 [20]. Three
steel balls, each 3.4 mm in diameter, were positioned at equal intervals on a 10-mm-diameter
support circle. Each specimen was concentrically positioned on the three supporting balls,
and the load was applied to the center of the specimen using a cylindrical loading tip with
a diameter of 1.4 mm.

Biaxial flexural strength was calculated according to ISO 6872 using the following
equation [20]:

S = —0.2387P (X — Y)/d?. where S is the biaxial flexural strength (MPa), P is the
fracture load (N), and d is the specimen thickness (mm). The parameters X and Y were
calculated as follows:

X=1+v)In(ry/r3)? + [(1 = v)/2] (ra/15)?
Y=(1+v)[1+1In(r/r3)?] + (1 =v) (r1/13)?
where v is Poisson’s ratio (0.25), r; is the radius of the support circle, r, is the radius of the

loaded area, and r; is the radius of the sample [24].

2.8. Statistical Analysis

For the TP analysis, material type (UTML, STML, and ML) and aging duration (5 h and
10 h) were considered between-subject factors, whereas measurement time (before and after
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hydrothermal aging) was treated as a within-subject factor. The TP data were analyzed using a
three-way mixed-design analysis of variance (ANOVA), whereas Vickers hardness, monoclinic
phase fraction, and biaxial flexural strength data were analyzed using two-way ANOVA.
Tukey’s multiple comparison test was used for post-hoc comparisons where appropriate.
TP and Vickers hardness analyses were recalculated using Python (version 3.10; Python
Software Foundation, Wilmington, DE, USA) with the statsmodels library (version 0.13.5);
the remaining statistical analyses were performed using IBM SPSS Statistics 20 (SPSS v20.0;
SPSS Inc., Chicago, IL, USA). Statistical significance was set at p < 0.05.

3. Results
3.1. Translucency Parameter (TP) Values

Three-way mixed-design ANOVA revealed significant main effects of material type
(p < 0.001), aging duration (p = 0.023), and measurement time (p < 0.001) on TP values.
Among the two-way interactions, only the interaction between aging duration and mea-
surement time was statistically significant (p = 0.002). The interactions between material
type and measurement time (p = 0.132), material type and aging duration (p = 0.150), and
the three-way interaction (p = 0.279) were not statistically significant (Table 1).

Table 1. Descriptive statistics and three-way mixed-design ANOVA results for the translucency param-
eter (TP) of monolithic zirconia materials. (A) Material-specific TP values and post-hoc comparisons.
(B) ANOVA main effects and interactions. (C) TP values before and after hydrothermal aging.

(A) Overall TP values by zirconia material

Material Mean TP + SD
UTML 7.928 2 £ 0.365
STML 7.255° +0.472
ML 6.910° + 0.458
(B) Three-way mixed-design ANOVA for TP
Source of variation df F p
Material 2.48 28.82 <0.001
Aging duration 1.48 5.55 0.023
Measurement time 1.48 133.93 <0.001
Material x Aging duration 2.48 1.97 0.150
Material x Measurement time 2.48 212 0.132
ing durtin «
Material x Aging duration x 5 48 131 0.279

Measurement time

(C) TP changes by aging duration

Aging duration Before aging After aging Mean change
5h 8.004 6.987 -1.017
10h 8.155 6.311 —1.845

Values are presented as mean * standard deviation of specimen-level averages across measurement times. Different
superscript letters indicate significant differences between materials (Tukey-adjusted p < 0.05); STML versus ML
was not significant (p = 0.054). Measurement time was a within-subject factor; material and aging duration were
between-subject factors. df: numerator and denominator degrees of freedom. Values are means across the three
materials (n = 27 specimens per aging-duration group); mean change = after — before.
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Tukey-adjusted pairwise comparisons showed that UTML had significantly higher TP
values than STML and ML (p < 0.001), whereas the difference between STML and ML was
not statistically significant (p = 0.054). UTML exhibited the highest overall mean TP value
(7.928 £ 0.365), followed by STML (7.255 £ 0.472) and ML (6.910 + 0.458).

Hydrothermal aging duration significantly affected TP values (p = 0.023). The over-
all mean TP values were 7.495 and 7.233 in the 5 h and 10 h aging groups, respectively.
A significant interaction between aging duration and measurement time was observed
(p = 0.002). The mean TP decreased from 8.004 to 6.987 in the 5 h group and from 8.155 to
6.311 in the 10 h group, indicating a greater reduction in translucency following prolonged
hydrothermal aging.

3.2. Vickers Surface Hardness Values (HV)

Two-way ANOVA based on specimen-level mean Vickers hardness values (n = 81)
revealed a significant effect of material type (p < 0.05), whereas hydrothermal aging duration
(p > 0.05) and the interaction between material type and aging duration (p > 0.05) were
not statistically significant (Table 2).

Table 2. Two-way Variance Analysis of Vickers Surface Hardness Values.

