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ARTICLE INFO ABSTRACT
Keywords: The aim of this study was to synthesize an experimental bilayer zirconia composed of second-generation 3Y-TZP
Hydrothermal degradation and ultra-translucent 4Y-PSZ, as well as to characterize its microstructure, optical, and mechanical properties,

Mechanical properties
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and compare it with its monolithic counterparts before and after hydrothermal aging. Disc-shaped specimens
(ISO 6872:2015) were obtained by uniaxial pressing of commercial powders (Zpex and Zpex4; Tosoh Corpora-
tion). Then, the discs were sintered at 1550°C for 2 h and divided into 3 groups: bilayer 3Y/4Y, monolithic 3Y
and 4Y. Half of the samples of each group were subjected to hydrothermal reactor aging (20h, 2.2 bar and
134°C). Specimens were characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD) and
Raman spectroscopy. Optical properties were determined by contrast ratio (CR) and translucency parameter

* Correspondence to: Alameda Dr. Octavio Pinheiro Brisolla Quadra 9, Brazil
E-mail address: manoela.marun@alumni.usp.br (M.M. Marun).
+ 55 (14) 996838703
ORCID: 0000-0003-4019-0315
ORCID: 0000-0001-8486-2510
ORCID: 0000-0003-4561-0980
ORCID: 0000-0002-7508-5964
ORCID: 0000-0003 1201-2191
ORCID: 0000-0002-7184-8485
ORCID: 0000-0001-7006-0998
ORCID: 0000-0003-1723-1756
10 ORCID: 0000-0002-5006-2184
11 ORCID: 0000-0001-9601-448X
12 ORCID: 0000-0002-4837-2546
13 ORCID: 0000-0002-4661-8821
14 ORCID: 0000-0001-6410-3031
15 ORCID: 0000-0001-8347-6124
16 ORCID: 0000-0001-6867-8350

© ® N U AW N

https://doi.org/10.1016/j.nxmate.2025.100717

Received 17 December 2024; Received in revised form 11 April 2025; Accepted 8 May 2025

Available online 16 May 2025

2949-8228/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-4019-0315
https://orcid.org/0000-0003-4019-0315
https://orcid.org/0000-0001-7006-0998
https://orcid.org/0000-0001-7006-0998
https://orcid.org/0000-0003-1723-1756
https://orcid.org/0000-0003-1723-1756
https://orcid.org/0000-0002-4661-8821
https://orcid.org/0000-0002-4661-8821
https://orcid.org/0000-0001-6867-8350
https://orcid.org/0000-0001-6867-8350
mailto:manoela.marun@alumni.usp.br
www.sciencedirect.com/science/journal/29498228
https://www.sciencedirect.com/journal/next-materials
https://doi.org/10.1016/j.nxmate.2025.100717
https://doi.org/10.1016/j.nxmate.2025.100717
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nxmate.2025.100717&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M.M. Marun et al.

Next Materials 8 (2025) 100717

(TP). Mechanical properties were assessed by biaxial flexural strength. XRD evidenced 66 %, 32 %, 66 %, and
40 % of monoclinic phase for aged 3Y-bilayer, 4Y-bilayer, 3Y-control and 4Y-control, respectively. Raman
spectra presented monoclinic content on the aged surface of 87 %, 45 %, 87 %, and 47 % for 3Y-bilayer, 4Y-
bilayer, 3Y-control, and 4Y-control, respectively. SEM exhibited dense and homogeneous microstructure with
smaller grains in bilayer groups, unaffected by aging. Hydrothermal aging did not influence TP and CR,
regardless of the system. 3Y demonstrated lower TP and higher CR compared to 4Y and bilayer groups. Aging
increased the characteristic strength of all groups. Fractographic marks indicated the origin of fracture and di-
rection of crack propagation from tensile side defects to the compression surface. Hydrothermal aging triggered
alterations in the crystalline content, microstructure, and mechanical properties of the experimental bilayer
zirconia system as well as of their monolithic controls.

1. Introduction

Polycrystalline yttria-stabilized zirconia (Y-TZP) has been widely
used in dentistry due to its biocompatibility, high fracture toughness,
and flexural strength [1]. The first generation of zirconia (3Y-TZP)
emerged as an aesthetic alternative to metal, replacing the greyish
framework appearance for single crowns and fixed dental prostheses
(FDPs). It was predominantly composed of tetragonal phase and pre-
sented outstanding mechanical properties and high opacity, which
demanded the veneering of esthetic porcelain [2,3]. However, due to the
high fracture rates of the porcelain veneer material, systematic reviews
with long-term clinical studies have advised caution in the recommen-
dation of porcelain fused to 3Y-TZP frameworks for prostheses [4-6].

