journal of the mechanical behavior of biomedical materials 135 (2022) 105451

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

journal homepage: www.elsevier.com/locate/jmbbm

ELSEVIER

Stability of fatigued and aged ZTA compared to 3Y-TZP and Al;O3 | St
ceramic systems

Ernesto B. Benalcazar Jalkh ", Edmara T.P. Bergamo ™/, Tiago M.B. Campos°, Everardo N.
S. de Aratjo-Junior?, Adolfo C.O. Lopes®, Sérgio M. Tebcherani °, Satoshi Yamaguchi ¢,

Luis A. Genova ‘, Petra C. Gierthmuehlen ¢, Lukasz Witek “¢, Paulo G. Coelho ", Estevam

A. Bonfante®

2 Department of Prosthodontics and Periodontology, University of Sao Paulo, Bauru School of Dentistry, Bauru, SP, Brazil

Y Federal University of Technology, Parand, Department of Production Engineering, Av. Monteiro Lobato km 04, 84016-210, Ponta Grossa, PR, Brazil
¢ Department of Biomaterials Science, Osaka University Graduate School of Dentistry, Suita, Osaka, Japan

94 Nuclear and Energy Research Institute, IPEN, SP, Brazil

€ Department of Prosthodontics, Medical Faculty and University Hospital Diisseldorf, Heinrich-Heine-University, Diisseldorf, Germany

f Department of Biomaterials and Biomimetics, New York University College of Dentistry, New York, NY, USA

8 Department of Biomedical Engineering, NYU Tandon School of Engineering, New York University, Brooklyn, NY, USA

" Department of Surgery, University of Miami Miller School of Medicine, Miami, FL, USA

ARTICLE INFO ABSTRACT

Keywords: To evaluate the effect of fatigue and aging on the crystalline content and reliability of a zirconia-toughened-
Zircor_lia alumina (ZTA) composite compared to its individual counterpart materials (3Y-TZP and AlyO3).

Alu_mma Thirty-six disc-shaped specimens per group were obtained to comply with ISO 6872:2015. Crystalline content,
;Ztlggielity microstructure and reliability of experimental groups were evaluated in four stages: 1) immediate; 2) aged; 3)
Microstructure fatigued; 4) aged + fatigue. Aging was performed in autoclave and Step-Stress-Accelerated-Life-Testing (SSALT)
Aging was performed using three stress profiles. Weibull statistics were used to determine Weibull parameters and life-

expectancy. A significant increase in monoclinic phase in 3Y-TZP was observed after aging (19.31%), fatigue
(17.88%) and aging + fatigue (55.81%), while ZTA evidenced minimal variation among all conditions (<5.69%).
3Y-TZP presented higher reliability than ZTA at 300 and 500 MPa, and ZTA outperformed Al,O3 at the same
stress missions. None of the ceramics yielded acceptable reliability at 800 MPa. A higher characteristic strength
was observed for 3Y-TZP, followed by ZTA and Al;O3. While after aging ZTA and Al;O3 remained stable, 3Y-TZP
exhibited a significant increase in the characteristic stress.

Aging did not affect the reliability of ZTA and Al,O3. 3Y-TZP demonstrated an increase in monoclinic content
and characteristic strength after aging.

1. Introduction

Among polycrystalline ceramics, zirconia has been broadly used in
the biomedical field because of its highlighted mechanical properties
and biocompatibility (Garvie et al., 1975). The first-generation dental
zirconia, yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP), is
characterized by the stress mediated phase transformation from the

metastable tetragonal phase to the monoclinic phase (t-m), where the
volume increase associated with phase transformation is able to hinder
crack propagation in the core (phenomenon known as transformation
toughening). However, its high opacity makes it an interesting alter-
native only to overcome the esthetic drawbacks of metallic in-
frastructures, still requiring the porcelain veneering to achieve esthetics
(Jung et al., 2008; Walton, 2013). It is noteworthy that along with the
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remarkable mechanical properties of 3Y-TZP, the improvements in
Computer-Aided Design and Computer-Aided Manufacture (CAD/CAM)
technology, have provided faster and less expensive fabrication pro-
cedures for 3Y-TZP-based reconstructions (Joda et al., 2017). As a
consequence, a wide clinical application of 3Y-TZP ceramics has been
observed aiming not only to overcome the esthetic limitations of
metallic frameworks, but also to increase the efficiency of prosthodontic
treatments.

