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ABSTRACT

Different factors such as the characteristics of starting powders, their processing, the sintering
technique and the final sintering temperature were assessed with the goal to improve the low
temperature degradation (LTD) resistance of 3Y-TZP materials without compromising on the
mechanical properties. The degradation of hydrothermally treated specimens was studied by

AFM, nanoindentation technique, micro-Raman spectroscopy and electron microscopy.

3Y-TZP previously prepared in laboratory by colloidal processing, and sintered by microwave
method at low temperature (1200 °C) led to excellent mechanical and LTD resistance, as
compared to dental restorations based on Y-TZP commercial material. In the former, the
presence of m-phase was almost non-existent even after 200 h of exposure to LTD conditions
and the initial mechanical properties were maintained, giving 16 GPa and 250 GPa mean values
for hardness and Young’s modulus, respectively. The influence of the fast-technology by

microwave heating is presented with a non-conventional sintering method to fabricate 3Y-TZP



ceramics for dental application with very high resistance against LTD and optimized mechanical

properties.

1. Introduction

Yttria (Y,O3) stabilized tetragonal zirconia polycrystalline (Y-TZP) ceramics have become
significantly important as biomaterials for dental applications due to their superb mechanical
properties, null interaction with human tissue and promising aesthetic characteristics [1]. Their
relatively high strength, hardness and fracture toughness make them excellent candidates for
dental prostheses and implants. A mechanism known as transformation toughening is
responsible for the high strength and toughness of zirconia materials. This mechanism consists
on the spontaneous martensitic transformation of the metastable tetragonal (t) phase to the
room-temperature stable monoclinic (m) configuration as a crack propagates through the
material. The transformed particles surround and enclose the crack inhibiting its growth [2].
Therefore, it is very important that the material is completely stabilized in the t-phase. In order
to obtain zirconia materials with almost 100% t-phase content, a stabilizing agent needs to be
added. Particularly, zirconia materials for dental application contain low amounts of yttria (1.5 -
3.5 mol%).

However, this advantageous toughening mechanism has also become counterproductive when
Y-TZP materials are exposed to humid environments at temperatures of 20 — 300 °C, due to a
hydrothermal ageing phenomenon known as low temperature degradation (LTD) [3-5]. Between
the years 1999 and 2001, Y-TZP femoral heads utilized for hip replacement surgery were
reported to fail catastrophically inside the human body [4,6]. In 2007, these failures were
attributed to LTD and since then this hydrothermal ageing process has received a lot of
attention. The conditions that favor LTD are present in the oral cavity; hence, it is extremely
important to study the effect of LTD on Y-TZP materials for dental applications. Several
theories have been proposed on the interaction and effects of water in LTD [7-9] but the
mechanisms that trigger this phenomenon have not been truly understood yet. Nonetheless, it is
well established that the degradation starts from the surface and proceeds to the material bulk
inwards. The t-m transformation is accompanied by a change in volume that results in the
introduction of defects in the material such as surface uplifts and microcracks [10]. As a
consequence, surface roughening and macrocracking arises and the mechanical and aesthetic
properties are affected [11-13]. Therefore, it is extremely important to investigate the
susceptibility of Y-TZP dental materials to LTD, especially when it comes to microstructure

and mechanical properties.



There are different factors that affect the LTD behavior in zirconia materials including grain
shape and size, stabilizer content and distribution, cubic phase content, porosity, and effect of
residual stresses [4,14-17]. Particularly, grain size and shape are strongly influenced by the
sintering process and its conditions [18,19]. In ceramics, sintering is a common thermal
treatment that allows the consolidation of dense materials from starting powders by the
activation of mass transfer mechanisms and plays a significant role in the resulting
microstructure and mechanical properties. Dwell time and temperature are the most important
parameters that define grain size, hardness and other mechanical properties when sintering Y-
TZP ceramics by conventional methods [20]. Conventional sintering of Y-TZP materials
consists on the heating of “green” bodies at temperatures ranging from 1200 — 1500 °C for
periods of time that may add up to several hours. The degree of densification, which is directly
related to the resulting microstructure, depends on the temperature and dwell time. Heat is
transferred in an industrial furnace via conventional heat transfer mechanisms: conduction,
convection and radiation. This type of heating is characterized by a temperature gradient from
the surface to the bulk of the material. Conventional sintering is a very energy intensive process

because of the heating rates, temperatures and long times that are required.