To overcome these limitations, modifications in the composition,
processing and final microstructure of 3Y-TZP were performed to obtain
more translucent materials that can be utilized in its monolithic form
[7]. Therefore, a significant reduction in the alumina content, and
higher sintering temperatures were used to reduce porosities and opti-
mize light transmittance within 3Y-TZP ceramics [7]. However, the
slight increase of translucency, made the second zirconia generation
esthetically suitable only for posterior areas. Furthermore, the decrease
of alumina made the material more susceptible to Low Temperature
Degradation (LTD) [8].

The phenomenon of LTD, first described in the 80s [9], had its
clinical impact revealed in orthopedics when 3Y-TZP was introduced for
the manufacture of femoral head prostheses in the 1990s. In 2001, a
large number of failures occurred in these prostheses due to an accel-
erated LTD process, raising concerns about the long-term hydrothermal
stability of zirconia [10]. This aging occurs when the tetragonal zirconia
grains on the surface undergo a phase transformation to monoclinic
(stable at room temperature) in the presence of moisture and mechanical
stresses, through a mechanism similar to stress corrosion. This process
occurs through nucleation and growth, grain by grain, from the surface
to the interior of the material. The transformation of a grain leads to
volumetric expansion, increasing stresses in adjacent grains and leading
to the formation of microcracks due to stress accumulation. These cracks
provide a pathway for water penetration into the material. Conse-
quently, grain detachment and increased surface roughness can occur,
leading to progressive loss of zirconia’s mechanical properties and ma-
terial fracture [11-13]. Studies have shown the instability of 3Y-TZP in
situ in a short period of time [14-17] confirming what was demonstrated
in the 1980s, [9] and leading to almost abandonment of 3Y-TZP use in
orthopedics [18].

In dentistry, a comprehensive series of ex-vivo clinical studies eval-
uated the development and kinetics of LTD in second-generation zirco-
nia dental prostheses as well as the influence of masticatory mechanical
stress on this process over 5 years [14]. It was reported that LTD
developed in monolithic restorations of 3Y-TZP six months after
intraoral  installation and  progressed over time. The
tetragonal-to-monoclinic phase transformation was not uniform across
the material surface, with clusters of transformed grains observed. It was
also demonstrated that the phase transformation of unglazed axial areas
followed the classic nucleation-growth process reported for LTD,
advancing from the surface into the material’s bulk. However, in

occlusal areas, mechanical stress caused superficial crushing and
detachment of transformed grains, leading to an underestimation of the
aging process when the evaluation was limited to monoclinic phase
quantification. It was also concluded that the presence of glaze at either
axial, but especially at the occlusal surface cannot be considered a
protection against LTD, as even in areas where the glaze layer was not
worn away, tetragonal-to-monoclinic phase transformation was
observed. Therefore, long-term analysis of this process is still necessary,
as reported results are short to medium-term [14-17].

In the subsequent generations of zirconia, the increase of yttria
content (4-5mol%), led to a significant stabilization of the cubic phase
amount. The isotropy of cubic structures improves light transmission,
and a significantly higher translucency was achieved. Although mate-
rials with predominantly cubic zirconia (5Y-PSZ, >50 %c) are less sus-
ceptible to LTD [19], the cubic phase does not undergo stress-induced
transformation, leading to reduction in fracture resistance and tough-
ness [20]. The following development of 4Y-PSZ resulted in the stabi-
lization of less cubic phase (~25%c) which maintained high
translucency but yielded higher strength (600-1000 MPa) to the mate-
rial, allowing its indication for posterior 3-unit FDP. Nevertheless,
limited information is available regarding the microstructural and me-
chanical performance of 4Y-PSZ subjected to LTD.

Considering the limitations in previous zirconia generations, multi-
layered systems were launched in the market, aiming to combine the
best properties of each generation, to mimic the translucency gradient of
natural teeth without compromising mechanical properties. In general,
the clinical indication of multilayered zirconia materials includes
crowns (anterior and posterior areas), partial coverage restorations,
fixed dental protheses and full-arch prostheses. Moreover, significant
differences in zirconia content and composition have been reported
among these systems. To ensure proper use, dentists and dental tech-
nicians must have a clear understanding of the specific properties of
these multilayer materials and it is highly recommended that manu-
facturer’s recommendations are followed [21,22]. Multilayered systems
commonly comprise different amounts of cubic phase in each layer,
increasing the yttria content from the cervical to the functional occlusal
/ incisal regions [23]. However, the ideal combination of zirconia
powders and the proportion required for specific clinical indications
have not been determined by manufacturers. Similarly, differences in
the interface composition between layers (blended or not) are present in
several commercial systems [22], and the impact of such differences in
the mechanical performance of dental prostheses is yet to be
determined.