Systematic reviews evaluating the clinical performance of 3Y-TZP
based restorations compared to its metal ceramics counterparts have
reported high survival rates for tooth-supported (Sailer, Makarov et al.
2015, 2016) and implant-supported (Pjetursson et al., 2018) single
crowns. Nonetheless, when indicated for long span rehabilitations,
including partial and full-arch fixed dental prostheses (FDP),
porcelain-veneered 3Y-TZP have shown inferior survival rates when
compared to metal ceramics, irrespective of support (teeth or implants)
(Pjetursson et al., 2017; Sailer, Strasding et al., 2018; Pjetursson et al.,
2022). The higher risk for chipping of the veneering porcelain observed
in clinical studies, as well as for framework fractures, have led to the
assumption that conventionally veneered zirconia should not be
considered as a first-choice system for FDPs (Sailer, Strasding et al.,
2018; Pjetursson et al., 2022).

Aiming to eliminate the veneering ceramic interface and to obtain
materials with greater structural integrity, translucent 3Y-TZP systems
have been developed for monolithic (full-contour restoration) applica-
tions, named second-generation zirconia (Zhang and Lawn, 2017).
However, the direct contact of 3Y-TZP to the oral environment raises
concerns about potential adverse effects of its susceptibility to low
temperature degradation (LTD) (Chevalier et al., 1999; Chevalier, 2006;
Piconi et al., 2006; Chevalier, Gremillard et al., 2007). LTD is known by
the spontaneous and progressive t-m phase transformation, resulting in
volumetric grain alterations, which may increase the surface roughness
(Chevalier, Grandjean et al., 2009), induce micro cracking, and even-
tually compromise 3Y-TZP mechanical (Chevalier and Gremillard, 2009,
Chevalier, Grandjean et al., 2009; Sailer, Balmer et al., 2018) and optical
(Kim and Kim, 2018) properties. Hence, LTD consequences on the
microstructure integrity may influence the reliability of prosthetic
treatments in the long-term (Kim, Han et al., 2009).

In light of the well documented limitations of 3Y-TZP systems
currently used in dentistry, polycrystalline ceramic composites of zir-
conia and alumina have been proposed in the literature as a substitute
for metallic and 3Y-TZP infrastructures (Benalcazar Jalkh et al., 2020Db).
Zirconia toughened alumina (ZTA), a ceramic composite comprised by a
primary phase of alumina (Al,O3) and a secondary phase of 3Y-TZP
(Kurtz et al., 2014), has been used in the orthopedic field since 2000
to overcome the detrimental hydrothermal instability of 3Y-TZP systems
(Chevalier et al., 2000; Chevalier, Gremillard et al., 2009). The rationale
behind ZTA applications relies on the combination of the best properties
of both materials. While 3Y-TZP provides its highlighted mechanical
properties due to the transformation toughening effect, AloO3 provides a
hard matrix that allows the stabilization of zirconia’s tetragonal phase
within the composite (Chevalier and Gremillard, 2009). The advanta-
geous features of ZTA composites have led to a wide application in the
orthopedic field for the manufacture of ceramic-on-ceramic prostheses
for total hip replacement, where promising in-vitro results (Perrichon
et al., 2017; Al-Hajjar et al., 2019) have been reported with a survival
rate of up to 99% of femoral head protheses after 10 years (Howard
et al., 2017).

Recent dental-based evidence have indicated high hydrothermal
stability for ZTA composites comprised by 70% Al;O3 and 30% 3Y-TZP,
where microstructure, crystalline content, optical and mechanical
properties remained stable after aging, as well as comparable to those of
3Y-TZP systems (Benalcazar Jalkh et al., 2020b), which would allow its
indication as framework materials for single crowns and fixed dental
prostheses, according to ceramic systems standard requirements (ISO
6872). However, there is currently no evidence regarding ZTA behavior
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for dental applications when submitted to fatigue in a wet environment,
as it occurs during the masticatory function. Thus, the present study
sought to evaluate the fatigue behavior and changes in crystalline con-
tent of an experimental ZTA composite comprised by 30% 3Y-TZP and
70% Al;O3 before and after aging compared to its isolated counterpart
materials. We hypothesized that the formulated ZTA composites would
be resistant to the accelerated aging protocol and that the biaxial flex-
ural fatigue strength would only be altered in the aged
second-generation 3Y-TZP.