During the past decade a strong effort was devoted to the manufacturing stage through novel
near-net shaping methods. Currently, a significant part of undergoing research is focusing on
innovative approaches for sintering ceramic materials. These approaches are regarded as non-
conventional sintering methods. One such approach is microwave heating technology.
Microwave heating consists on the absorption of electromagnetic radiation by materials due to
their intrinsic dielectric properties [21,22]. It differs greatly from conventional sintering because
heat transfer mechanisms are not the driving force for densification but rather the conversion of
electromagnetic energy into thermal energy within the material. Therefore, the temperature
gradient is created from the material bulk towards the surface. This type of heating is also
known as volumetric heating [23-25]. Ceramic materials such as Y-TZP are able to absorb
microwave radiation due to the presence of molecular dipoles [21]. These dipoles interact with
the oscillating electric field, which is induced by the microwaves, by rotating continuously in
order to align with the field. Molecular resistance to these rotations generates heat, elevating the
material’s temperature, a process known as dielectric heating [26]. The rise in temperature is

determined by the amount of energy absorbed in the process.

Several authors [27-30] have determined that highly dense materials without substantial grain
coarsening may be obtained with microwave sintering since dwell times are considerably
shortened and heating rates can be substantially increased. In some studies, lower sintering
temperatures have been applied while obtaining materials with relative densities comparable to

those of conventional sintering at higher temperatures [30]. As Y-TZP materials with a finer



microstructure and a high degree of densification can be obtained, mechanical properties may be
enhanced, improving the overall quality of the resulting material [29]. The modified
microstructure that results from microwave sintering is very likely to affect the behavior of Y-
TZP materials against hydrothermal degradation. Moreover, shortening dwell times and
lowering sintering temperatures reduce the amount of energy consumption during the process,
which may also translate in lower production costs for professionals and patients. Other
advantages include a lower environmental impact than other sintering techniques and the
possibility to process near-net-shape materials. Therefore, microwave sintering and its
advantages represent a novel and interesting alternative for sintering Y-TZP dental materials.

Up to now, several studies have focused on the understanding of the LTD process and its effect
on Y-TZP dental materials. Chevalier et al. [3,4], Vluegels et al. [31], and Cattani et al. [32]
have carried out in-depth investigations on the ageing process of zirconia, such as m-phase
content evolution, degradation of mechanical properties and surface roughening. The influence
of processing conditions, addition of other compounds such as Al,Os;, and Y,Os-stabilizer
incorporation on LTD has also been explored for dental materials sintered via conventional
methods [18,19,33]. However, no comprehensive study has been carried out regarding the
influence of microwave sintering on Y-TZP materials exposed to LTD environments. Since the
sintering process and its conditions are a critical factor in determining the LTD behavior of Y-
TZP materials, it is very important to investigate the effect of microwave sintering techniques

on this phenomenon.

The purpose of this study is to evaluate the effect of microwave sintering on LTD susceptibility
of dental restorations based on Y-TZP material by comparing them with materials sintered by
the conventional method. Surface roughening, mechanical properties such as hardness and
Young’s modulus, microstructure and m-phase transformation progression are assessed as a
function of degradation time under simulated conditions. The blank hypothesis to be tested in
this work is that microwave-sintering method has a great influence on the LTD behavior of Y-

TZP dental materials.

2. Materials and methods

Two Y-TZP materials stabilized with 3 mol% Y,0O3; were employed in this work. One of them is
a commercial yttria-stabilized zirconia dental material provided as a pre-sintered block (LAVA
Zirconia, 3M ESPE, St. Paul, MN, USA). According to the manufacturer’s specifications sheet,
this zirconia material has been prepared as a co-precipitated, spray-dried powder with a particle
size range between 0.07 — 0.3 um. Samples have been cut from the pre-sintered block and

shaped into 10 mm-diameter cylinders. The second one is modified Y-TZP powder (TZ3YS,



TOSOH, Japan), which has been prepared in the laboratory by colloidal processing optimizing
its rheological behavior, thus resulting in a more homogeneous material in terms of particle size
than the commercial materials. The average particle size of this powder is approximately 100
nm and a specific surface area of 14.5 m*.g™*. For a description of the preparation process of this
powder see Reference 35. Those powders were pelletized by uniaxial compression at a pressure
load of 50 MPa to obtain discs with 10 mm in diameter that were used for sintering tests.