Among different multilayer configurations, the combination of a
second-generation 3Y-TZP with an ultra-translucent 4Y-PSZ may result
in a favorable balance between high mechanical, improved translucency
and reduced susceptibility to LTD regarding pure 3Y-TZP systems due to
the higher concentration of cubic phase [24,25]. Therefore, the aim of
this study was to synthesize an experimental bilayer zirconia comprised
of second-generation 3Y-TZP and an ultra-translucent 4Y-PSZ and to
characterize its microstructure, optical and mechanical properties
before and after hydrothermal aging compared to its monolithic coun-
terparts (3Y-TZP and 4Y-PSZ). The postulated null hypothesis of the
present study was that there would be no significant differences between



M.M. Marun et al.

the bilayered composition compared to their monolithic controls and
that no changes would be detected in the evaluated properties after
hydrothermal aging.

2. Material and methods

Disc-shaped specimens were fabricated from commercial zirconia
powders comprising the following groups: (i) bilayer 3Y-TZP/4Y-PSZ
using commercial 3Y-TZP powder (Zpex, Tosoh Corporation, Tokyo,
Japan) and 4Y-PSZ (Zpex4, Tosoh Corporation); (ii) monolithic 3Y-TZP
(Zpex); and (iii) monolithic 4Y-PSZ (Zpex4). The composition and par-
ticle size of the commercial powders are detailed in Table 1.

For specimen processing, volumetric calculation was performed to
determine the necessary amount of each powder to achieve 1.5 mm
thick discs to be uniaxially pressed in a tempered steel die with a 15 mm
diameter. For bilayers specimen synthesis, the first layer of powder was
manual compacted, followed by the second layer, and then the uniaxial
pressing was carried out at 3000 kgf/cm? (~166 MPa) for 30 seconds,
using a hydraulic press (MA098/40 Hydraulic Press, Marconi). Speci-
mens of the control groups were synthesized following the same pa-
rameters. All specimens were sintered at 1550°C for 2 hours (LHT 03/
17D, Nabertherm Furnace. Lilienthal, Germany) with a heating and
cooling rate of 3°C per minute. Half of the samples from each group were
subjected to an aging protocol in a hydrothermal reactor (Parr reactor,
Parr Instruments, Moline, IL, USA) at 134°C for 20 hours and 2.2 bars to
induce the t-m transformation and simulate the LTD process [26,27].

Specimens for microstructural characterization and optical proper-
ties were polished using a semi-automatic polisher (AutoMet 250,
Buehler, Lake Buff, IL, USA) with diamond-grid discs up to 1 pm to
obtain discs with 1 mm of thickness. The specimens for mechanical
testing were not polished to preserve the position of the interface in the
middle of the sample, which had final dimensions of @12 x + 1.2 mm
(ISO 6872:2015). A schematic representation of the specimens used for
each test is represented in Fig. 1.

2.1. Density

The density of sintered specimens (n = 3/group) was calculated
using the principle of Archimedes and isopropyl alcohol as the immer-
sion medium. For this purpose, an analytical balance and a theoretical
density kit (Analytical balance, Marte Cientifica, Santa Rita do Sapucai,
MG, Brazil) were employed. To analyze relative density, a theoretical
density of 6.07 g/cm® was adopted.

2.2. X-ray diffraction (XRD)

X-ray diffraction (XRD) was conducted using a X-Ray diffraction
equipment (Model X’pert Powder, PANalytical, Almelo, Holland) to
analyze the crystalline content and progression of the t-m trans-
formation due to accelerated aging (n = 3/group). This analysis was
performed in both 3Y and 4Y surfaces of the bilayered groups, as well as

Table 1
Characteristics of ceramic powders 3Y-TZP (Zpex) and 4Y-PSZ (Zpex4) accord-
ing to the manufacturer.

Composition Zpex Zpex 4
Y203 (mol%) 3 4

Actual Particle Size (um) 0.04 (40 nm) 0.04 (40 nm)
Y203 (Wt%) 5.35+0.2 7.0+0.6
HfO, (wt%) a <5.0
Al,03 (Wt%) <0.1 <0.1
SiO, (Wt%) <0.02 <0.02
Fe;03 (Wt%) <0.01 <0.01
Nap0 (wt%) <0.04 <0.06
Pigment (wt%) - -
Specific Surface Area (m?/g) 13+2 16 +3
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in 3Y and 4Y monolithic groups, for both immediate and aged condi-
tions. The scan was performed in 6-26 Bragg geometry, equipped with a
graphite monochromator and Cu Ko radiation (A = 1.5406 A), operating
at a voltage of 40 kV and an emission current of 40 mA. Data were
collected over a 26 range of 20-70° at a scanning rate of 0.2°/minute
with a step size of 0.020°. Quantitative phase analysis was carried out
using the formulas introduced by Toraya et al. [28] according to the

following equations: Xm = [Im(HTl(Bljlzall"igilé&]Ol)], where Im(—111) and

Im(111) represent the intensity of the monoclinic peaks (20=28° and
20=31.2°, respectively) and It(101) indicates the intensity of the

tetragonal peak (20=30°); and Vm = %, where Vm represents

the monoclinic volumetric content.