2. Materials and methods
2.1. Ceramic powders and samples preparation

In the present study, a ZTA composite comprised by high purity
alumina (Al,O3, Baikalox Regular CR10, Baikowski, France) reinforced
with a second-generation yttria-stabilized tetragonal zirconia poly-
crystals (3Y-TZP, Zpex, Tosoh Corporation, Japan) was synthesized and
compared to its counterpart materials. The three synthesized and tested
experimental groups were: 1) ZTA: Synthesized in a weight ratio of 70%
Aly03 and 30% 3Y-TZP, 2) 3Y-TZP; and 3) Al,0O3. Composition of the
ceramic powders used in the present study is summarized in Table 1.

The ZTA composite was synthesized as previously presented (Lopes
et al., 2019, Benalcazar Jalkh, Bergamo et al. 2020). In brief, a sus-
pension in ethanol containing alumina and zirconia powders
(Al203-70% v ZrO,-30%) was prepared and the blend was homogenized
for 4 h in a friction mill with alumina spheres. The slurry was then dried
in a rotary evaporator (801, Fisaton, Sao Paulo, Brazil) and the powders
were granulated and sieved. Alumina powder was prepared in an
ethanol suspension with 0.05% magnesium oxide and 1% of Polyvinyl
Butyral binder (Sigma-Aldrich, St. Louis, Missouri, USA). The suspen-
sion was then processed until sieving.

3Y-TZP, Al,03, and the experimental ZTA powders were uniaxially
(1148 kgf/cm? for 30 s) and isostatically (2110Kgf/cm? for 30 s) pressed
at room temperature to obtain disc shaped green body samples of all
groups. Sintering of ceramic materials was performed for 1 h (Zyrcomat
Furnance, Vita Zahnfabrink, Bad Sackingen, Germany) at 1550 °C for
3Y-TZP samples and at 1600 °C for ZTA and Al;03. Both with heating
and cooling rate of 4° per minute (Benalcazar Jalkh et al., 2020b).
Polishing was performed in both disk surfaces using a semi-automatic
polishing machine (Automet 2000; Buehler, Illinois, USA) with dia-
mond disks and diamond suspensions of granulations up to 1 pm (AL-
LIED High-Tech Products, California, USA).

One hundred and eight disc-shaped specimens (n = 36/group) were
prepared with final dimensions of 12 mm of diameter and 1 mm thick-
ness as recommended by the ISO 6872:2015. Crystalline structure and
surface imaging, as well as fatigue behavior were determined for all
groups before and after autoclave accelerated artificial aging. Addi-
tionally, fractographic analysis of the fragments was performed.

2.2. Aging

Half of the samples of each group were subject to in-vitro low-
temperature degradation (LTD) using autoclave (Vitale Class CD,
Crist6foli, Campo Mourao, PR, Brasil) at 134 °C, under a 2.2 bar pres-
sure, over a period of 20 consecutive hours. This protocol has been
proven to effectively promote t-m phase transformation in 3Y-TZP-based
materials, with a significant impact on its mechanical, optical and
microstructural properties (Pereira et al., 2015; Lopes et al., 2019,
Benalcazar Jalkh, Bergamo et al. 2020, Benalcazar Jalkh, Monteiro et al.
2020; Lopes et al., 2020).

2.3. X-ray diffraction (XRD)

The crystalline structure of all groups was analyzed by XRD (X’pert
Power PANalytical, Netherlands) in four different stages: 1) immediate
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Table 1
Composition of the second-generation 3Y-TZP and high purity Al,O3 powders.
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3Y-TZP Particle Size (nm) Chemical Composition [wt.-%]
Y,03 (mol%) AlLO3 Na,O Si0, Fe0,03 HfO2
40 3 <0.1 <0.04 <0.02 <0.01 <5.0
Al,03 Particle Size (nm) Crystal Structure Chemical Analyses ICP (ppm)
Alpha Gamma Fe Na Si Ca K Mg, Ti, Cr, Mn, Ni, Cu, Zn
350 95% 5% 6_ 13 E 2 22 <1 each