Source of
Variation Sum of Squares (SS) Degrees of Freedom (df) Mean Square (MS) F p
Intercept 144,060,513.023 1 144,060,513.023 2075.946  <0.001
Material 836,225.804 2 418,112.902 6.025 0.0038
Aging 40,682.654 2 20,341.327 0.293 0.7468
Material x Aging 290,310.479 4 72,577.620 1.046 0.3897
Error 4,996,447 .950 72 69,395.110 — —
Total 150,224,179.910 81 — — —
Tukey HSD comparisons showed significantly higher mean Vickers hardness for UTML
(1469.97 @ + 310.87 HV) than for ML (1226.18 P + 247.47 HV) (p < 0.05). No significant
differences were observed between UTML and STML (1304.70 ®* + 216.84 HV) or between
STML and ML (p > 0.05).
3.3. XRD Analysis
Two-way ANOVA revealed significant effects of both aging time and material type on
the monoclinic phase fraction (p < 0.05). A significant interaction between aging time and
material type was also observed (p < 0.05) (Table 3).
Table 3. Two-way ANOVA of Monoclinic Phase Fraction.
Source of
Variation Sum of Squares (SS) Degrees of Freedom (df) Mean Square (MS) F p
Intercept 0.462882 1 0.462882 2285.413  <0.001
Aging 0.101022 2 0.050511 249.391 <0.001
Material 0.263723 2 0.131861 651.047  <0.001
Aging x Material 0.141808 4 0.035452 175.039  <0.001
Error 0.012760 63 0.000203
Total 0.982195 72

Post-hoc Tukey HSD analysis revealed significant differences in the monoclinic phase
fraction among the aging-time groups (p < 0.05). The mean monoclinic phase fraction
increased from 0.032 @ + 0.001 in the control group to 0.085  + 0.014 after 5 h and
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0.124 © £ 0.023 after 10 h of hydrothermal aging. The mean monoclinic phase fraction
was 0.032 2 + 0.001 for UTML, 0.043 ® + 0.003 for STML, and 0.166 ¢ + 0.021 for ML.

Compared with the control group, hydrothermal aging for 5 and 10 h increased the
mean monoclinic phase fraction in all material groups, with the greatest increase observed
in the ML group (Figures 2—4).
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Figure 2. (a) XRD graph of the UTML control group; (b) XRD graph of the UTML 5-h aging group;
(¢) XRD graph of the UTML 10-h aging group.
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Figure 3. (a) XRD graph of the STML control group; (b) XRD graph of the STML 5-h aging group;
(¢) XRD graph of the STML 10-h aging group.
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Figure 4. (a) XRD graph of the ML control group; (b) XRD graph of the ML 5-h aging group; (¢) XRD
graph of the ML 10-h aging group.

3.4. Scanning Electron Microscopy (SEM) Analysis

In the UTML groups, hydrothermally aged specimens exhibited more pronounced
surface irregularities, including pits and grooves, whereas the control specimens showed
comparatively smoother surfaces. After 5 h of hydrothermal aging, the UTML specimens
exhibited a relatively homogeneous surface morphology with shallow depressions and
protrusions, whereas after 10 h, the surface appeared more heterogeneous, with more
pronounced morphological irregularities (Figure 5).

In the STML groups, the control and 5-h aged specimens exhibited generally com-
parable surface morphologies, with relatively homogeneous surfaces and only limited
localized irregularities, whereas the 10-h aged specimens showed a more heterogeneous
surface morphology characterized by more pronounced and localized surface irregularities
(Figure 6).
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Figure 5. Cont.
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Figure 5. SEM images of the UTML group. (a) control, x2000; (b) control, x100; (c) 5-h aging, x2000;
(d) 5-h aging, x100; (e) 10-h aging, x2000; (f) 10-h aging, x100.
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Figure 6. SEM images of the STML group. (a) control, x2000; (b) control, x100; (c¢) 5-h aging, x2000;
(d) 5-h aging, x100; (e) 10-h aging, x2000; (f) 10-h aging, x100.

In contrast to the UTML and STML groups, the ML specimens exhibited a different
morphological response to hydrothermal aging, with a progressively more homogeneous
surface appearance as the aging duration increased (Figure 7).

X2,000  10pm  — x100 100pm  —

@) | (b)

x2,000 10pm — SEI x100 100pm  —

(©) - @)

x2,000 10pm — SEI

Figure 7. SEM images of the ML group. (a) control, x2000; (b) control, x100; (c) 5-h aging, x2000;
(d) 5-h aging, x100; (e) 10-h aging, x2000; (f) 10-h aging, x100.
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3.5. Biaxial Flexural Strength Test

Two-way ANOVA revealed significant effects of both aging time (p = 0.003) and
material type (p < 0.001) on BFS values, as well as a significant interaction between aging
time and material type (p = 0.006) (Table 4).