Samples sintering

Conventional sintering (CS) was performed in an electrical furnace (Thermolyne type 46100,
Thermo Fisher Scientific, USA) in air at 1400 °C with a 10 °C-min™ heating rate and 2 h of
dwell time. Microwave (MW) heating technology has been employed as a non-conventional
sintering technique. In this case, samples were introduced in a mono-mode (2.45 GHz)
rectangular cavity that is automatically adjusted to optimize microwave absorption and control
the heating rate of 100 °C-min™. The final sintering temperature of 1200 °C and holding time of
10 min were selected. These selected parameters are based on previous studies in our research
group, where sintering conditions were optimized for Y-TZP materials [29,35,36]. The
nomenclature of the samples was defined as follows: LAVA-MW and LAVA-CS for LAVA
material, and LAB-MW and LAB-CS for the lab-prepared Tosoh powder.

Characterization of as-sintered and hydrothermally aged samples

Characterization of as-sintered (AS) and aged samples consists of phase content analysis,
surface topography and roughness, evaluation of mechanical properties, and microstructure
assessment. Low temperature degradation (LTD) of Y-TZP materials is carried out under
conditions that accelerate the hydrothermal ageing process. Specimens are mirror polished and
autoclaved in steam at 125 °C and 1.6 bar. Characterization of aged samples is performed after

every 20 h of exposure to LTD conditions until 200 h treatment is reached.

Phase content analysis was performed with a micro-Raman spectrometer (LabRam HR UV,
HORIBA Jobin Yvon, France) coupled with a thermoelectrically-cooled multichannel CCD
detector. Measurements were carried out on the exposed, polished surface. Raman spectra were
recorded for a Raman shift range of 120 — 700 cm™ as an average of two successive
measurements, each with an integration time of 2 min, in order to obtain a well-defined
spectrum. A laser wavelength of 532 nm through a 50x objective with a lateral resolution of
approximately 2 um was employed. Monoclinic phase content in aged specimens is determined
with the following linear model proposed by Lim et al. [37], where V,, represents the m-phase

volume fraction:
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According to Mufioz-Tabares and Anglada [38], this equation provides the lowest average
absolute error between real and calculated V,, among several models utilized for quantification
of m-phase zirconia content. Peak intensities, I, of the characteristic t-phase bands at 147 and
265 cm™ and m-phase bands at 181 and 190 cm™ have been quantified with the spectroscopic
analysis function in Origin 8 software. A lineal background signal, which was subtracted, has
been assumed, while the integrated intensity of each peak has been calculated by fitting

Lorentzian distribution curves to the spectrum.

Surface topography and roughening were analyzed by means of atomic force microscopy
(AFM) in tapping mode (Multimode, Veeco, USA). Two topographic images have been taken
for each sample: one with a 1 x 1 um scan area to have a detailed view of grains and another
with a 5 x 5 um scan area in order to provide a representative roughness value. A doped silicon
probe of 10 nm tip radius has been utilized. Image processing and roughness calculations are
performed with Nanoscope Analysis software. Nomarski microscopy (Eclipse LV100, Nikon,
Japan) has also been employed to assess surface topography after each degradation phase.

To estimate the depth of penetration of the m-transformed zone after hydrothermal treatment
samples were cross-sectioned, polished, and analyzed with a field-emission scanning electron
microscope (FE-SEM, S4800, Hitachi, SCSIE of the University of Valencia).

Regarding mechanical properties, hardness, H, and Young Modulus, E, were evaluated via the
nanoindetation technique. The system utilized in this work consists of a nanoindenter (G-200,
Agilent Technologies, USA) with a Berkovich tip previously calibrated with silica standard.
Tests were performed under maximum depth control of the 2000 nm. The contact stiffness (S)
was determined by Continuous Stiffness Measurement technigue (CSM) to calculate the profiles
of hardness (H) and elastic modulus (E) [39]. Amplitude was programmed to 2 nm with 45 Hz

of frequency. A matrix with 25 indentations was performed for each sample.

3. Results and Discussion
As-sintered samples

Relative density measurements have been performed in all as-sintered (AS) samples in order to
determine whether a sufficiently high degree of densification has been achieved with the

selected sintering conditions so the samples can be effectively compared. Mechanical properties



of the AS samples also serve as important parameters to validate and adequately compare the
progression of LTD because, even though different sintering methods were employed. Table 1
shows sintering parameters and the most relevant properties for AS samples.