(before aging); 2) after aging; 3) after fatigue; 4) after aging and fatigue.
The scanning was performed on the Bragg 6-26 geometry, equipped with
a graphite monochromator and Cu Ka radiation (A = 1.5406 [o\), oper-
ating at a voltage of 40 kV and a current emission of 40 mA. The data
were obtained in periods of 1.0 s and steps of 0.020 (26) of 20-70°.
Baseline subtraction was performed in High-Score Plus Software (Mal-
vern Panalytical Ltd, Westborough, Massachusetts, USA) for all XRD
collected data. Monoclinic and tetragonal peaks were identified, and the
area corresponding to peaks 28, 30 and 31.2° were recorded for
monoclinic phase calculation.

ZTA and 3Y-TZP monoclinic phase percentage was calculated before
and after aging through the formulas introduced by Toraya and Yoshi-
mura (Toraya et al., 1984) as follows:

B [Im(—111) + Im(111)]
"= Im(=111) + Im(111) + 11(101)]

Vm = 1311 x Xm
1+0.311 x Xm

where I, (—111) and I, (111) represent the monoclinic peaks intensity
(26 = 28° and 260 = 31.2°, respectively), It (101) indicates the intensity of
the tetragonal peak (20 = 30°), and Vy, represents the monoclinic
volumetric content.

2.4. Scanning electron microscope (SEM)

The micromorphology of the ceramic systems was analyzed by SEM
(VEGA3-TESCAN, Brno-Kohoutovice, Czech Republic). SEM images
were obtained at high vacuum, 5 kV accelerating voltage, 6-12 mm
working distance, and magnifications up to 20,000x.

2.5. Step stress accelerated life testing (SSALT)

For SSALT, disc-shaped specimens were subjected to cyclic loads,
with successively increasing stress levels, until its failure or suspension
(Bonfante and Coelho, 2016). For testing, specimens were positioned on
a piston-on-three-balls biaxial flexural strength test device in an

1400

all-electric precision fatigue system according to ISO 6872:2015 re-
quirements (ElectroPuls E3000 Linear Torsion system, Instron, Nor-
wood, MA, USA), and tested under fatigue at 15 Hz. SSALT was
performed using three different load profiles (Fig. 1), where samples
were distributed in a ratio of 3:2:1 to mild (n = 9), moderate (n = 6) and
aggressive (n = 3) profiles respectively, as described in previous liter-
ature (Abernethy et al., 1983; Nelson, 2004; Bonfante and Coelho,
2016).

Profiles design was achieved through the biaxial flexural strength
data of ZTA composites previously published by our group (Benalcazar
Jalkh et al., 2020b; Lopes et al., 2020). Fatigue test was performed in
humid, room temperature environment (~23 °C), with a sheet of poly-
ethylene (0.1 mm thick) placed between the piston and the ceramic
surface to reduce contact stress concentration, as recommended by ISO
6872:2015. Test was conducted until failure or suspension of the
specimens.

Based upon the step-stress distribution of failures, the inverse power
law life-stress relationship for damage accumulation and Weibull dis-
tribution (Zhao and Elsayed, 2005) model enabled the calculation and
plot of the use level probability Weibull curves, represented by proba-
bility of failure versus number of cycles with the corresponding 95%
two-sided confidence interval (CI) (Alta Pro 21; Reliasoft, Tucson, AZ).
The use of level probability in Weibull analysis provides a beta (p) value
that describes the failure rate behavior over time. When failure rate
decreases over time (p < 1), it is commonly associated with early fail-
ures. When failure rates increase over time (f > 1), it is related to
damage accumulation and fatigue, and when beta is equal to one ( = 1)
it represents failures of a random cause. The reliability, which represents
the probability of an item surviving a given number of cycles at a use
level stress, was calculated for a mission of 50,000 cycles at 100, 300,
500 and 800 MPa (stress requirements described in ISO 6872:2015 for
ceramic materials). For the mission reliability and p parameters calcu-
lated, the two-side 95% CI were calculated. As § was lower than 1 for a
determined group, Weibull probability contour plot, represented by the
Weibull modulus versus the characteristic strength, was calculated and
plotted, where contours limits were determined by the calculation of the
two-side 95% CI.