Additional phase quantification was performed through the formulas
presented by Nakamura et al. [29] to determine the amount of trans-
formable tetragonal phase and non-transformable tetragonal and cubic
phases.

2.3. Raman

Crystalline spectra of sectioned aged specimens were evaluated using
a confocal type Raman spectroscopy equipment (LabRAM HR Evolution,
Horiba, Sao Paulo, SP, Brazil). The spectra were recorded between 100
and 750 cm™ with an acquisition time of 30 s, 2 cycles, and a slit size of
100 pm. Measurements were made in sectioned specimens (n = 3/
group) at two locations: A) on the surface of the disc and B) 15 pm below
at the initial point. Quantitative phase analysis was carried out using the
model proposed by Clarke and Adar [30].

2.4. Scanning electron microscope (SEM)

The microstructure was analyzed using a scanning electron micro-
scope with field emission (Tescan Vega3, Libusina, Czech Republic).
SEM images were obtained at magnifications of 5000 and 50,000X, on
the surface and cross-sectioned view of the specimens and on sectioned
samples (n = 2) to evaluate the surface degradation of the grains. Grain
sizes were measured from SEM micrographs using the ImageJ software
through the Heyn lineal intercept technique [31], with a correction
factor of 1.56 applied for tetrakaidekahedral grains [32,33].

2.5. Optical properties

The optical properties were evaluated using the CM 26dG spectro-
photometer (Konica Minolta, Tokyo, Japan), which operates in the
wavelength range of 360-740 nm. Ten specimens per group were
analyzed. In the bilayer specimens’ measurements were performed, and
data were obtained for both surfaces (3Y and 4Y). Contrast ratio (CR)
and translucency parameter (TP) values were obtained from reflectance
tests on white background (Yw) and black background (Yb). The
contrast ratio (CR) is the property that measures the transparency or
opacity of the material and is calculated as the ratio between the
reflectance of the specimen on the black background (Yb) and the
reflectance of the same specimen on the white background (Yw), given
by: CR = Y;,/Y,. The translucency parameter (TP), which determines
the material’s masking ability, was obtained by calculating the color
difference (AE) of the specimens on black and white backgrounds ac-
cording to the following equation: AE = [(Lbx — Lwx)2 4+ (abx —
awx)2 + (bbx — bwx)2]1/2. Where the L* coordinate represents the
lightness of an object. The a* coordinate corresponds to the chromaticity
on the red/green axis and b* on the yellow/blue axis. The subscripts b*
(black) and w* (white) indicate background color [34-37].

2.6. Biaxial Flexural Strength (BFS)

The biaxial flexural strength test was performed on the specimens
(n = 30/group) using the ElectroPulsTM E3000 Linear-Torsion mechan-
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Fig. 1. Schematic representation of the division of groups and the number of specimens used for each test.

ical testing equipment (Instron, Norwood, MA, USA), utilizing a piston-
on-three-ball biaxial flexure support, following ISO 6872:2015 stan-
dards. The loading rate was 0.5 mm/minute until fracture occurred. The
maximum load was recorded for each specimen (N), and the following
equations were used to calculate biaxial flexural strength: 6 = —

0,2387P (X —b%) . Where ¢ is the biaxial flexural strength, P is the load at
fracture (N), b is the specimen thickness at fracture (1.2 + 0.2 mm), and X

2
and Y are determined by the following equations: X = (1 +v)Ln (;—;) +

2 2
[%} (;—g) ,and Y= (1+v)|1+Ln+ (;—;)

is the Poisson’s ratio (0.31), r; is the radius of support circle, ry the radius
of loaded area, r3 the radius of specimen, all of these expressed in milli-
meters [27,38,39].

2
+(1-v) (;—;) . Where v

2.7. Fractographic analysis

Qualitative fractographic analysis was performed on some fractured
specimens from the biaxial flexural strength test using an Axio Zoom
V16 microscope (Carl Zeiss, Oberkochen, Germany) and a scanning
electron microscope with field emission (Tescan Vega3, Libusina, Czech
Republic) to identify fractographic marks and confirm the crack origin
and direction of propagation.