Table 4. Two-way Variance Analysis of Biaxial Flexural Strength Values.

Source of

Variation Sum of Squares (SS) Degrees of Freedom (df) Mean Square (MS) F p
Intercept 1,212,763.799 1 1,212,763.799 4.883 x10°  <0.001
Aging 3110.388 2 1555.194 6.262 0.003
Material 62,533.933 2 31,266.966 125.896  <0.001
Aging x Material 3912.055 4 978.014 3.938 0.006
Error 17,881.616 72 248.356
Total 1,300,201.790 81

Post-hoc Tukey HSD analysis was performed to evaluate pairwise differences in BFS val-
ues among the hydrothermal aging groups. The mean BFS values were 114.63 # £+ 4.98 MPa
in the control group, 122.66 ® * 7.31 MPa after 5 h of hydrothermal aging, and
129.80 P + 6.47 MPa after 10 h of aging. The 10-h aging group exhibited a significantly
higher BFS value than the control group (p < 0.05), whereas the 5-h aging group did not
differ significantly from either the control or 10-h aging group (p > 0.05).

Post-hoc Tukey HSD analysis revealed significant differences in BFS values among
the material groups (p < 0.05). The mean BFS values were 91.84 # £ 2.58 MPa for UTML,
116.19 ® + 2.37 MPa for STML, and 159.06 € + 3.82 MPa for ML, with significant differences
observed among all three material groups (p < 0.05).

Among the materials, ML exhibited the highest mean BFS value, whereas UTML
exhibited the lowest. Overall, BFS values showed an increasing trend with prolonged
hydrothermal aging; however, the magnitude and pattern of this change varied among the
materials, with the UTML group showing no increase after 5 h of aging.

4. Discussion

High-translucency monolithic zirconia restorations, particularly those based on zirco-
nia compositions with increased yttria content such as 4Y-PSZ and 5Y-PSZ, have gained
increasing clinical relevance because compositional modifications that increase the propor-
tion of optically favorable phases can improve light transmission and esthetic performance
compared with conventional 3Y-TZP. However, these compositional changes also modify
the phase constitution, microstructure, and transformation capability of zirconia, resulting
in a balance between improved translucency and mechanical performance [8].

Despite these advances, direct exposure of monolithic zirconia restorations to the
humid oral environment remains clinically relevant because zirconia may undergo
low-temperature degradation (LTD), a hydrothermally driven process associated with
tetragonal-to-monoclinic (t— m) phase transformation. The susceptibility and progression
of LTD are strongly influenced by material-related factors, particularly stabilizer type and
concentration, grain size, residual stresses, and microstructural characteristics; consequently,
zirconia materials with different yttria contents may exhibit substantially different responses
to hydrothermal aging [12].

Accordingly, the present study investigated the effects of hydrothermal aging on the
optical, microstructural, and mechanical properties of multilayer translucent monolithic
zirconia materials with different yttria contents. The findings demonstrated that the effects
of hydrothermal aging varied according to both the material type and the property evalu-
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ated. Hydrothermal aging significantly affected translucency, monoclinic phase fraction,
and biaxial flexural strength, whereas no significant effect was observed on Vickers hard-
ness. Material type, however, significantly influenced all evaluated properties, including
translucency, monoclinic phase fraction, Vickers hardness, and biaxial flexural strength.
Therefore, the null hypothesis that hydrothermal aging would have no significant effect on
the evaluated properties was partially rejected.

The esthetic performance of monolithic zirconia restorations is strongly influenced by
their optical properties, particularly translucency, which is closely related to the interaction
of light with the phase composition and microstructure of zirconia [25]. Translucency refers
to the ability of a material to transmit light while allowing a certain degree of light scattering
and is therefore an important determinant of the esthetic appearance of dental restorations
and their ability to reproduce the optical characteristics of natural teeth [25,26].

The translucency of monolithic zirconia is determined by a complex interaction among
compositional, microstructural, and processing-related factors. Compositional character-
istics, including yttria content [2,27], phase constitution [16], additives [16,28,29], and
impurities [30], can influence the interaction of light with the zirconia microstructure. Mi-
crostructural features such as grain size [31], grain boundaries [16,29,31], porosity and
structural defects [32], and birefringence [33] can further modify light transmission and
scattering [34,35]. In addition, the degree of sintering [36] and sintering conditions [36,37]
contribute to the final optical behavior of zirconia. These optical properties may also be
modified by hydrothermal aging through aging-induced changes in the phase composition
and microstructure [25,38].

Following hydrothermal aging, changes in the translucency parameter (TP) may
vary according to aging duration and material-specific characteristics, including chemical
composition, phase constitution, grain size, porosity, surface characteristics, and specimen
thickness [38]. These factors may influence the extent to which aging-induced phase and
microstructural alterations modify light transmission and scattering, which may explain
the variability in translucency changes reported among different zirconia materials and
aging protocols [38].