o i
L

@

c

§ 800

2

o] Mild

® 600

S ——Moderate
400 ——Agressive

200 N g
0 T T T
0 50000 100000

150000 200000 250000 300000 350000 400000 450000 500000
Cycles

Fig. 1. Fatigue profiles designed for SSALT.
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2.6. Fractographic analyses Table 2
Monoclinic phase percentage of 3Y-TZP and ZTA ceramic systems before and
The fractured specimens were examined with polarized light in Axio after aging, and fatigue testing.
Zoom V16 Stereo Zoom Microscope (Carl Zeiss, Oberkochen, Germany) Material Aging/Fatigue testing Monoclinic phase %
to assess fractographic evidence of the fracture origin and direction of 3Y-TZP Immediate 7.09
propagation. The Z-stack imaging mode was used to merge images Immediate + SSALT 17.88
automatically taken on the z-plane into one figure with improved depth Aged 19.31
of focus (ZEN 2.3 PRO, Zeiss). Subsequently, SEM was used to confirm Aged + SSALT 55.81
initial inspection and to document fractographic marks. ZTA Immediate <1
Immediate + SSALT 1.18
3. Results Aged 212
Aged + SSALT 5.69
X-ray diffraction data of all groups is presented in Fig. 2. XRD ana-
lyses allowed the identification of alpha () Alumina phase (Al,03) and which demonstrate the successful experimental processing protocol
zirconia tetragonal (Zr) and monoclinic (Zy) phases (yttria-stabilized proposed for all ceramics tested (Fig. 3). A homogeneous distribution of
tetragonal zirconia polycrystals, 3Y-TZP). After background determi- 3Y-TZP grains on the Al,O3 matrix can be observed in the ZTA com-
nation, 3Y-TZP and Al,O3 peaks were found using High-Score Plus posites micrographs. While large grains can be noted in pure AlOs3,
Software, and the area under the 28°, 30° and 31.2° peaks were calcu- reduced grains were observed in the microstructure of the ZTA com-
lated to determine the percentage of tetragonal and monoclinic phases, posite. Few microstructural defects can be observed for all ceramics,
according to Toraya and Yoshimura model (Table 2). which are considered intrinsic to material processing (Fig. 3).
Images obtained with scanning electron microscope (SEM) at 20,000 The step stress derived use level probability Weibull curves are
magnifications exhibited a dense and homogeneous microstructure, presented in Fig. 4 to illustrate the failure distribution of the samples as a

Al:0s ICSD 98-016-0605
ZrO:2 ICSD 98-007-2954
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function of time. The beta (p) value obtained from the use level proba-
bility Weibull calculations was lower than one (p < 1) for all groups (p =
0.35-0.67), except for aged 3Y-TZP (p = 1.19); however, the lower
bound of the confidence interval of aged 3Y-TZP was also lower than
one, indicating that for all groups materials strength dictated the failure.
The probability of survival for a mission of 50,000 cycles at relevant
stresses (ISO 6872:2015) is summarized in Table 3. All ceramic mate-
rials presented a reliability close to 100% at 100 MPa, which is a stress
value compatible with the indication of single crowns. The probability of
survival of Al,O3 discs was significantly reduced, almost 0%, at a
mission of 300 MPa. While immediate 3Y-TZP showed a significantly
higher reliability than ZTA, aged 3Y-TZP and ZTA demonstrated no
significant difference at a mission of 300 MPa, which is a stress value
compatible with the indication of anterior fixed dental prostheses
(FDPs). At 500 MPa, ISO requirements for posterior FDPs, the reliability
Aly0Os-based materials (including ZTA) dropped significantly, which
discourage its indication for the manufacture of infrastructure of three
or more units FDPs. Despite 3Y-TZP presented favorable reliability at
500 MPa, irrespective of aging, none of the ceramics tested in the pre-
sent study yielded acceptable reliability at 800 MPa, which is compat-
ible with the indication of FDPs with four or more units.