2.8. Statistical analysis

Data from grain size and optical properties (TP and CR) were tabu-
lated and subjected to descriptive analysis, normality, and homosce-
dasticity tests. Data normality and homoscedasticity were confirmed
using Kolmogorov-Smirnov (p > 0.05) and Levene (p > 0.05) tests,
respectively. Grain size, TP and CR data were statistically evaluated
using two-way analysis of variance following post-hoc comparisons by
Tukey test, at a significance level of 5 %. The statistical analyses were
performed using Minitab software (Minitab, LLC, State College, PA,
USA).

The biaxial flexural strength values were subjected to Weibull 2-
parameter analysis using (Weibull ++ 22, Reliasoft, Tucson, AZ, USA). A
use level probability Weibull was presented to determine probability of
failure as a function of stress, and a Weibull 2-parameter contour plot
(Weibull modulus [m] vs characteristic strength) was used (95 % con-
fidence intervals) to determine differences between groups. Non-overlap

of contour plots indicates a significant difference between them.
3. Results
3.1. Density

The relative density of the sintered specimens according to the
Archimedes’ principle was above 98 % for all experimental materials
(Table 2).

3.2. X-ray diffraction (XRD)

The XRD diffractograms of all groups are depicted in Fig. 2. Char-
acteristic zirconia peaks were identified, and the monoclinic crystalline
content quantified. Phase transformation was observed in all groups
after aging with the presence of 66 %, 32 %, 66 % and 40 % monoclinic
phase, for 3Y-TZP (bilayer), 4Y-PSZ (bilayer), 3Y-TZP (control) and 4Y-
PSZ (control), respectively. Additional evaluations allowed the quanti-
fication of transformable tetragonal phase, as well as non-transformable
tetragonal and cubic phase, presented in Table 3 for all experimental
materials in the immediate and aged conditions.

3.3. Raman

Raman spectra (Fig. 3) of aged specimens depicted 87 %; 45 %, 87 %
and 47 % monoclinic content on the surface (0 cm?) of 3Y-TZP (bilayer);
4Y-PSZ (bilayer); 3Y-TZP (control) and 4Y-PSZ (control), respectively.
No monoclinic peaks were detected at 15 cm? regardless of the material.

3.4. Scanning electron microscope

SEM micrographs (Fig. 4) depicted a dense and homogeneous
microstructure, which demonstrates the successful experimental pro-
cessing protocol with a homogeneous grain distribution. Grains of the

Table 2
Density of sintered discs based on Archimedes’
principle.
Material Density (%)
Bilayer 3Y/4Y 97.89 + 0.98
3Y-TZP 98.34 + 0.35
4Y-PSZ 98.82 + 0.49
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Fig. 2. X-ray diffraction spectra of 3Y-TZP Bilayer (3YBi), 4Y-PSZ Bilayer
(4YBi), 3Y-TZP Control (3YCo) and 4Y-PSZ Control (4YCo) Immediate (i) and
Aged (a). t: tetragonal, c: cubic and m: monoclinic zirconia phases.

Table 3

Summary of the quantification of monoclinic, transformable tetragonal phase (t)
and non-transformable tetragonal (t') and cubic (c) phase for all the experi-
mental groups.

Experimental Monoclinic Tetragonal Cubic + Tetragonal’ (c +
Group (m) (1) t')

3YBi- i 55.17 44.83

4YBi- i 78.17 21.83

3YBi- a 66 12.17 44.83

4YBi- a 32 23.17 21.83

4YCo - i 55.17 44.83

3YCo - i 78.17 21.83

4YCo - a 40 15.17 44.83

3YCo - a 66 12.17 21.83

bilayer groups were significantly smaller than their respective coun-
terparts. The hydrothermal aging did not affect the surface microstruc-
ture and grain size of the specimens from the control and bilayer groups
(Table 4). However, in the cross-section analysis presented in Fig. 5, an
increase in grain size and along with cluster detachment was observed
for control and bilayer groups, being more evident in the 3Y surface for
both control and bilayer groups.

3.5. Optical properties

The mean values and standard deviations of the optical properties
according to the groups are presented in Table 5. Since there was no
statistical difference between the surfaces of the bilayer system (3Y*4Y)
(p > 0.05), 4Y surface measurements were used in the statistical anal-
ysis. Hydrothermal aging did not influence both translucency parameter
(TP) and contrast ratio (CR) regardless of the experimental group
(p > 0.05). Similarly, when comparing 4Y-PSZ bilayer with 4Y-PSZ
control under the same aging condition, there is no difference in TP
and CR. Whereas, monolithic 3Y demonstrated lower TP and higher CR
compared to 4Y-PSZ bilayer and monolithic groups (p < 0.05).

3.6. Biaxial flexural strength

Characteristic strength (MPa) and Weibull Modulus (m) are pre-
sented in Table 6 as a function of 95 % confidence intervals (CI) before
and after aging. Hydrothermal aging significantly increased the char-
acteristic strength of all the experimental groups.