In the present study, hydrothermal aging significantly affected the translucency of the
tested zirconia materials, with a greater reduction in TP observed after 10 h than after 5 h of
aging. The mean TP value decreased from 8.004 to 6.987 in the 5 h group and from 8.155 to
6.311 in the 10 h group. This finding indicates that prolonged hydrothermal exposure may
progressively reduce light transmission through multilayer translucent zirconia. Aging-
related changes in optical behavior have been reported for multilayer zirconia materials,
although the magnitude and direction of these changes appear to depend on material
composition, microstructure, and aging conditions [17,38].

In the present study, material type significantly influenced translucency, with UTML
exhibiting the highest mean TP value, followed by STML and ML. This material-dependent
difference may be primarily related to variations in yttria content and phase constitu-
tion, as increasing yttria content alters the relative proportions of tetragonal and cubic
phases and reduces birefringence-related light scattering, thereby contributing to improved
translucency [19,25]. The higher mean translucency values observed for UTML and STML
compared with ML are consistent with the findings of Kolakarnprasert et al. [19], who
reported that UTML and STML exhibited greater translucency than ML. However, unlike
the present study, in which UTML exhibited significantly higher translucency than STML,
Kolakarnprasert et al. [19] found no significant difference in translucency between these
two materials. This discrepancy suggests that yttria content and cubic phase fraction alone
may not fully determine the optical behavior of multilayer zirconia, and that differences
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in grain size, pigment composition, specimen thickness, and experimental conditions may
also contribute to the observed translucency [19,25].

The aging-related decrease in translucency observed in the present study may also
be associated with the concurrent changes in phase composition. XRD analysis demon-
strated a progressive increase in the monoclinic phase fraction with hydrothermal aging,
suggesting that the aging-induced tetragonal-to-monoclinic (t— m) transformation may
have contributed to the observed reduction in TP. The formation of the monoclinic phase,
together with aging-induced microstructural alterations, may increase optical heterogeneity
and light scattering within the material, thereby reducing light transmission [38,39].

Specimen thickness is another important factor that may influence both baseline translu-
cency and the magnitude of translucency changes induced by hydrothermal aging. Ab-
delbary et al. [40] reported that 0.5-mm-thick zirconia specimens exhibited a significant
reduction in TP after 5 h of hydrothermal aging, whereas thicker specimens ranging from
0.8 to 1.2 mm were not significantly affected. This finding is consistent with evidence
indicating that thinner zirconia specimens may exhibit greater aging-related changes in
translucency [38]. In contrast, the present study demonstrated a significant reduction in TP
in 1.2-mm-thick specimens, suggesting that aging-related translucency changes may also
depend on material-specific characteristics and experimental conditions. Walczak et al. [41]
similarly reported a reduction in translucency after 5 h of autoclave aging, although the
magnitude of the change varied among the zirconia materials tested. Putra et al. [4] further
demonstrated that, in 1-mm-thick specimens, the direction and magnitude of aging-related
changes in total transmittance varied among zirconia materials. Collectively, these findings
indicate that the optical response of zirconia to hydrothermal aging cannot be attributed
to aging duration alone but is influenced by the interaction among specimen thickness,
material composition, and microstructural characteristics [4,39-41].

The effect of hydrothermal aging on zirconia translucency also appears to be time-
dependent, although the relationship is not necessarily linear. A systematic review and
meta-analysis reported that aging duration contributed to variations in the optical response
of monolithic translucent Y-TZP; however, the pooled results suggested that translucency
was generally stable following hydrothermal aging at 134 °C and 0.2 MPa for periods of
up to 20 h [42]. This finding differs partly from the present results, in which a greater
reduction in TP was observed in the 10 h aging group than in the 5 h group, suggesting
that even relatively short aging periods may produce detectable optical changes depending
on the composition and microstructure of the zirconia material. Nevertheless, although
the reduction in TP observed in the present study was statistically significant, its clinical
relevance should be interpreted with reference to established perceptibility and acceptability
thresholds for changes in translucency [38,42].

Variations in the chemical composition of zirconia, particularly in Y,0;, Al,O;, and
other oxide contents, may contribute not only to differences in translucency but also to varia-
tions in susceptibility to hydrothermal degradation [38,43,44]. In addition to the stabilizing
effect of Y,0; on phase constitution, minor oxide additives may modify grain-boundary
chemistry and thereby influence the progression of LTD. Zhang et al. [43] and Nogiwa-
Valdez et al. [44] demonstrated that small amounts of Al,O; and La,O; can improve the
resistance of zirconia to hydrothermal degradation. In particular, Nogiwa-Valdez et al. [44]
reported that La,O; and Al,O; co-doping markedly reduced the hydrothermal degradation
kinetics of 3Y-TZP without substantially compromising its mechanical properties. Therefore,
differences in the aging behavior of zirconia materials cannot be attributed solely to yttria
content, because minor oxide additives and their effects on grain-boundary chemistry may
also influence both optical properties and LTD resistance [39,44,45]. Sintering conditions
represent an additional factor influencing translucency, as the degree of densification, resid-
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ual porosity, and grain size determine the extent of light scattering within the zirconia
microstructure [37,46,47]. In particular, Stawarczyk et al. [46] demonstrated that sintering
parameters and grain size are significantly associated with the optical properties of zirconia
ceramics. The type and concentration of dopant cations may also influence grain-boundary
characteristics and the hydrothermal degradation behavior of zirconia [43,44]. Other oxide
additives, including SiO,, Sc,03, Nd,O3, MgO, and GeO,, have also been investigated for
modifying the optical and microstructural properties of zirconia [29,47,48]; however, their
long-term hydrothermal behavior requires further investigation.