As per p < 1, the Weibull parameters were determined based on the
stress at failure data. Weibull modulus, used as a measure that expresses
the structural reliability of the material, and characteristic strength,
which represents the stress at a failure probability of approximately
63.2% of all groups are summarized in Table 4. Weibull modulus of all
groups demonstrated no significant difference, except for aged 3Y-TZP
which showed significantly higher values than ZTA and AlyOs in the
aged condition. 3Y-TZP presented the highest values of characteristic
strength, which significantly increased after aging, both significantly
different from other ceramics. ZTA composite presented intermediate
values of characteristic strength, with no significant difference after
aging; however, both values were significantly higher when compared
to pure Aly,Os3. Likewise, Al,03 values of characteristic strength

Table 3
Probability of survival of all ceramic systems with the corresponding 95% CI for
all groups.

Immediate Aged
ZTA Al,O3 3Y- ZTA Al,O3 3Y-
TZP TZP
100 Upper 99 97 100 100 97 100
MPa Bound
Reliability 97 92 Aa 100 929 92 Aa 100
Aa Aa Aa Aa
Lower 90 80 99 95 79 98
Bound
300 Upper 89 14 1 95 32 100
MPa Bound
Reliability 79 4 Ac 99 Aa 88 17Ab 99 Aa
Ab Aa
Lower 63 0 94 74 6 94
Bound
500 Upper 30 0 93 31 0 97
MPa Bound
Reliability 16 0 Ac 86 Aa 17 0 Ac 91 Aa
Ab Ab
Lower 7 0 71 7 0 74
Bound
800 Upper 0 0 4 0 0 29

MPa Bound
Reliability 0 Aa 0 Aa 0 Aa 0 Ab 0 Ab 10 Ba
Lower 0 0 0 0 0 2
Bound

Capital letters denote statistical differences between immediate and aged con-
ditions. Non-capital letters denote statistical differences among experimental
materials.
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remained constant after aging (Fig. 5).

Fractographic analyses demonstrated similar fracture patterns for all
ceramic systems. Characteristic fractographic marks, including hackle
lines and compression curls, were used to suggest the origin of the
fracture, in all the cases related to microstructural defects on the tensile
side of the discs that propagated to the compression side of the speci-
mens. Fig. 5 summarizes the micrographs of representative fractured
discs of each material after fatigue testing.

4. Discussion

During function, dental prostheses are subjected to repetitive lower-
intensity stresses that lead to cumulative damage and slowly compro-
mise the integrity of the restoration, eventually leading to failure at
lower stress levels compared to its ultimate characteristic strength
(Bonfante and Coelho, 2016). Such mechanisms seem critical in 3Y-TZP
based restorative materials, where the metastability of the tetragonal
phase may be affected by mechanical stress, humidity and body tem-
perature(Kocjan et al., 2020; Cotic et al., 2021). Therefore, the present
study aimed to evaluate the crystalline microstructure and the impact on
reliability in non-aged controls, non-aged and fatigued, solely aged, and
aged and fatigued ZTA experimental composite compared with its iso-
lated counterpart materials. 3Y-TZP presented the highest values of
characteristic strength, followed by ZTA composite and Al,Os, all
significantly different. While aging did not affect the reliability of ZTA
composite and Aly03, 3Y-TZP demonstrated a significant increase in the
characteristic strength after aging. The hypothesis that the experimental
ZTA would be resistant to the accelerated aging protocol and that the
biaxial flexural fatigue strength would only be altered in the aged
second-generation 3Y-TZP was accepted.

The x-ray diffraction spectra and monoclinic phase percentage
calculation in the present study confirm the greater stability of the
tetragonal phase of ZTA composites formulated with 70% of Al;O3 and
30% of 3Y-TZP after aging (2.12%) and fatigue testing (5.69%), notably
lower when compared to the isolated 3Y-TZP counterpart (after aging:
19.31% and fatigue testing: 55.81%). Previous findings concerning the
effect of aging on ZTA composites using the same autoclave aging pro-
tocol used in the present study have also demonstrated a slight increase
in monoclinic content for ZTA composites (up to 3.3%) which was
significantly lower relative to 3Y-TZP (approximately 26.5%) (Benal-
cazar Jalkh et al., 2020b). Aging resistant materials are highly desirable
in clinical practice to avoid the long-term consequences of hydrothermal
instability, and ZTA stability might be explained by two mechanisms: 1)
the interruption of the nucleation and growth mechanism of LTD, where
the interconnectivity of 3Y-TZP grains is limited by the Al,O3 matrix;
and 2) reduced transformation toughening in ZTA composites due to the
reduced 3Y-TZP content in its composition (Chevalier and Gremillard,
2009). It is worthy to mention the effect of cyclic loading and the
associated tensile stresses on increasing the monoclinic content, espe-
cially for 3Y-TZP before and after aging, where the findings demonstrate
its susceptibility to the effects of LTD in combination with the trans-
formation toughening induced by the mechanical stress produced by
loading (Chevalier, Gremillard et al. 2007, 2009).