Regarding surface topography (R.), all AS samples have been carefully polished with colloidal
silica resulting in roughness values ranging from 1 — 3 nm. In this manner, the surface has been
prepared for assessing the changes that arise in surface topography once LTD tests of the

materials are carried out.

Mechanical properties for these samples fall within an acceptable range for fully dense Y-TZP
materials (240 — 270 GPa for Young’s modulus, E, and 15 — 17 GPa for hardness, H) [1]. E and
H values of LAVA materials tend to be lower than their LAB counterparts. The lower
roughness values and better mechanical properties in LAB material samples are due to the fact
that LAB has been carefully prepared with a previous rheological study that optimizes the
characteristics of the starting material. On the other hand, LAVA material has a commercial
nature and, therefore, we could not control the initial processing, this aspect must be taken into

consideration.

Microstructural features such as grain size and shape play a very important role in LTD
behavior of Y-TZP ceramic materials. Therefore, a thorough characterization of the
microstructure of AS samples was performed by means of FE-SEM (Figure 1). Samples that
were sintered via microwave heating shows some interesting differences between each other,
which is expected due to shorter dwell times and higher heating rates. As can be observed in the
micrographs (Figure 1a and 1b), microwave sintered material shows a finer microstructure than
conventionally sintered material. In case of LAVA-MW material, a wide range of grain sizes is
observed, from very fine grains less than 50 nm to particles larger than 210 nm. There are also
more variations in grain shape as they tend to be less rounded than their LAB counterparts.
According to these images, LAB seems to provide a more homogeneous microstructure and
shows a similar grain size in both cases (MW and CS). Again, this can be attributed to the
characteristics of the starting material that have been optimized thanks to the previous
rheological study that it underwent. The high degree of densification in microwave and
conventional sintering is also reflected in the microstructure as no porosity is observed in any

case.

Phase composition

Figure 2 shows Raman spectra for the LAVA-MW and LAB-MW samples, where no m-peaks

are observed in AS material and even after 20 h of exposure to the given LTD conditions.



Nonetheless, there is the possibility that a low presence of the cubic (¢) phase has not been
clearly revealed due to peak overlapping of ¢ and t phases around 280 and 320 cm™. As the
LAVA-MW accumulated more time of exposure to LTD, the intensity of m-peaks increased. At
40 h, m-peaks can be distinguished. At 200 h, t-phase peaks are almost non-existent. However,
the LAB-MW spectrum showed no m-peaks even after 200 h of LTD exposure, as can be seen
in Figure 2b. LAVA-CS and LAB-CS samples show a similar trend than LAVA-MW
specimens, with a gradual increase of the intensity of m-phase peaks.

The sintering method and type of material had an important influence on the volume fraction of
m-phase, Vy,, calculated from the intensities of the Raman spectra, as it progressed at different
rates in all four samples, which can be seen in Figure 3. In LAVA material, the microwave-
sintered sample degraded slower before 100 h compared to the conventionally sintered sample.
At 100 h, the V,, of both LAV A samples appear to stabilize and reach a maximum V,, value of
90% at 140 h. In the case of the LAB-material, the microwave-sintered sample shows no
susceptibility to LTD, while the conventionally sintered sample is definitely affected by
degradation, as it already contains a V,, of 28% after 40 h of hydrothermal degradation
exposure, despite, that both samples have a similar properties and microstructure. If
conventionally sintered samples are compared between each other, LAVA material shows a
higher susceptibility to m-phase transformation than LAB material. When comparing
microwave sintered specimens, the LTD behavior of LAVA material is quite different from
LAB. LAVA is substantially affected by aging, while LAB is not affected at all, even though
they were sintered under the same conditions. Nonetheless, LAVA-MW still shows a higher

resistance to LTD at exposure times below 100 h than its conventionally sintered counterpart.

The Vm saturation limit in both LAVA materials and LAB-CS is reached after 100 h at
approximately, from 100 to 200 h does not vary significantly. The reason for not reaching 100%
transformation may be attributed to the presence of the non-transformable c-phase in the AS
material. However, no c-phase analysis has been carried out to determine its presence and

amount.