TP and contrast ratio (CR) are commonly used to characterize the translucency of dental
materials, and an inverse relationship between these parameters has been reported [26,49].
In the present study, TP was used to quantify translucency because it provides a direct
numerical representation of the color difference in a material measured over black and
white backgrounds [26].

Hydrothermal aging in a steam autoclave is widely used as an accelerated method to
investigate the susceptibility of zirconia to LTD under controlled conditions. Chevalier [10]
proposed that 1 h of autoclave aging at 134 °C may theoretically correspond to approxi-
mately 3—4 years of in-vivo aging. Based on this theoretical estimation, the 5- and 10-h aging
periods used in the present study may correspond to approximately 15-20 and 3040 years
of in vivo aging, respectively. However, these equivalences should be interpreted cautiously
because autoclave aging accelerates hydrothermal degradation under standardized condi-
tions and does not reproduce the complex combination of thermal, chemical, pH-related,
and mechanical challenges present in the oral environment [10,12].

Because Y-TZP has a metastable structure, its susceptibility to the tetragonal-to-
monoclinic (t— m) phase transformation associated with LTD is strongly influenced by
material- and processing-related factors, including yttria content, phase constitution, grain
size, microstructural characteristics, residual stresses, manufacturing procedures, and ag-
ing conditions [50-52]. During hydrothermal exposure, water species can interact with
oxygen-vacancy-related defects and grain-boundary regions, facilitating destabilization
of the tetragonal phase and promoting the nucleation and propagation of the monoclinic
transformation from the exposed surface toward the bulk of the material [12]. Because LTD
may alter the phase stability and long-term behavior of zirconia restorations, its progres-
sion under hydrothermal conditions has been extensively investigated [10,12,53]. In the
present study, XRD analysis demonstrated a progressive increase in the monoclinic phase
fraction with increasing hydrothermal aging duration, from 0.032 in the control condition
to 0.085 after 5 h and 0.124 after 10 h of aging. These findings provide direct evidence
that the phase constitution of the tested zirconia materials was progressively altered by hy-
drothermal exposure, although the extent of transformation was material-dependent. Putra
etal. [4] reported an increase in the monoclinic phase fraction of STML following 50 h of
hydrothermal aging at 134 °C, whereas UTML remained resistant to LTD, with no detectable
monoclinic phase transformation even after 100 h of aging. In contrast, the present study
demonstrated an overall aging-related increase in the monoclinic phase fraction within the
substantially shorter 5- and 10-h aging periods, although the extent of transformation was
material-dependent. The discrepancy between the two studies may be related to differences
in specimen preparation, surface condition, analytical procedures, and other experimental
parameters, in addition to material-specific microstructural characteristics. Therefore, aging
duration alone may not fully explain the susceptibility of multilayer zirconia to LTD, and
comparisons among studies should also consider differences in experimental methodology
and material characteristics [4]. Flinn et al. [54] demonstrated that the progression of the t—
m transformation during hydrothermal aging was strongly material-dependent. Among the
zirconia materials evaluated, ZirTough exhibited a slower increase in monoclinic phase frac-
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tion and a smaller reduction in flexural strength than the other materials, indicating greater
resistance to hydrothermal degradation [54]. Importantly, their findings also showed that
prolonged aging and extensive monoclinic transformation were ultimately associated with
deterioration of flexural strength, suggesting that the mechanical consequences of LTD
may depend on both the extent and progression of phase transformation. In contrast to the
prolonged hydrothermal aging periods of up to 200 h investigated by Flinn et al. [54], the
present study evaluated relatively early stages of hydrothermal aging at 5 and 10 h under the
same temperature and pressure conditions (134 °C and 0.2 MPa). Although the monoclinic
phase fraction progressively increased with aging in the present study, biaxial flexural
strength did not decrease and instead showed an overall increasing trend. These findings
suggest that the early stages of hydrothermal aging may not adversely affect mechanical
strength, whereas prolonged aging and more extensive degradation may eventually lead to
deterioration of mechanical properties.