Second-generation 3Y-TZP was introduced as an alternative to first-
generation 3Y-TZP for the manufacture of monolithic prostheses and the
elimination of the veneering process due to improved optical properties,
which has been achieved by reducing additive content and altering
sintering protocols (Zhang and Lawn, 2017). In fact, such gain in
translucency of second-generation 3Y-TZPs relies especially on the
reduction of the Al,O3 content, the increase of the grain size, and
reduction of defects and porosities of the surface to improve light
transmittance (Tong et al., 2016), where the former factors have been
reported to potentially increase the effects of hydrothermal aging of
3Y-TZP systems (Lucas et al., 2015). The laboratory simulation of hy-
drothermal degradation using autoclave has been effective in promoting
zirconia tetragonal-to-monoclinic (t-m) phase transformation (Pereira
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Table 4
B values and Weibull Parameters [Weibull modulus (m) and Characteristic strength ()] with the corresponding 95% CI obtained for all groups.
Immediate Aged
ZTA Al,03 3Y-TZP ZTA Al,03 3Y-TZP
Upper Bound 643.8 278.07 873.46 667.33 327.85 1038.31
Characteristic strength 595.37Ab 260.18Ac 828.75Aa 622.89Ab 298.14Ac 1001.22 Ba
Lower Bound 550.59 243.45 786.32 581.4 271.13 965.46
Upper Bound 7.08 8.35 10.36 8.01 6.18 15.85
Weibull Modulus 5.24Aa 6.18Aa 7.8Aa 5.95Ab 4.6Ab 11.61Aa
Lower Bound 3.88 4.57 5.87 4.42 3.42 8.51

Capital letters denote statistical differences between immediate and aged conditions. Non-capital letters denote statistical differences among experimental materials
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et al.,, 2015) and is considered a standard method according to ISO
13356:2015 requirements (International-Standard-Organization, 2015).
The ISO protocol, comprised by autoclave aging at 134 °C, 2.2 bar, for 5
h has been reported in orthopedic literature to be roughly equivalent to
2-4 years in vivo aging (37 °C) (Chevalier et al., 1999). However, recent
evidence concerning the in vivo effects of LTD on 3Y-TZP systems have
suggested that aging kinetics can be almost three times faster than the
conventionally accepted in vitro-in vivo extrapolations (Kocjan et al.,
2020). Furthermore, in a prospective clinical study with ex vivo moni-
toring of monolithic 3Y-TZP dental prostheses, Koenig et al. (2021)
demonstrated that along with the effects of LTD, the tribological stresses
generated in the occlusal surface of the prostheses produce surface
crushing and grain pull-out, which suggest an underestimation of the
aging process when characterization tests are limited to monoclinic
phase quantification (Koenig et al., 2021). As mentioned above, the t-m
transformation of the 3Y-TZP system herein studied generated from
tensile stress of mechanical (19%) and chemical (17.88%) stimuli were
similar, and the combination of both stimuli resulted in more than 55%
monoclinic content. Such findings raise concerns regarding the clinical
impact of hydrothermal-mechanical aging on second-generation 3Y-TZP
as a monolithic reconstructive material and encourage the devel-
opment/improvement of biomaterials, as well as laboratory methods
that better simulate the complex characteristics of aging in the oral

environment.
Based on failure distribution, fatigue analysis indicated that failure