Topography and surface roughening

When Y-TZP materials undergo the phase transformation from tetragonal to monoclinic, it is
accompanied by an increase in volume of about 3 — 4%. In order to make-up for the volume
increase that accompanies the transformation, grains are pushed towards the surface, where less

space constraints are found, modifying the topography of the material, which is reflected on the



surface as roughening. In order to analyze superficial changes induced by phase transformation,
AFM techniques have been employed to characterize the initial hydrothermal aging process of
the samples. The mean surface roughness, R,, has also been determined as a way of quantifying
this change. As an example, Figure 4 shows AFM images of the surface of the LAB-MW and
LAB-CS samples at different degradation times. After 40 h of LTD exposure, transformed
zones can already be observed. As exposure time is increased, the topography becomes more

irregular and surface roughening increases.

It is important to consider that AFM can only detect if transformation has occurred. However, it
is not able to determine the amount of m-phase that has been transformed, which means that,
even if substantial roughening can be observed, it does not imply that the surface has been
100% transformed. Nonetheless, AFM serves as a complimentary tool for assessing the phase
transformation at the initial stages. This is particularly important when describing the
topographical changes in the LAB-MW sample because even though no m-phase peaks have
been detected with Raman spectroscopy, AFM indicates that already after 40 h of LTD

exposure changes in surface topography have occurred.

In order to compare the R, values of materials obtained with both sintering methods and treated
to different ageing times, the roughness values have been determined and presented in Figure 5.
Microwave sintered LAB zirconia has clearly resulted in the lowest roughening values when
exposed to LTD conditions at all times. The other samples show bigger variations in roughness,
especially after the first 20 h. For example, LAB-CS shows a gradual increase in surface
roughening from 1 nm until a value of approximately 5 nm is reached after 60 h. This behavior
indicates that the most significant topographical changes occur during the initial stages. Even
though the R, of AS (0 h) samples is not set at the same initial value, the change in R, after each

degradation stage gives important information on how LTD affects the samples after each stage.

Microstructure and penetration depth

Analysis at a microscopic scale of the degraded surfaces has been performed by means of
Nomarski optical microscopy. Figure 6 shows images of the exposed surfaces after 140 h of
hydrothermal degradation. The effects of degradation appear as surface roughening and are
clearly visible in the conventionally sintered samples (Figures 6b and 6d), as well as the
microwave sintered commercial material (Figure 6a). LAVA-MW appears to have the most
degraded surface, as a very irregular topography can be observed. The surface of LAB-CS
shows very interesting bubble-like features that are not observed in the other samples. LAB-
MW still holds a flat smooth surface, as there has not been a significant degradation of this

sample, which is in agreement with the results obtained from other characterization techniques.



In order to determine the penetration depth of the zirconia-transformed layer after 140 h, FE-
SEM images of transversally cut samples have been obtained and are shown in Figure 7. The
layer observed in the micrographs is a result of the grain detachment of the transformed zone
that occurs during the polishing stage of sample preparation. Grains in the degraded zone that
have expanded due to the volume change induced by phase transformation are pulled off from

the material during the abrasive treatment resulting in an increase of porosity in this zone.

As can be seen in the micrographs, the penetration depth of the transformed zone varies
significantly depending on the material and the sintering method. The depth of the degraded
zone in LAVA-MW and LAVA-CS (Figure 7a and Figure 7b, respectively) is approximately 30
— 40 um. However, the degraded layer in LAVA-MW does not seem uniform, as depths
between a range of 24 and 40 um have also been measured. LAVA-CS results in a more
uniform degradation layer, with a depth of approximately 30 um after 140 h. In LAB material,
the microwave-sintered sample shows a significantly higher resistance to degradation

penetration than the conventionally sintered sample.

LAVA material clearly shows transformed zones progressing deeper into the material bulk than
LAB material. Microwave sintered samples result in very different penetration depths after 140
h of LTD. Even though the results from Raman spectroscopy indicate the absence of m-phase
zirconia in LAB-MW material, the FE-SEM image indicates a very slight, sub-superficial

degraded zone of less than 5 um.

Mechanical properties

As a mean for assessing the quality of the material after exposure to LTD, two important
mechanical properties, E and H, have been determined as a function of hydrothermal
degradation time. These properties are affected by the sintering method that has been employed

and the zirconia materials used. The results are summarized in Figure 8.