While Flinn et al. [55] reported that the flexural strength of ML zirconia was not sig-
nificantly affected by aging duration, the present study demonstrated a more pronounced
aging-related variation in biaxial flexural strength in the ML group than in the UTML
and STML groups. This difference further supports the material-dependent nature of the
mechanical response to hydrothermal aging and suggests that zirconia compositions with
different phase constitutions may respond differently even when subjected to compara-
ble hydrothermal conditions. Increasing yttria content modifies the phase constitution
and microstructure of zirconia by altering the relative proportions of tetragonal and cubic
phases, thereby generally improving translucency while reducing flexural strength and
transformation-toughening potential [8,56]. This compositional trade-off is particularly rel-
evant to the interpretation of hydrothermal aging, because zirconia materials with different
yttria contents and phase constitutions may exhibit different susceptibilities to t— m trans-
formation and, consequently, different mechanical responses during LTD [8,56]. The higher
translucency associated with an increased cubic phase fraction can be explained by the
optical isotropy of c-ZrO,, in which the refractive index is independent of crystallographic
orientation, thereby reducing birefringence-related light scattering at grain boundaries.
In contrast, t-ZrO, is optically anisotropic, and differences in crystallographic orientation
between adjacent tetragonal grains produce refractive-index discontinuities at grain bound-
aries, increasing light scattering and reducing light transmission [25,45]. Grain size may
further influence the optical behavior of zirconia by modifying the number and character-
istics of grain boundaries through which light propagates. Although larger grains may
reduce the number of grain boundaries and thereby decrease grain-boundary-related light
scattering, the relationship between grain size and translucency is not linear and may also
depend on phase constitution, porosity, refractive-index differences, and the relationship
between grain size and the wavelength of incident light [25,45]. Therefore, grain size alone
cannot account for the differences in translucency observed among contemporary multilayer
zirconia materials [25]. In addition to yttria content, sintering conditions, particularly the
final sintering temperature, may influence the phase constitution and microstructure of
zirconia by modifying grain growth, densification, porosity, and cubic phase content [25,56].
Higher sintering temperatures may promote grain growth and reduce residual porosity,
which can decrease light scattering and improve translucency; however, this relationship is
material-dependent, and excessive temperatures may adversely affect the microstructure
and optical behavior of zirconia [25]. In the present study, the specimens were sintered
according to the manufacturer-recommended protocols, with ML sintered at 1500 °C and
UTML and STML at 1550 °C [19]. These material-specific sintering temperatures are consis-
tent with the different compositions and microstructures of the three zirconia grades and
should therefore be considered together with yttria content and phase constitution when
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interpreting the observed differences in optical and mechanical properties [19,25]. Residual
porosity and impurities represent additional microstructural factors that may influence the
translucency of zirconia [30]. Pores and impurity-containing regions introduce refractive-
index discontinuities within the zirconia microstructure, thereby increasing light scattering
and reducing light transmission [25,46]. The optical effect of porosity may be particularly
relevant when pore dimensions approach the wavelength range of visible light, indicating
that not only the amount but also the size and distribution of pores may contribute to the
final translucency of zirconia [25].

Changes in translucency following hydrothermal aging have frequently been associated
with aging-induced t— m phase transformation; however, monoclinic phase content alone
may not fully explain the optical changes observed in zirconia. Putra et al. [4] reported that
an increase in monoclinic phase content could be accompanied by increased light transmis-
sion in some zirconia materials, whereas Fathy et al. [57] reported a reduction in TP after
15 h of hydrothermal aging, accompanied by an increase in monoclinic phase content. The
reduction in translucency observed by Fathy et al. [57] may be associated with aging-related
phase transformation and accompanying microstructural alterations that increase light
scattering. Similarly, the present study demonstrated a reduction in TP accompanied by
an overall increase in monoclinic phase content following hydrothermal aging, consistent
with the findings reported by Fathy et al. [57]. These contrasting findings suggest that the
effect of t— m transformation on translucency is influenced by additional material- and
microstructure-related factors, including phase distribution, grain characteristics, porosity,
and chemical composition [4,38,57]. Therefore, the optical consequences of hydrothermal
aging should be interpreted as the combined result of phase and microstructural changes
rather than changes in monoclinic phase fraction alone [4,38,57]. The aging-related increase
in translucency reported by Putra et al. [4] and Kim et al. [58] may be associated in part with
compositional and microstructural changes involving metal oxide pigments and the cubic
phase. Certain metal oxide additives may influence phase stability and favor the presence of
optically isotropic cubic zirconia, which could reduce birefringence-related light scattering
and thereby contribute to increased light transmission during hydrothermal aging [4,58].
However, this mechanism should be interpreted cautiously because changes in translu-
cency during aging are likely determined by the combined effects of phase constitution,
pigment composition, grain characteristics, and other microstructural alterations rather
than by cubic phase content alone [4,25,58]. Similarly, Choi et al. [59] proposed that the
aging-related increase in translucency could be associated with changes in the cubic phase,
whose optical isotropy may reduce birefringence-related light scattering. However, because
their XRD analysis primarily evaluated the aging-induced increase in monoclinic phase
content rather than directly quantifying changes in the cubic phase fraction, this mech-
anism remains a possible explanation rather than a directly demonstrated consequence
of hydrothermal aging [59]. Another potential mechanism involves the segregation of
trivalent dopant ions at grain boundaries, which may modify grain-boundary chemistry
and phase stability and thereby influence the susceptibility of zirconia to hydrothermal
degradation [38]. Such compositional changes at grain boundaries may indirectly affect
translucency by altering the extent and distribution of aging-induced phase transformation
and the associated microstructural changes. In addition, differences in grain size and in
the spatial distribution of tetragonal and monoclinic phases may modify the number and
characteristics of optical interfaces within the microstructure, thereby influencing light
scattering and transmission [38].