rate decreased over time and failure was chiefly dictated by materials
strength rather than by damage accumulation (beta lower than one, p <
1, for all groups except for aged 3Y-TZP). Interestingly, the beta value
higher than one (§ > 1) for the aged second-generation 3Y-TZP can be
associated with the extensive t-m transformation as a result of LTD
simulation and mechanical loading. It has been well-defined that volu-
metric alterations caused by t-m transformation in 3Y-TZP systems
produce residual compressive stress accumulation that can seal defects
and limit crack propagation, increasing fracture toughness (Stump and
Budiansky, 1989). However, when a critical tension accumulation is
reached, there is a massive collapse of grains and an increase of defect
population within the material that, consequently, reduces the flexural
strength (Becher and Swain, 1992; Kim, Han et al., 2009; Prado et al.,
2019). Therefore, the crystalline rearrangement and microstructural
alteration of the 3Y-TZP grains after aging might explain not only the
higher beta value, but also the increase in characteristic strength
observed in aged 3Y-TZP (~160 MPa), where a longer LTD protocol
would be necessary to induce the necessary critical tension for grains
collapse and reduction on the fatigue strength of the system.
As mentioned above, 3Y-TZP presented higher characteristic
strength when compared to ZTA composite and pure Al,Os. Based on
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previous biaxial flexural strength data, it was expected that fatigue
would reduce the characteristic strength of all ceramic systems (Benal-
cazar Jalkh et al., 2020Db). Although a decrease of approximately 200
MPa was observed for all immediate and aged groups after fatigue
relative to the ultimate characteristic strength, a similar trend in sta-
tistical difference between groups was observed, with 3Y-TZP presenting
the highest characteristic strength, followed by ZTA and Al,Os3. Despite
the higher amount of t-m transformation on the fatigued samples of
3Y-TZP, they have not reached the critical tension accumulation needed
to produce a collapse on the grains and an increase in the defect popu-
lation within the material, increasing the flexural fatigue strength. Up to
a certain point, volumetric alterations caused by t-m transformation in
3Y-TZP systems lead to residual compressive stresses accumulation on
the surface (area subjected to tensile stresses while fatigue testing) that
limit the crack propagation, thus the higher transformability inherent to
second-generation 3Y-TZP potentially resulted in a dense compressive
layer on the surrounding grains, which limited crack propagation during
testing and increased 3Y-TZP fatigue strength (Becher and Swain, 1992;
Prado et al., 2019). In contrast, the Al,O3 matrix of ZTA composite limits
the interconnectivity of 3Y-TZP grains, reducing not only LTD effects but
also the benefits of transformation toughening. However, based on the
current evidence that aging kinetics can be remarkably faster than ex-
trapolations of in vitro-in vivo studies (Kocjan et al., 2020), aging resis-
tant materials, such as ZTA composites, are highly desirable, especially
when considering the range of stresses levels required for dental pros-
theses’” applications.

Although ZTA composites have shown stability when only hydro-
thermally aged (Benalcazar Jalkh et al., 2020b), the literature has shown
that orthopedic prostheses made of ZTA, retrieved in the short term (20
months), have shown up to 50% phase transformation (Rondinella et al.,
2018). This finding suggests that along with low temperature degrada-
tion, the physiological loading of ZTA may produce a significant in-
crease in phase transformation. However, the ZTA composite developed
in the current study, subjected to both artificial hydrothermal aging
and/or fatigue testing has shown high stability, with a relatively low
phase transformation (<5.69%) when submitted to mechanical and
hydrothermal stimulus, which is promising for dental applications.

The reliability of all ceramic materials was evaluated at clinically
relevant stress levels, as per ISO 6872:2015 requirements (Inter-
national-Standard-Organization, 2015). ZTA composite presented
higher probability of survival than Al;O3 at 300 MPa, and 3Y-TZP out-
performed ZTA and Al,O3, at a stress level compatible to the indication
of 3-unit anterior fixed dental prostheses (FDPs), with no significant
influence of aging. Al,Os-based materials (including ZTA) reliability
dropped significantly at missions higher than 500 MPa, which still
discourage its indication for the manufacture of FDP infrastructures of
three or more units at posterior regions. Although ZTA composites ap-
pears to present an interesting microstructure, aging resistance, and
strength, improvements in the composition, synthesis, and/or process-
ing methods are still required to achieve higher reliability and increase
the potential application for long-span prostheses. Also, clinical studies
are required to evaluate the performance of ZTA-based prosthesis.

5. Conclusion

Aging did not affect either the crystalline content and microstructure
nor the fatigue performance of ZTA and Al,03, while second-generation
3Y-TZP evidenced a significant increase in the monoclinic content and
characteristic strength after aging and/or fatigue.
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