For immediate condition, monolithic 3Y presented higher charac-
teristic strength (1111.50 MPa) than the bilayer system (892.01 MPa)
and monolithic 4Y (936.69 MPa). Similar results were observed after
aging, where aged monolithic 3Y exhibited higher characteristic
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strength (1263.66 MPa) compared to 3Y4YA (1061.77 MPa) and aged
monolithic 4Y (1140.62 MPa). In both conditions the bilayer group was
not statistically different to the 4Y control group. Moreover, no signifi-
cant differences were observed for Weibull modulus among the experi-
mental groups, with values ranging from 5.7 to 12.8 (Figs. 6 and 7).

3.7. Fractographic analysis

Fractographic marks, including hackle lines (indicating the direction
of crack propagation) and compression curls, were observed and used to
suggest the origin of the fracture and direction of crack propagation.
Fractographic evidence suggested that fractures originated from tensile
side defects, which developed during the processing of the ceramic
specimens and propagated to the compression side of the samples
(Figs. 8 and 9).

4. Discussion

This study proposed the experimental synthesis of a bilayer zirconia
system using commercial powder of a second-generation 3Y-TZP and an
ultra-translucent 4Y-PSZ and to characterize its microstructure, optical
and mechanical properties before and after an accelerated artificial
aging protocol to simulate LTD. The bilayer zirconia was also compared
with their monolithic 3Y-TZP and 4Y-PSZ counterparts. Since there were
statistically significant differences between the control groups and the
bilayer group in terms of grain size, translucency parameter, contrast
ratio, and characteristic strength, as well as a significant impact of hy-
drothermal aging in the monoclinic phase composition of the experi-
mental materials, the null hypothesis of the study was rejected.

The relative density values indicated a relative density above 98 %
after sintering, regardless of the system. These results are consistent with
the SEM micrographs of the immediate specimens, which evidenced a
dense surface with uniform grain morphologies and distribution. This
corroborates the success of the protocol used for synthesizing the
experimental bilayer zirconia system. Further SEM evaluations and
grain size depicted significant differences between bilayer and mono-
lithic control groups. Interestingly, the control groups exhibited larger
grain sizes than when processed in a bilayer configuration. While 3Y and
4Y control groups presented an average grain size of 1.39 + 0.24 and
1.92 + 0.44, respectively, the correspondent 3Y and 4Y surfaces of the
bilayer system presented an average grain size of 1.01 + 0.15 and 1.21
=+ 0.18, respectively. The grain sizes of the bilayer group were similar to
those reported in a previous study [40], and are in agreement with grain
sizes reported for similar sintering temperatures for 3Y and 4Y zirconias
[41] since the higher the temperature used for sintering 3Y-TZP, higher
grain growth would be expected [20].

To simulate Low-Temperature Degradation (LTD), half of the speci-
mens were subjected to an aging protocol at 134 °C and 2.2 bar in a
hydrothermal reactor for 20 hours. This process has been considered an
appropriate method for this purpose because promotes an extensive t-m
phase transformation (approximately 55-80 % m-phase content) and
has been reported to replicate several years of exposure in the oral
environment [9,19,26,27,42]. XRD and Raman data quantified the
monoclinic phase content in the aged groups, with evidence of a sig-
nificant tetragonal to monoclinic phase transformation in control and
bilayer groups. XRD and Raman depicted t-m phase transformation for
4Y surfaces (bilayer 32 % and 45 %, monolithic 40 % and 47 %,
respectively) and as well as for 3Y surfaces (bilayer 66 % and 87 %,
monolithic 66 % and 87 %, respectively) after aging. These findings
were corroborated by cross-sectioned SEM evaluation, which provides
visual evidence of the microstructural degradation of the surface, and
are consistent with the existing literature about t-m phase trans-
formation induced by hydrothermal aging, both in 3Y-TZP, which is
more susceptible to hydrothermal aging and in 4Y-PSZ, that presents a
greater amount of cubic phase (~25 %) [16,21,43,44]. Additionally, in
the cross-sectioned SEM micrographs it is possible to observe the
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Fig. 3. Raman Spectra of aged specimens. A) 3Y-TZ Bilayer; B) 4Y-PSZ Bilayer. C) 3Y-TZP Control and D) 4Y-PSZ Control. t: tetragonal, c: cubic and m: mono-

clinic zirconia.
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Fig. 4. SEM micrographs of: (A) 3Y-TZP Control immediate, (B) 3Y-TZP Control aged, (C) 4Y-PSZ Control immediate, (D) 4Y-PSZ Control aged, (E) 3Y-TZP Bilayer
immediate, (F) 3Y-TZP Bilayer aged, (G) 4Y-PSZ Bilayer immediate and (H) 4Y-PSZ Bilayer aged.
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Table 4
Grain size mean and standard deviation (SD) for all groups according to the
ceramic system and aging condition and analysis of variance and Tukey Test.