These results corroborate the high resistance to LTD of the microwave sintered LAB zirconia as
E and H remain almost unaffected. Even after 140 h, E is still around 250 GPa and H is
approximately 15 GPa. The properties of the other sintered samples are, however, notably
degraded as hydrothermal exposure time progresses. After 20 h, the values of E and H of the
conventionally sintered samples are similar than for the LAVA-MW sample and remains so
until 80 h has been reached, after LAVA-MW sample is what has the worst mechanical
behaviour. When 80 h is reached, the E values have decayed almost one-third from the AS

value. This suggests that a decrease of mechanical properties may occur faster during the first
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degradation stages. In both materials sintered by the conventional method, the values of E and H

stabilize at approximately 180 GPa and 10 GPa, respectively.

In order to correctly interpret the values of E and H that have been calculated, it is important to
consider the depth of penetration of the transformed zone (Figure 9). As previously stated, the
indenter penetration depth was set at 2 pum approximately. Therefore, during the initial
degradation stages, where it is very likely that a combination of tetragonal and monoclinic
zirconia, can be found at such sub-superficial depth, the E and H values that have been
determined depend on the amount of transformed zirconia and result from a combination of
both phases. For example, Figure 9 shows the depth profile of the Young’s modulus in LAB-CS
and LAB-MW materials, where different LTD times are represented. As can be seen, the initial
degradation stages (40 and 60 h) result in lower E values at sub-superficial depths less than 800
nm. However, as the indenter penetrates deeper into the material, E increases because the
presence of m-zirconia decreases. This behavior is expected as phase transformation begins on
the surface and progresses into the material bulk. At 140 h, the value of E stabilized throughout
the whole penetration range of 2 pum indicating that, after such a long LTD exposure time, all

the t-phase zirconia at this depth has been transformed.

LTD behavior of microwave and conventionally sintered materials

The mechanical properties obtained from microwave and conventional sintering of the AS
zirconia samples demonstrate that the selected conditions in each case resulted in highly
densified materials with excellent Young modulus and hardness values. Moreover, micro-
Raman spectroscopy of the AS materials has served to determine that no presence of m-phase is
present before exposure to LTD. Smooth and uniform surfaces have also been obtained after
sample preparation in order to adequately assess the topographical changes induced by the

initial stages of LTD.

The results obtained by the different characterization techniques have allowed studying the
effects of LTD in the zirconia materials considered in this work. The tetragonal to monoclinic
phase transformation that zirconia materials depending on the sintering method, as well as on
the characteristics of the starting material. Mechanical properties have also been affected in such
a way that when LTD exposure time is increased, E and H values decrease. Such effect on
mechanical properties is extremely relevant since their high Young modulus and hardness
values are one of the main reasons Y-TZP materials are considered for odontological

applications.

11



The different behaviors against hydrothermal degradation that have been observed in the Y-TZP
material considered in this work respond to two fundamental aspects that directly affect the
resulting microstructure: 1) sintering method and its conditions, and 2) characteristics of the Y-
TZP starting material. With respect to the sintering method, microwave sintering allows the
consolidation of materials with a finer particle size since dwell times are considerably shortened
when compared to conventional sintering (10 vs 120 min, respectively). Also, heating rates
employed during microwave sintering are significantly higher (100 vs 10 °C/min) and final
temperatures are lower (1200 vs 1400 °C) than in conventional sintering, which inhibit grain
coarsening. Finer microstructures obtained via microwave sintering have resulted in
improvement of mechanical properties as reported elsewhere [29,30,34]. Furthermore, other
sources [18,40-42] have established that reducing the average grain size enhances the resistance
against hydrothermal degradation of Y-TZP materials because reducing the particle size
increases the ratio between surface area and volume and, hence, the effectiveness of the
interphase to constrain the change in shape that accompanies the transformation [43]. An
alternative approach indicates that the monoclinic variants that may be accommodated when a

grain is transformed decrease with its diameter [44].

In this work, particularly in the lab-prepared material obtained by microwave sintering, LTD
resistance is very high since no detectable m-phase transformation has occurred and mechanical
properties are maintained even after 200 h of LTD exposure. In the case of LAVA material, the
susceptibility to LTD in the initial stages has been decreased, as m-phase content is lower and
mechanical properties are higher at LTD exposure times less than 80 h compared to its
conventionally sintered counterpart. However, at higher degradation times, a significant amount
of m-phase content was found and an important loss of mechanical properties occurred. The
differences between the commercial and lab-prepared material may be attributed to the
characteristics of the starting material. Besides, other important factors may also have an
influence on the hydrothermal degradation behavior such as Y,O; distribution and c-phase

content of the starting material [18,19].