Several compositional and microstructural strategies have been investigated to improve
zirconia translucency, including a reduction in light-scattering additives and impurities,
control of grain size, and an increase in the proportion of the optically isotropic cubic
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phase [25,30,46]. However, modifications intended to enhance translucency may simul-
taneously influence the mechanical properties and hydrothermal stability of zirconia. In
particular, reducing the Al,O; content can improve translucency by decreasing light scatter-
ing from alumina particles, but excessively low Al,O; concentrations may reduce resistance
to hydrothermal degradation [30,43]. Similarly, increasing the cubic phase fraction can
improve light transmission but may reduce transformation-toughening capability and con-
sequently compromise strength and fracture toughness [8]. Therefore, the development
of highly translucent zirconia requires a balance among optical performance, mechanical
reliability, and resistance to hydrothermal degradation rather than optimization of translu-
cency alone. The improved translucency of cubic-rich zirconia is accompanied by lower
mechanical performance compared with predominantly tetragonal zirconia [8,60]. This
reduction is primarily related to the limited transformation-toughening capability of the
stable cubic phase, resulting in generally lower flexural strength and fracture toughness
as the cubic phase fraction increases [8,60]. Zhang [45] proposed that reducing the grain
size of tetragonal Y-TZP to the nanometer scale may improve translucency by decreasing
birefringence-related light scattering. However, grain size must be carefully controlled be-
cause it also influences tetragonal phase stability and transformation-toughening behavior;
therefore, optimization of grain size requires a balance between optical and mechanical
properties [45,61].

The effect of hydrothermal aging on the flexural strength of zirconia is influenced by
both material-related and experimental factors, including composition, microstructure, sin-
tering conditions, surface treatment, aging duration, and aging temperature [13,16,62-64].
Consequently, hydrothermal aging may increase, decrease, or have no significant effect
on flexural strength depending on the extent of phase transformation and the specific
characteristics of the zirconia material [13,62—-64]. In the present study, hydrothermal aging
significantly influenced the biaxial flexural strength of the tested monolithic zirconia materi-
als, with an overall tendency toward increased strength after 5 and 10 h of aging. However,
the magnitude and pattern of this response differed among the materials, indicating that the
mechanical effect of hydrothermal aging was material-dependent. Previous studies have
similarly demonstrated that the effect of hydrothermal aging on flexural strength is strongly
dependent on zirconia composition and microstructure [13,62,65]. Pereira et al. [13] and
Amat et al. [65] showed that zirconia materials with different microstructural characteristics
may exhibit different mechanical responses following hydrothermal exposure, whereas
Camposilvan et al. [62] further associated the response to prolonged hydrothermal aging
with differences in zirconia composition. Consistent with the present findings, zirconia com-
positions with lower yttria content have generally exhibited higher flexural strength after
hydrothermal aging, reflecting the greater contribution of the metastable tetragonal phase
and its transformation-toughening capability [62]. However, the present study additionally
evaluated the relationship between aging-induced monoclinic phase transformation and
biaxial flexural strength across zirconia materials with different yttria contents. Despite the
progressive increase in monoclinic phase fraction with aging, biaxial flexural strength did
not decrease and instead showed an overall increasing trend. This finding suggests that
aging-induced t— m transformation does not necessarily cause an immediate reduction in
mechanical strength and that its mechanical effect may depend on the extent of transfor-
mation. The three zirconia materials investigated in the present study represent distinct
yttria-stabilized compositions, with ML, STML, and UTML corresponding approximately
to 3Y-, 4Y-, and 5Y-PSZ, respectively [19]. These compositional differences are accompanied
by substantial variations in cubic phase fraction and grain size, which may contribute to
their different mechanical responses to hydrothermal aging [19].
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Borchers et al. [66] reported that hydrothermal aging increased the monoclinic phase
content of 3Y-TZP without significantly affecting biaxial flexural strength, indicating that the
occurrence of t— m transformation does not necessarily result in an immediate deterioration
of bulk mechanical strength. Similarly, Alghazzawi et al. [67] observed an increase in
monoclinic phase content following aging without a statistically significant reduction in
biaxial flexural strength. These findings have been attributed to the initially superficial
nature of the aging-induced phase transformation, which may limit its influence on the
bulk mechanical behavior of zirconia [66,67]. However, when the aging-induced t— m
transformation progresses beyond the superficial layer and extends deeper into the material,
the accumulation of transformation-related defects may ultimately compromise flexural
strength [16]. Conversely, a limited degree of t— m transformation may initially contribute
to increased flexural strength through transformation-induced compressive stresses that
oppose crack propagation [68,69].