Grain Size mean (um) + SD
Immediate Aged
Bilayer 1.01 £0.15 Aa 1.04 £0.12 Aa
3Y-TZP Control 1.39 £ 0.24 Ba 1.49 £ 0.23 Ba
Bilayer 1.21 £ 0.18 Aa 1.30 +£ 0.22 Aa
4Y-PSZ Control 1.92 + 0.44 Ba 1.96 + 0.41 Ba

Different uppercase letters indicate statistical differences between ceramic sys-
tems under the same aging condition. Different lowercase letters indicate sta-
tistical differences between aging conditions under the same ceramic system.
Comparisons were made for each composition individually.

nucleation and growth process characteristic of low-temperature
degradation, occurring grain by grain, from the surface to the interior
of the material, leading to volumetric expansion and presenting micro-
cracks in it which has been related to grain detachment and increase
surface roughness [11-13,45].

This phenomenon has been described in clinical trials, which suggest
that LTD in 3Y-TZP dental prostheses starts within six months of
installation and progresses over time, influenced by mechanical stress
and occurring even in glazed areas. In occlusal areas, mechanical stress
promoted superficial crushing and detachment of transformed grains,
leading to an underestimation of the aging process when only mono-
clinic phase quantification was used. Long-term analysis remains crucial
as existing results primarily reflect short to medium-term observations
[14-17]. With increasing content of yttrium oxide and higher stabili-
zation of cubic phase, higher aging resistance in zirconia materials
would be expected. While the stabilization with 4 mol% of yttrium oxide
has been reported to result in higher mechanical properties when
compared to 5Y-PSZ [21], 4Y-PSZ is still susceptible to phase trans-
formation, as evidenced by the XRD, Raman, and cross-sectioned im-
aging presented in this study. Further research is warranted to
understand the aging behavior and long-term clinical performance of
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E) 3YBi-i

SEM MAG: 5.00 kx
View feid: 415 pm 10 pm

Next Materials 8 (2025) 100717

4Y-PSZ ceramics.

Although it is claimed that bilayered materials may combine the best
properties of each individual monolithic material [46], this was not
observed for some properties investigated in the present study.
Regarding characteristic strength, under the same aging condition, the
bilayer group presented similar strength compared to monolithic 4Y.
However, both groups exhibited lower strength compared to monolithic
3Y, regardless of the aging condition. Similar findings have been
recently reported for the characterization of experimental bilayer sys-
tems comprised of 3Y-TZP and 5Y-PSZ or 4Y-PSZ and 5Y-PSZ, where the
characteristic strength of the bilayered systems presented intermediate
values compared to their monolithic counterparts [47]. The strength
reduction in bilayered systems may be a consequence of the introduction
of interfacial defects that produce increased interfacial stress, poten-
tially compromising the material’s strength [48,49]. Moreover, the
characteristic strength of the bilayered system in this study was com-
parable to that of experimental bilayers with the same composition,
which also exhibited a similar aging behavior [50].

While it has been suggested that flexural strength is negatively

Table 5

Translucency parameter (TP) and Contrast ratio (CR) mean values and standard
deviation (SD) for all groups according to the ceramic system and aging con-
dition and analysis of variance and Tukey Test.

TP mean + SD CR mean + SD
Immediate Aged Immediate Aged
4Y-PSZ 15.9 + 0.63 15.5+0.77 0.64 + 0.01Aa 0.65 £+ 0.01
Bilayer Aa Aa Aa
4Y-PSZ 16.2+ 0.4 Aa 15.6 = 0.55 0.64 0.65 £ 0.01
Control Aa + 0.008Aa Aa
3Y-TZP 14.5+0.43 14.1 £ 0.54 0.67 £ 0.008 0.68 +0.01
Control Ba Ba Ba Ba

Different uppercase letters indicate statistical differences between ceramic sys-
tems under the same aging condition. Different lowercase letters indicate sta-
tistical differences between aging conditions under the same ceramic system.
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Fig. 5. SEM micrographs of cross-sectioned specimens as follows: (A) 3Y-TZP Control immediate, (B) 3Y-TZP Control aged, (C) 4Y-PSZ Control immediate, (D) 4Y-
PSZ Control aged, (E) 3Y-TZP Bilayer immediate, (F) 3Y-TZP Bilayer aged, (G) 4Y-PSZ Bilayer immediate and (H) 4Y-PSZ Bilayer aged. ER: Epoxi resin.
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Table 6