Another important aspect to consider in the variation of degradation kinetics between
conventional and microwave sintering is the final temperature that has been employed for each
method. Inokoshi et al. [18] and Gaillard et al. [45] have demonstrated that higher sintering
temperatures increase the content of c-phase in accordance with the zirconia phase diagram. The
presence of cubic zirconia accelerates the transformation of tetragonal to monoclinic phase, as
tetragonal grains are depleted from Y,0; due to the migration of the stabilizer into cubic grains
[5,16].

As microwave sintering requires lower temperatures for the full consolidation of Y-TZP

ceramics than conventional sintering, the amount of c-phase content is reduced and the
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resistance to LTD is enhanced. This idea may also serve to explain the higher and interesting
resistance to LTD of the specimens sintered via microwaves at 1200 °C against conventional
sintered ones at 1400 °C. However, it is difficult to conclude whether the content of c-phase has
been substantially increased at 1400 °C since no c-phase content analysis was performed on the
AS materials.

Another important factor to fabricate Y-TZP materials by non-conventional microwave
technique for odontological applications is the fact to obtain this material of a white color,
because the other non-conventional spark plasma sintering technique (SPS) has a big problem
with the sintering of zirconia materials [30]. By SPS the zirconia sintered shows a full black
color. This is due to carbon diffusion within the zirconia sample by SPS processing, which is
linked to the carbon rich atmosphere in which it is performed. As the sintering of the compact is
taking place in a graphite die, the carbon diffuses into the sample from the die and this process

is promoted by the applied pressure.

4. Conclusions

The blank hypothesis initially established in this work that microwave sintering had effect in the
behavior of Y-TZP materials against LTD has been confirmed. Microwave sintering has a
significant influence on the resulting microstructure of Y-TZP sintered ceramics and, hence, on
their hydrothermal degradation susceptibility. Fully-dense materials may be obtained via
microwave heating technology and at lower sintering temperatures than with the conventional
method, resulting in a finer microstructure. This microstructure may provide a higher resistance
to LTD. The LAB material sintered via microwave, the presence of m-phase was almost non-
existent even after 200 h of exposure to LTD conditions and the initial mechanical properties
have been maintained. By combining a carefully prepared starting material with a homogeneous
particle size and microwave heating technology as the sintering method, Y-TZP ceramics for
odontological application with very high resistance against LTD may be obtained. In the
commercial material, hydrothermal degradation was slowed down at the initial stages. Other
factors that influence the behavior against LTD, such as c-phase content and type, amount and
distribution of stabilizer and the effects that microwave sintering mechanism could have in them
need to be further studied. There is not previous works published regarding the influence of
microwave sintering on LTD, therefore this work is a approach to know the LTD behavior of

dental materials obtained by non-conventional microwave method.
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Figure captions:

Figure 1. FE-SEM micrographs of AS samples for a) LAVA-MW, b) LAVA-CS, c¢) LAB-MW,
and d) LAB-CS.

Figure 2. Raman spectra obtained for a) LAVA-MW and b) LAB-MW at various hydrothermal
degradation times.

Figure 3. Monoclinic phase volume content as a function of hydrothermal degradation exposure
time for all samples.

Figure 4. Topographical AFM images of the exposed surface at several LTD exposure times for
LAB-MW: a) AS, c) 40 h and e) 140 h, and LAB-CS: b) AS, d) 40 h and f) 140 h.

Figure 5. Mean surface roughness at various hydrothermal degradation times for all samples.

Figure 6. Nomarski microscopy images of exposed surface after 140 h of LTD for a) LAVA-
MW, b) LAVA-CS, c) LAB-MW and d) LAB-CS.

Figure 7. FE-SEM micrographs of the degraded zone profiles after 140 h of LTD for a) LAVA-
MW, b) LAVA-CS, c) LAB-MW and d) LAB-CS.

Figure 8. Young’s modulus and hardness values as a function of LTD exposure time of all

samples.

Figure 9. Young’s modulus as a function of indenter penetration depth profile for a) LAB-MW
and b) LAB-CS after different exposure times to LTD.
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