Flinn et al. [55] demonstrated that the mechanical response to prolonged hydrother-
mal aging was material-dependent, with flexural strength decreasing in some translucent
zirconia materials while remaining relatively stable in others. Inokoshi et al. [70] similarly
demonstrated material-dependent LTD behavior and further showed that surface treat-
ment can substantially modify hydrothermal aging resistance in different zirconia systems.
Pereira et al. [13] demonstrated that zirconia susceptibility to LTD is strongly influenced
by yttria content and the resulting phase constitution. In their study, the predominantly
tetragonal ML zirconia exhibited aging-induced monoclinic transformation, whereas the
more highly stabilized STML and UTML materials, characterized by different phase consti-
tutions associated with their higher yttria contents, showed substantially greater resistance
to hydrothermal degradation [13]. This behavior can be explained by the increased phase
stability associated with higher stabilizer concentrations, which reduces the susceptibility
of tetragonal grains to aging-induced t— m transformation [13,71]. However, this im-
proved hydrothermal stability is accompanied by a reduction in transformation-toughening
capability and therefore does not necessarily correspond to superior mechanical strength.

The present study focused primarily on aging-induced changes in the monoclinic
phase fraction; therefore, the complete phase constitution, particularly the relative fractions
of tetragonal and cubic phases, was not quantitatively characterized. Future studies in-
corporating quantitative characterization of the complete phase constitution may provide
further insight into the relationships among phase composition, translucency, hydrothermal
stability, and mechanical behavior. Furthermore, although XRD analysis enabled evaluation
of aging-induced changes in the monoclinic phase fraction, the depth of the transformed
layer was not quantitatively assessed. Because hydrothermal degradation may progressively
extend from the surface into the material, future studies should consider the depth of phase
transformation when evaluating the long-term effects of hydrothermal aging [52]. In addi-
tion, the present investigation was conducted under controlled in vitro conditions using
standardized disc-shaped specimens and hydrothermal aging in an autoclave. Although
this approach enables controlled evaluation of LTD, it does not fully reproduce the complex
oral environment, in which zirconia restorations are simultaneously exposed to thermal
fluctuations, moisture, pH changes, and cyclic mechanical loading. Therefore, future stud-
ies should combine hydrothermal aging with thermocycling and mechanical fatigue and
incorporate quantitative phase analysis to provide a more comprehensive understanding of
the long-term optical, structural, and mechanical behavior of multilayer zirconia.

The observed differences in hydrothermal aging behavior among zirconia materials
highlight the importance of material composition and resistance to hydrothermal phase
transformation in the development of zirconia-based dental ceramics. However, because
the present study evaluated zirconia materials intended for prosthetic restorations, di-
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rect recommendations for dental implant manufacturing cannot be made without further
investigations using implant-specific materials and testing conditions.

Although biaxial flexural strength was evaluated under standardized loading con-
ditions in accordance with ISO 6872, this test does not fully reproduce the nonuniform,
multidirectional, and cyclic mechanical loading conditions experienced by dental prostheses
during clinical function.

Furthermore, the phase transformation was evaluated using XRD, which primarily
provides information from the near-surface region of zirconia specimens. Therefore, the
reported monoclinic phase fractions should not be interpreted as representative of the entire
specimen volume.

5. Conclusions

Hydrothermal aging induced material-dependent tetragonal-to-monoclinic (t— m)
phase transformation, with UTML showing the greatest resistance to monoclinic transfor-
mation and ML exhibiting the highest monoclinic phase fraction after aging. Translucency
differed significantly among the tested zirconia materials, with UTML exhibiting the highest
TP values, followed by STML and ML, while prolonged hydrothermal aging resulted in
lower TP values. Hydrothermal aging promoted t— m phase transformation without reduc-
ing biaxial flexural strength; instead, an overall tendency toward increased biaxial flexural
strength was observed, although the magnitude of this response was material-dependent.
Vickers hardness was not significantly affected by hydrothermal aging; however, material
type had a significant effect, with UTML exhibiting significantly higher hardness than ML.
These findings demonstrate that the optical, phase, and mechanical responses of multilayer
zirconia to hydrothermal aging are strongly material-dependent and should be interpreted
in relation to differences in composition and phase constitution. Further studies are war-
ranted to clarify the long-term clinical implications of these material-dependent responses.
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