Characteristic strength (MPa) and Weibull modulus (m) with their respective upper and lower 95 % confidence bounds for immediate and aged groups.
CI: 0.95 3Y4Y1 3Y4Y A 3YI 3YA 4Y1 4Y A
Upper 937.86 1099.73 1164.17 1301.11 1000.63 1184.73
Characteristic strength (MPa) 892.01 Aa 1061.77Ab 1111.50 Ba 1263.66Bb 936.69Aa 1140.62Ab
Lower 848.38 1025.13 1061.22 1227.28 876.84 1098.16
Upper 9.85 14.21 10.66 17.26 7.62 13.06
Weibull modulus (m) 7.54 Aa 10.64 Aa 8.13 Aa 12.84 Aa 5.70 Aa 9.97 Aa
Lower 5.76 7.97 6.2 9.56 4.27 7.61

Uppercase letters represent statistical differences between materials under the same condition. Lowercase letters indicate statistical differences for the same material

before and after aging.
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Fig. 6. Use level probability Weibull curves, showing the probability of failure as a function of characteristic strength (MPa).

affected when at least 50 % of m-phase is detected on the material’s
surface [27], in the present study aging significantly increased the
characteristic strength of all the experimental groups. These findings
may be explained by the transformation toughening mechanism char-
acteristic of 3Y-TZP ceramics, also present in 4Y-PSZ. The t-m phase
transformation has been associated with a 3-4 % volumetric expansion,
which generates compressive stress concentration around defects, and
may hinder crack propagation increasing strength and fracture tough-
ness [42]. Furthermore, it has been suggested that despite surface
changes, nanomechanical properties remain preserved below the sur-
face and at the interface of bilayered zirconias after aging, which might
also explain the absence of deleterious effects in strength after hydro-
thermal aging [40].

Additionally, no significant difference was observed in the Weibull
modulus among the groups, indicating that there was no decrease on the
material’s structural reliability. In fact, aging did not negatively affect
the reliability of the materials. Previous studies have shown that some
aging protocols increase Weibull modulus compared to immediate
counterparts, likely due to zirconia’s toughening mechanism that pre-
vents crack propagation [42,51].

Regarding the outcomes for optical properties, hydrothermal aging
did not affect the translucency parameter (TP) and contrast ratio (CR) of
the experimental groups. However, under the same aging condition,
significant differences for TP and CR were observed between 3Y control,
4Y control and bilayer groups. As expected, monolithic 4Y exhibited
higher TP and lower CR values compared to monolithic 3Y, whereas,

even with a 3Y layer, the bilayer system presented similar translucency
and contrast ratio of monolithic 4Y, demonstrating the effectiveness of
synthesizing bilayer system without jeopardizing light transmittance.
The optical parameters of monolithic second-generation zirconia are
limited due to the natural opacity of the birefringent tetragonal crystals,
which causes light scattering within the material’s structure [21,52].

Fractographic analysis revealed hackle lines and compression curls,
indicating that the fracture originated from tensile side defects devel-
oped during ceramic specimen processing and from the artificial aging
process, and propagated to the compression side of the disc, as previ-
ously reported [53,54]. At the fractographic evaluation, no important
features were observed in the boundary region between 3Y and 4Y,
suggesting a smooth transition between both layers. To synthesize
multilayer materials, the common approach consists in incrementally
pressing different powder compositions. However, this method has been
associated with the formation of interfacial defects, such as impurities or
poorly sintered regions, which make the interfaces more prone to frac-
ture [55]. In fact, weaker interfaces between chromatic layers have been
reported regarding the interfacial strength of commercial multi-
chromatic systems, where a lower failure stress has been observed at the
multilayer region (~30 %) compared to the enamel or dentin counter-
parts [55]. These findings may also be accompanied by the formation of
residual stress and explain the significantly lower resistance observed
for the bilayer system regarding the 3Y control group.

The synthesis of the experimental bilayered system present some
limitations, including the absence of isostatic pressing and pre-sintering
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magnification. The CC denote the surface under compression and suggest the fracture origin to be placed in the opposite surface. In the facture surface, hackle lines
indicate the direction of fracture propagation, suggesting the presence of the fracture origin in the tensile side of the samples.

process as performed for commercial zirconia pucks. It is unknown
whether these differences may or may not have a significant impact on
the microstructure and overall properties compared to commercial
multilayer systems. Additionally, the hydrothermal aging conditions do
not fully replicate the complex in vivo degradation mechanisms and do
not account for the repeated occlusal forces of the oral environment.
Therefore, future research should focus on fatigue testing and long-term
clinical studies to further validate the findings of the present study.

5. Conclusion

The synthesis of the bilayer system resulted in a dense and homo-
geneous microstructure. Hydrothermal aging triggered alterations in the
crystalline content, microstructure, and mechanical properties of the
experimental bilayer zirconia system as well as of their monolithic
controls.
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